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Abstract 

 Over the recent years, olfactory ensheathing cells (OECs) have gained world-wide 

attention due to their reputed potential in promoting spinal cord regeneration and repair.  

In order to isolate, identify, and characterize OECs in vitro and following implantation, 

researchers have used three OEC markers: p75NTR, GFAP, and S100.  The downfall 

with using these specific proteins is that Schwann cells, which are located within the 

olfactory system, as well as migrate into the damaged spinal cord, also express these 

proteins.  It is therefore impossible to distinguish OECs from phenotypically similar 

Schwann cells using these molecular markers.   

Recently proteomic analyses have revealed that OECs (derived from embryonic 

rat olfactory bulbs), but not Schwann cells (derived from adult rat sciatic nerves) express 

a variety of proteins.  The main aim of this project is to determine if heat shock protein-27 

(Hsp27), carbonic anhydrase-III (CA-III), and annexin-A3 (Anx3) markers label OECs 

but not Schwann cells, both in vivo and in vitro.  Additional analyses were also done to 

determine if smooth muscle α-actin (SMA) and calponin (two smooth muscle-related 

markers previously shown to label mucosal OECs of adult rats) label bulbar OECs of 

adult rats and OECs of adult cats.    

Using immunohistochemistry we found that SMA labeled olfactory mucosal and 

bulbar OECs of adult rats and adult cats, Hsp27 labeled olfactory mucosal and bulbar 

OECs of adult rats and olfactory mucosal OECs of adult cats, while calponin labeled only 

olfactory mucosal OECs of adult rats.  In addition, calponin and SMA did not label 

Schwann cells (in vivo and in vitro), while Hsp27 labeled this peripheral glial cell.  

Finally, CA-III did not label OECs of adult rats or adult cats, in vivo or in vitro, and Anx3 
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did not label OECs in vivo, but showed immunopositive labeling of OECs and Schwann 

cells in vitro.  In conclusion, Hsp27, CA-III, and Anx3 cannot be used as OECs markers 

either because of their expression in both OECs and Schwann cells or their lack of 

expression in OECs.  Discovering new molecular markers expressed only by OECs is 

essential in order to determine the properties, fate, and overall potential of OECs in 

promoting spinal cord regeneration.            
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Chapter 1 

Introduction 

1.1 Spinal cord injury (SCI) 

1.1.1 History, prevalence, and causes of SCI   

 Spinal cord injury (SCI) can be a devastating neurological condition that is 

defined as any injury to the neural tissue within the spinal cord which results in a 

significant or full loss of sensory, motor, and/or autonomic functions.  SCI may lead to 

temporary or permanent functional deficits.  Most often, SCI involves incomplete 

damage (i.e. presence of spared tracts) to the upper cervical levels (52.4%) resulting in 

incomplete quadriplegia (also referred to as tetraplegia) (Onifer et al., 2007).  The initial 

cause of injury may be a fractured and dislocated vertebra that pierces the cord, a 

laceration to the spinal cord (e.g. motor vehicle accident, gunshot or knife wound, or a 

fall), and/or the presence of a large mass causing compression on the cord (e.g. tumor, 

infection, or birth defect).  It is the secondary events, however, that commonly lead to the 

complete disruption of the spinal cord (Tator and Rowed, 1979). 

People with SCI typically experience many physical barriers and encounter 

serious social and financial burdens.  In addition, patients may develop a multitude of 

health problems, such as blood clots, respiratory failure, kidney failure (Harkey III et al., 

2003), autonomic dysreflexia, and bladder and urinary tract infections (Reier, 2004; 

Rossignol et al., 2007).  Spinal cord injury was once considered “an ailment not to be 

treated,” (Edwin Smith Surgical Papyrus, c. 2500–1600 B.C.) and although significant 
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improvements have been made in medicine and research, SCI still results in permanent 

deficits.  Therefore, it is absolutely essential to discover new ways to enhance spinal cord 

regeneration and repair, to promote functional recovery. 

 SCI is an old problem that has been referred to in ancient times, approximately 

1700 B.C (Goodrich, 2007).  Even the causes of SCI were recognized by the 7th century 

when Paulus of Aegina suggested surgery for those individuals with bone fractures, as he 

believed the bone fragments resulted in paralysis (Goodrich, 2007).  Before the late 19th 

century, people with SCI had a very low chance of survival; most died from severe 

infection or organ failure.  It was not until the early 20th century, when advances in 

modern medicine (e.g. antiseptics and x-rays) lead to a reduction in mortality and an 

increase in life span. 

   Though the life expectancy of people living with SCI has dramatically increased 

over the last 80 years, there is an overall reduced quality of life due to the major 

disabilities that arise from the secondary events (Rossignol et al., 2007).  Furthermore, 

there are numerous financial and personal care problems faced by SCI patients and their 

families.  It is estimated that living with SCI costs on average $152,000 per year for 

paraplegics and $417,000 per year for quadriplegics.  Today, there are roughly 450,000 

people in the United States (Lim and Tow, 2007), and 40,000 people in Canada (Rick 

Hansen Foundation, 2008) living with SCI.  The prevalence of SCI is roughly 14,000 

new cases per year in the U.S (Lim and Tow, 2007) and over 1,000 new cases in Canada.  

The mean average onset age for SCI is approximately 39.5 years old, affecting more 

males than females (Christopher and Dana Reeves Foundation).  When taking into 
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consideration the number of cases per year, the young average onset age, and the above 

expenses, the overall costs are well into the billions of dollars annually.  

 

1.1.2 Secondary events from SCI  

 After the initial injury, the spinal cord undergoes a series of dramatic events that 

lead to severe and irreversible damage.  Since the spinal cord is vascularized, injury 

causes early hemorrhaging (Tator and Rowed, 1979), followed by a more destructive 

post-traumatic ischemia, tissue necrosis, and edema.  These events occur within the first 

24 hours (Tator and Rowed, 1979) and affect both the injured and the spared uninjured 

spinal tracts (Reiser, 2004).  Subsequently, there are numerous biochemical and cellular 

events such as inflammation and oligodendrocyte apoptosis that result in further tissue 

damage such as demyelination (Riser, 2004).  Lesions in the ascending and descending 

spinal tracts cause a variety of disabilities, depending on the axon tracts affected, the 

spinal cord level of injury and the extent of damage.     

 

1.1.3 The environment of the mature central and peripheral nervous systems 

 Since Santiago Ramon y Cajal in the early 20th century first showed that neurons 

in the central nervous system (CNS) sprouted proximal stumps but ultimately failed to 

regenerate following injury, it has been the goal of many researchers to find effective 

methods to promote central nerve regrowth.  Though initially it was believed that central 

axons lacked the ability to regenerate, David and Aguayo (1981) demonstrated significant 
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long distance outgrowth of central axons grafted within the peripheral nervous system 

(PNS) environment.  They showed that the lack of regeneration of central axons was the 

result of a non-permissive CNS environment.  While the inhibitory CNS environment is 

the major impediment (e.g. presence of inhibitory molecules and lack of growth-

promoting factors) to axonal regeneration, it is by no means the only factor.  It is 

plausible that as CNS neurons mature, they slowly lose their intrinsic growth-permitting 

properties (Yiu and He, 2006).  This may help prevent unwanted synaptic connections 

with inappropriate targets, which in turn can produce pain and involuntary reflexive 

responses. 

 In contrast, damage to the PNS or the embryonic nervous systems results in a 

significant degree of nerve regeneration and repair.  Upon damage to the PNS, peripheral 

glial cells known as Schwann cells (SCs) are able to carry out a variety of events that are 

essential for regeneration of peripheral axons.  Peripheral regeneration involves an influx 

of transcription factors, cytokines, neuropeptides, neutrophins, adhesion molecules and 

cytoskeleton proteins, all required to promote effective axonal outgrowth (Makwana and 

Raivich, 2005).  In addition, there is an extensive amount of cellular reorganization, as 

well as cell-to-cell communication between injured peripheral axons.  These cellular 

changes include the formation of growth cones, and the swelling of the somata, which is 

required for the high level of cellular metabolism and protein synthesis (Makwana and 

Raivich, 2005). 

 Damage to the CNS causes the oligodendrocytes to release a variety of inhibitory 

proteins (e.g. Nogo-66 and myelin-associated glycoprotein) that consequently prevent the 



 

 5 

central axons from regenerating.  Interestingly, there are at least two areas within the 

mature mammalian CNS that exhibit adult neurogenesis (i.e. the formation of new central 

neurons).  These specific areas are the dentate gyrus of the hippocampus, and the 

subventricular zone.  The subventricular zone contains neural stem cells, which migrate 

through the rostro-migratory stream into the olfactory bulb, where they differentiate into 

interneurons (Paizanis et al., 2007; Taupin, 2006).   

 Located within the PNS, olfactory axons have the ability to continually renew and 

regenerate into the environment of the mature CNS.  Therefore, the olfactory system 

provides researchers with an interesting model of adult neurogenesis.     

 For many years, researchers have attempted to enhance axonal regeneration in the 

CNS by a variety of different techniques.  These methods have included blocking the 

actions of inhibitory molecules (Monnier et al., 2003), removing the inhibitory glial scar, 

adding growth factors into the CNS (Lu and Tuszynski, 2008), or implanting a variety of 

cell types such as SCs, stem cells, and olfactory ensheathing cells (OECs) (see reviews by 

Eftekharpour et al., 2008; Moreno-Flores and Avila, 2006; Rossignol et al., 2007).  

 

1.2 The mammalian olfactory system 

1.2.1 The olfactory mucosa and olfactory bulb 

 The olfactory system of vertebrates consists of the olfactory mucosa and two 

olfactory bulbs.  The olfactory mucosa is located in the nasal cavity and consists of a 

superficial, avascular, pseudostratified columnar neuroepithelium (60-80 µm) and a 
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deeper lamina propria (Margolis and Getchell, 1988).  Located within the 

neuroepithelium of adult mammals are four major cell types: the olfactory receptor 

neurons, the basal cells (horizontal and globose), the sustentacular supporting cells, and 

the microvillar cells (Morrison and Costanzo, 1992).  The globose basal cells are the 

neuroblast stem cells that gives rise to new olfactory neurons that live approximately 30-

45 days in humans (Morrison and Costanzo, 1992).  The horizontal basal cells generate 

multiple neuronal, non-neuronal and progenitor cell types found within the olfactory 

mucosa (Carter et al., 2004; Iwai et al., 2008).  The sustentacular cells are non-neuronal 

columnar cells located throughout the neuroepithelium and have been implicated in 

mucus secretion, protecting olfactory receptor neurons and creating junctional networks 

with nearby sustentacular cells to form a transepithelial permeable boundary (Morrison 

and Costanzo, 1992).  Lastly, the flask-shaped microvillar cells extend into the nasal 

cavity, where they function as chemoreceptors (Morrison and Costanzo, 1992).  

 Underlying the neuroepithelium is the fibrous connective tissue layer known as 

the lamina propria.  Within this layer are Bowman’s glands which are the major mucus 

producing and secreting organ of the olfactory mucosa.  There are also bundles of 

olfactory axons, blood vessels (Morrison and Costanzo, 1992), bundles of peripheral 

nerves, and most notably OECs.  Finally, the olfactory bulbs are located in the anterior 

cranium of mammals and consist of six distinct cell layers (innermost to outermost): 

granule cell layer, internal plexiform layer, mitral layer, external plexiform layer, 

glomerular layer, and olfactory nerve fiber layer, where the olfactory glial known as 

OECs are found (Figure 1) (Doucette, 1984; 1990).    
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Figure 1: The layers of an adult rat olfactory bulb.  DAPI staining of nuclei shows the 6 
layers (outermost to innermost) of the mammalian olfactory bulb: olfactory nerve fiber 
layer (where the olfactory ensheathing cells are located), glomerular layer, external 
plexiform layer, mitral cell layer, internal plexiform layer and granule cell layer.  Scale 
bar = 200 µm. 
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1.3 Olfactory ensheathing cells (OECs) 

1.3.1 OECs and olfactory axons 

 OECs, once referred to as olfactory Schwann cells (Barber and Lindsay, 1982) 

and Blanes’ glia, wrap around small diameter (0.1- 0.7 µm) unmyelinated olfactory 

axons, as the axons exit the neuroepithelium, travel through the lamina propria and 

course through the cribriform plate to reach their central targets in the anterior and ventral 

olfactory bulbs (Figure 2).  As the axons arise from their cell bodies, they segregate into 

specific groups to form olfactory nerve fascicles (Doucette, 1984) which are defined by a 

fibroblast boundary (Nedelec et al., 2005).  The olfactory nerve fascicles together create 

the multi-fiber olfactory nerve (all other cranial nerves are a single-fiber structure) (Au 

and Roskams, 2003).   

 Located within each olfactory fascicle are multiple bundles of OECs that range in 

diameter from 2 to 20 µm.  Ultrastructurally, an OEC is a highly flattened cell (Li, Field 

& Raisman, 2005) with an electron-dense cytoplasm (Barnett et al., 1993), scattered 

filaments (Doucette, 1984), and a large ovoid nucleus located near the surface of the cell 

(Boyd et al., 2005 and Doucette, 1995).  Each OEC extends thin cytoplasmic processes 

around hundreds to thousands of tightly packed unmyelinated olfactory axons (Figure 3) 

(Nedelec et al., 2005).  These asymmetrical olfactory glia are structurally arranged as 

tunnels to provide olfactory axons with a permissive environment for axonal turn over 

and elongation.  OECs facilitate olfactory sensory axons to reach the olfactory bulbs and 

to form appropriate synaptic connections with dendrites of mitral, periglomerular, and 

tufted cells located in the glomerular layer of the olfactory bulbs (Valverde et al., 1992).  
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Interestingly, as the olfactory fascicles reach the olfactory bulbs, they begin to 

defasciculate, losing their fibroblast layer, forming larger OEC bundles and creating the 

outermost olfactory nerve fiber layer (Nedelec et al., 2005).   

 The main function of the bipolar olfactory neurons is to transmit odourant 

information from the surface of the neuroepithelium to the olfactory bulbs, and 

subsequently the piriform cortex, amygdala and the entorhinal cortex, where the 

identification and association(s) of the specific odor are carried out.  Failure of olfactory 

axons to renew and to reach their targets would have detrimental effects for many 

mammals, especially those that rely on their olfactory systems for foraging, mating, and 

detecting predators.  Interestingly, the olfactory neurons are the only part of the nervous 

system that is in constant contact with the external environment, making olfactory 

neurons highly susceptible to damage.  Olfactory neurons are able to undergo adult 

neurogenesis, whereby new neurons are formed throughout the life of the mammal.  This 

property has been partially credited to the OECs.    
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Figure 2: The adult mammalian olfactory system is composed of the olfactory mucosa in 
the peripheral nervous system and the olfactory bulbs in the central nervous system.  
Olfactory ensheathing cells (OECs, yellow) ensheath the olfactory axons (blue) as they 
exit the olfactory epithelium (OE), travel through the lamina propria (LP) and reach their 
targets in the olfactory bulbs.  Also within the LP are blood vessels including arterioles 
(red), as well as Bowman’s glands (light blue). 
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Figure 3: The adult mammalian olfactory mucosa consists of an outer layer of 
pseudostratified columnar neuroepithelium and an inner layer of lamina propria, where 
the olfactory ensheathing cells (OECs, blue) reside.  Fibroblasts (green) surround the 
OECs to create the olfactory fascicles.  Within and around these fascicles are blood 
vessels (red).  Also, close to the olfactory fascicles are bundles of both myelinated 
(orange) and unmyelinated peripheral axons. 
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1.3.2 Implantations of OECs  

 Researchers and clinicians have taken advantage of the intrinsic properties of 

OECs and implanted these olfactory glial cells into the damaged spinal cord in hopes of 

promoting axonal regeneration.  The study by Ramon-Cueto and Nieto-Sampedro (1994) 

was the first experiment to demonstrate the beneficial effects of implanting OECs into the 

damaged spinal cord.  This group implanted olfactory bulbar OECs into the dorsal root 

entry zone of T10 transected spinal cords of adult rats.  Three weeks following 

implantation, regenerating dorsal root axons were observed in the spinal cord.  Since this 

initial investigation, researchers have used OECs as a therapeutic strategy for enhancing 

axonal repair and remyelination in various animal models of SCI.  OEC implantation has 

also been used experimentally in neurological disorders, for example Parkinson’s disease 

(Agrawal et al., 2004; Dewar et al., 2007) and amyotrophic lateral sclerosis (Chen et al., 

2007; Chew et al., 2007). 

 OEC implantation studies have mixed results, because of methodological 

differences such as the source of OECs (bulbar and/or mucosal), the SCI model (crushed, 

transected, X-irradiation; acute or chronic), the axon tracts involved, and the recovery 

period used.  For instance, an experiment that delayed OEC implantation into a 

completely transected T10 spinal cord injury showed that olfactory mucosal tissue 

promoted functional recovery, and enhanced the regeneration of serotonergic axonal 

tracts (Lu et al., 2002).  A similar study that implanted embryonic bulbar cells also 

resulted in locomotor recovery and axonal elongation of the corticospinal and raphespinal 

axons though the lesion site (Lopez-Vales et al., 2007).  Similar positive results have also 
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been shown following implantations of olfactory mucosal or bulbar OECs in a contusion 

model (Plant et al., 2003; Ramer et al., 2004a), an electrolytic lesion (Li et al., 1997, 

1998), and a hemisection lesion model (Chuah et al., 2004; Deumens et al., 2006).   

 In contrast, a study by Deumens et al. (2006) demonstrated a lack of axonal 

regeneration following implantation of bulbar OECs into a chronically injured spinal 

cord.  Furthermore, Lu et al. (2006) showed that mucosal OECs failed to support axonal 

elongation of corticospinal axons following a full C4 transection of the dorsal columns.  

Similar failures have been shown by others (Barakat et al., 2005; Callozos-Castro et al., 

2005; Lopez-Vales et al., 2006a; Ramer et al., 2004b; Resnick et al., 2003; Steward et 

al., 2006; Takami et al., 2002).   

 

1.3.3 The two sources of OECs 

 There are two sources of OECs: the lamina propria of the olfactory mucosa and 

the olfactory nerve fiber layer of the olfactory bulb.  Though these two sources of OECs 

have the same developmental origin (Rubio et al., 2008) and were once considered 

identical (Chuah and Au, 1991; Doucette, 1993), researchers have shown differing 

phenotypic properties and cellular morphologies in culture, and following implantation 

into the injured spinal cord.  

 A study comparing canine mucosal and bulbar OECs showed that bulbar OECs 

are more stable in culture over a 21 day period than mucosal OECs (Ito et al., 2006).  In 

addition, Rubio et al. (2008) stated that bulbar OECs are the best source of OECs as they 

are able to effectively migrate into the injured spinal cord and promote long distance 
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regeneration, while mucosal OECs failed to exhibit these results.  Nevertheless, there are 

numerous studies showing the negative effects of bulbar OECs and the beneficial effects 

of mucosal OECs on spinal cord regeneration and repair.  For example, Moreno-Flores et 

al. (2003) and Jani and Raisman (2004) demonstrated that OECs isolated from the 

olfactory bulb are ineffective at promoting spinal cord regeneration.  In addition, human 

OECs from the olfactory mucosa are more stable in culture than human OECs from the 

olfactory bulbs (Miedzybrodzki et al., 2006).  Furthermore, olfactory mucosal OECs 

exhibit an enhanced ability to migrate within the spinal cord (Richter et al., 2005), 

interact with astrocytes, reduce scar and cavity formation, stimulate angiogenesis (Ramer 

et al., 2004a), and promote axonal outgrowth into and through the lesion site (Ramer et 

al., 2004a).   

 To date, the majority of studies have used OECs derived from the olfactory bulbs 

because of the ease with which they can be removed.  Although limitations exist for both 

mucosal and bulbar OECs, one important factor should be considered.  When translating 

these studies into the human population, obtaining bulbar OECs would require the patient 

to undergo major intracranial surgery, resulting in a loss of sense of smell, a condition 

known as anosmia.  While Rubio et al. (2008) state that there are no major side effects 

following a bulbectomy in the monkey or in the rat, very few humans would agree to this 

procedure, especially when mucosal OECs can be obtained using local anesthetic and 

with no resulting deficits.  In order to offer clinical relevance, as well as to reduce a 

varying factor in OEC research, researchers may benefit from focusing solely on the 

properties of mucosal OECs.    
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1.3.4 The problem in OEC research 

 Over the years, many issues have been raised regarding the properties and fate of 

OECs both in vitro and following implantation into the injured spinal cord.  These issues 

relate to the fact that OECs are phenotypically very similar to both SCs and astrocytes.  

In vivo, OECs have a nuclear morphology very similar to astrocytes (Barnett et al., 1993; 

Devon & Doucette, 1992; Doucette, 1984).  In vitro, OECs display many characteristics 

common to non-myelinating SCs (Doucette, 1995).  For instance, OECs express the 

neurotrophin receptor, p75NTR which is also expressed by SCs.  Furthermore, OECs 

exhibit protein expression for the glial fibrillary acidic protein (GFAP) and the 

cytoskeleton-associated calcium binding protein, S100, both of which are expressed by 

SCs, as well as by astrocytes (Au & Roskams, 2003).   

 It was suggested by Doucette (1984) that the cells which ensheathed the densely 

packed olfactory axons may be immature astrocytes or a variant of the typical astrocyte.  

However it was Doucette (1984) who discovered that the “ensheathing cells” were 

always in direct contact with olfactory axons, while the astrocytic processes were never 

observed ensheathing the olfactory axons, even in the glomerular layer, where OECs do 

not exist.   

Interestingly OECs, unlike SCs, astrocytes, oligodendrocytes and neurons have 

been shown to express a variety of phenotypes in vitro.  Originally, Ramon-Cueto and 

Nieto-Sampedro (1992) demonstrated the presence of four distinct cell morphologies in 

cultures of adult rat olfactory bulb; two of these phenotypes were also present in cultures 

of embryonic rat olfactory bulb (Doucette, 1990).  However, in a subsequent study, 
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Ramon-Cueto et al. (1993) showed that only three cell populations exist in olfactory bulb 

cultures, as two of the four cell phenotypes represented the same cell type.  Similar 

results were also observed in olfactory mucosal cultures (Liu et al., 2005).  The three cell 

populations have been described as Schwann cell-like OECs (resembling nonmyelinating 

SCs), astrocyte-like OECs (resembling type 1 astrocytes) (Doucette, 1990; Goodman, 

Silver, Jacobberger, 1993), and the third cell type identified as ED1-immunopositive 

monocytic cells (Ramon-Cueto et al., 1993).  Morphologically, the Schwann cell-like 

OECs consist of a long fusiform bipolar structure with weak GFAP staining and intense 

p75NTR staining.  The astrocyte-like OECs display a flat, multipolar, stellated structure 

with intense GFAP and E-NCAM expression and no p75NTR expression (Franklin and 

Barnett, 1997; Huang et al., 2008).   

Researchers have suggested that the Schwann cell- and astrocyte-like phenotypes 

represent separate subpopulations of OECs or different developmental stages of OECs 

(Huang et al., 2008).  Others claim OECs may change their morphologies in vitro, 

depending on the cell culture environment and the source of OECs (Barnett and 

Roskams, 2008).  Though the exact cell types in olfactory cell cultures remain 

controversial, it is quite possible that the distinct cell populations represent entirely two 

different cell types found within the olfactory system.  Our group has demonstrated the 

presence of SCs in the rodent olfactory system (Rizek and Kawaja, 2006) and along with 

other groups has suggested the presence of Schwann cell contamination in OEC cultures 

(Bianco et al., 2004; Miedzybrodzki et al., 2006; Ramon-Cueto et al., 1993).   
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1.4 The involvement of Schwann cells 

1.4.1 Peripheral innervation of the olfactory system 

  The olfactory system of mammals is highly innervated by both somatic and 

autonomic peripheral nerves.  The major myelinated nerves in the olfactory mucosa are 

the trigeminal, vomeronasal, septal, and terminal nerves.  Although Bojsen-Moller (1975) 

showed through histological staining that the trigeminal nerves form a plexus solely in 

the respiratory epithelium, Graziadei and Gagne (1973) and Getchell et al. (1989) have 

shown the presence of the myelinated trigeminal nerve in the olfactory mucosa.  Another 

myelinated nerve that branches from the trigeminal nerve to innervate the olfactory 

mucosa is the anterior ethmoidal nerve.  The anterior ethmoidal nerve modulates 

cardiorespiratory changes within the nasal passages (Rybka and McCulloch, 2006), and 

generates protective reflexes, such as sneezing and coughing (Lucier and Egizii, 1986).     

 Both the vomeronasal and terminal nerves are thought to travel in the same sheath 

as the olfactory axons, en route to the olfactory bulb (Wirsig and Getchell, 1986b).  The 

vomeronasal nerve supplies the vomeronasal organ, which is a chemosensory organ 

located in the nasal cavity, and is important for detecting pheromones.  It is debatable 

whether adult humans have a vomeronsal organ.  The terminal nerve, as described in the 

hamster, ensheathed by SCs (Zheng and Jourdan, 1988), has a central projection from the 

vomeronasal organ to the accessory olfactory bulbs and frontal cortex, where it carries 

out a sensory modulatory function (Wirsig and Leonard, 1986b).  In addition, the 

amphibian terminal nerve has been described as an important component in odourant 

processing (Wirsig and Getchell, 1986a).  Finally, there are numerous autonomic nerves 
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that innervate the nasal cavity to control important functions such as gland secretion, 

metabolic activity, and blood flow.   

 

1.5 Markers of Schwann cells and OECs 

 The issue of Schwann cell contamination is one of the most challenging problems 

in the OEC field because of the inability to distinguish OECs from SCs in vitro and 

following implantation.  Currently, the identification of OECs has been carried out using 

three specific glial proteins: p75 neutrophin receptor (p75NTR), S100β, and glial 

fibrillary acidic protein (GFAP).  Many researchers have identified “OECs”, both in vivo 

and in vitro with the p75NTR marker, even though this protein is shared by both OECs 

and SCs. 

 

1.5.1 p75 neurotrophin receptor 

  In 1973, Herrup and Shooter (1973) identified the first neurotrophin receptor 

known as p75NTR.  This neurotrophin receptor is a type I transmembrane glycoprotein 

that acts as a binding molecule to various neurotrophins, most notably nerve growth 

factor (NGF).  p75NTR carries out a non-enzymatic function by recruiting intracellular 

binding proteins which assist p75NTR in regulating specific cellular events such as 

apoptosis, cell survival and migration, synaptic plasticity (Schor, 2005), myelination, and 

cell cycle control (Cragnolini and Friedman, 2007).  In addition, p75NTR acts as a 

cooperative activator to the high affinity NGF receptor, tyrosine kinase A (TrkA) 
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(Hempstead, 2002), and is a critical component during neuronal development 

(Underwood and Coulson, 2007).  Although the expression of p75NTR in many cell 

types is downregulated in the adult, p75NTR maintains expression in a wide variety of 

cell types throughout the mature nervous system (Underwood and Coulson, 2007).  

P75NTR is expressed by both myelinating and nonmyelinating SCs, neural precursor 

cells, (Schor, 2005), motoneurons (Frade and Barde, 1998), sympathetic and sensory 

neurons (Hempstead, 2002), satellite cells (Song et al., 2004), oligodendrocytes, 

astrocytes, brain endothelial cells, Muller glial cells, tanycytes (Cragnolini and Friedman, 

2007), and most notably OECs (Franceschini and Barnett, 1996; Gong et al., 1994; 

Ramon-Cueto and Nieto-Sampedro, 1992).   

 

1.5.2 S100 calcium binding protein 

 S100 protein is a member of the multigenic low molecular weight protein family 

that is comprised of 21 S100 proteins (Eckert et al., 2004).  Among these S100 proteins 

are three major subtypes with different spatial localizations: S100A, S100P, and S100β.  

S100A is found in slow twitch muscle fibers, epithelial cells and some neuronal cell types 

(Eckert et al., 2004; Garbuglia et al., 1999), while S100P is predominatly found in 

Meissner’s corpuscles (Del Valle et al, 1994).  S100β is widely expressed in the cytosol 

of numerous cell types located within and outside the nervous system, most notably 

within astrocytes, SCs (Garbuglia et al., 1999), and OECs (Devon and Doucette, 1995), 

as well as in melanocytes, chondrocytes, adipocytes (Garbuglia et al., 1999) and 

Langerhans cells (Eckert et al., 2004).  S100β immunoreactivity is shown in adult rat 
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OECs located in the olfactory mucosa (Figure 4D) and olfactory bulb (Figure 4E), adult 

mouse OECs in the olfactory mucosa (Figure 5E), and adult cat OECs found in the 

olfactory bulb (Figure 5B) and olfactory mucosa (Figure 5C).  S100β has a wide variety 

of biological roles, from cell-cycle regulation, protein phosphorylation to cell survival 

and motility, and cytoskeletal dynamics (Garbuglia et al., 1999; Santamaria-Kisiel, 

Rintala-Dempsey, and Shaw, 2006).  Interestingly, one major role of S100β is to interact 

with GFAP to inhibit the assembly of microtubules and intermediate filament in a 

calcium-dependent manner (Garbuglia et al., 1999).  

 

1.5.3 Glial fibrillary acidic protein 

Glial fibrillary acidic protein is a highly conserved type III intermediate filament, 

first discovered in the glial scars from multiple sclerosis patients (Eng, 2000).  GFAP is 

the major protein marker for mature and reactive astrocytes, but is expressed by 

additional cell types such as neural stem cells (Zhu and Dahlstrom, 2007), 

nonmyelinating SCs (Barnett et al., 1993), hepatic stellate cells (Morini et al., 2005), lens 

epithelium (Hatfield et al., 1984), radial glial of the immature spinal cord, Kupffer cells, 

immature oligodendrocytes, pituicytes (McLendon and Bigner, 1994), tanycytes (Eng and 

Ghirnikar, 1994), and OECs (Barber and Lindsay, 1982).  GFAP immunoreactivity is 

shown in adult rat OECs from the olfactory mucosa ( Figures 4A, B) and olfactory bulb 

(Figure 4C), adult mouse OECs located in the olfactory bulb (Figure 5D), and adult cat 

bulbar OECs (Figure 5A).  The main function of GFAP is to provide structural support 

for the cytoskeleton (Eng and Ghirnikar, 1994; Nielsen and Jorgensen, 2003).  Messing 
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and Brenner (2003) showed that GFAP is involved in the maintenance of the blood brain 

barrier, myelin formation, and synaptic transmission (Messing and Brenner, 2003).     

Finally, there are additional molecular markers used by researchers to purify 

and/or characterize OECs in vitro: a) O4, an oligodendrocyte marker also expressed by 

SCs, oligodendrocytes-type-2 astrocyte (O-2A) progenitors (Barnett, Hutchins, and 

Noble, 1993), and neurons (Franceschini and Barnett, 1996); and b) vimentin, a type III 

intermediate protein located in astrocytes, SCs and immature neurons (Doyle et al., 2001; 

Heredia et al., 1998).  Since immunocytochemical techniques have been carried out to 

characterize OECs, it is extremely important to recognize additional cell types present in 

the olfactory system that express the proteins used in OEC research.  Therefore 

discovering new molecular markers expressed by OECs and not by phenotypically 

similar glial cells is important. 
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Figure 4: Glial fibrillary acidic protein (GFAP) and S100β immunostaining in the 
olfactory system of adult rats.  GFAP immunofluorescence (green) is found in OECs 
located in the olfactory mucosa (A, B) and in OECs and astrocytes in the olfactory nerve 
fiber layer (ONL) of the olfactory bulb (C).  In addition, GFAP (green) is localized to 
Schwann cells in peripheral nerves (A).  S100β immunofluorescence (green) is also 
found in the processes of OECs located in the olfactory mucosa (D) and in the ONL of 
the olfactory bulb (E).  Sections in B, C, and E are stained with DAPI (blue) to reveal 
nuclei.  Scale bars = 100 µm (A, E), 50 µm (B, D), and 200 µm (C).  
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Figure 5: Glial fibrillary acidic protein (GFAP) and S100β immunostaining in the 
olfactory systems of adult cats and adult mice.  GFAP immunofluorescence (green) is 
found in OECs and in astrocytes within the olfactory nerve fiber layer (ONL) of the 
olfactory bulb of adult cats (A) and adult mice (D).  S100β immunofluorescence (green) 
is also found in OECs within the ONL of the olfactory bulb (B), within the olfactory 
mucosa (C) of adult cats, and within the olfactory mucosa of adult mice (E). All sections 
are stained with DAPI (blue) to reveal nuclei.  Scale bars = 200 µm (A), 100 µm (B-D), 
and 50 µm (E).   
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1.6 Proteomic analyses 

 Over the past few years, proteomic evaluations have been carried out to discover 

proteins that are expressed by OECs and not expressed by SCs.  Proteomic analyses 

performed in our laboratory have revealed 14 different proteins that were either expressed 

by the OEC proteome and not by the Schwann cell proteome, or were expressed by the 

OEC proteome at a significantly higher level compared to the Schwann cell proteome.  

The 14 proteins were: calponin (neutral and basic, only in OEC gels), carbonic 

anhydrase-III (only in OEC gels), glutathione S-transferase Mu 2 (only in OEC gels), 

transgelin-1 and -2 (only in OEC gels), tropomyosin-1 and -2 (significantly higher in 

OEC gels), smooth muscle specific tropomyosin (only in OEC gels), heat shock protein-

27 (only in OEC gels), annexin-A3 (only in OEC gels), caldesmon-1 (only in OEC gels), 

EH-domain containing protein-3 (only in OEC gels), and smooth muscle alpha-actin 

(SMA, significantly greater in OEC gels) (Ali Jahed, 2006).  Recently, two studies have 

shown the presence of both calponin and SMA in OECs and their absence in SCs, both in 

vivo and in vitro (Boyd et al., 2006; Jahed et al., 2007).  Currently, a combination of 

calponin (or SMA) and p75NTR are the best molecular markers used to identify OECs in 

culture.   

 In this study, additional analyses of calponin and SMA will be performed on 

OECs and SCs, and new examinations of heat shock protein-27 (Hsp27), carbonic 

anhydrase-III (CA-III), and annexin-A3 (Anx3) will be performed on OECs and SCs of 

adult rats and adult cats. 
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1.7 Potential markers of OECs 

1.7.1 Calponin 

 Calponin belongs to the family of actin-, tropomyosin-, and calmodulin-binding 

proteins that are essential components of both the cytoskeleton and the contractile 

apparatus (Small and Gimona, 1998). The members of this protein family are products of 

three genes which produce four different calponin proteins (distinguished by their C-

terminals): two basic calponins (α, 34 kDa; and β or h1, 29 kDa), one neutral calponin 

(h2, 34 kDa), and one acidic calponin (37 kDa) (Ferhat et al., 1996).  The calponin IgG 

used in this experiment was demonstrated by Western blotting to react with only the 34 

kDa basic/neutral isoforms (Jahed, 2006; Frid et al., 1992).  The most abundant isoforms 

are the basic calponins that are expressed predominantly by smooth muscle cells, but 

have also been localized to endothelial cells, fibroblasts, and epidermal keratinocytes 

(Hossain et al., 2005).  The h2 calponin is expressed at lower levels in both smooth 

muscle cells and non-muscle cells, but is expressed at high levels in cardiac muscle 

(Strasser et al., 1993).  The acidic calponin is widely expressed in both muscle and non-

muscle cells including fibroblasts, bovine brain, and chicken brain (Ferhat et al., 1996; 

Trabels-Terzidis et al., 1995).   

Within the nervous system, calponin expression is developmentally correlated 

such that areas that have the ability to renew (e.g. olfactory bulb, hippocampus, choroid 

plexus), express significantly higher levels of calponin compared to areas that do not 

undergo adult neurogenesis (Ferhat et al., 1996).  The main function of calponin is to 

regulate smooth muscle contractions by promoting and/or inhibiting actin and myosin 
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interactions.  In addition, calponin is involved in modulating structural arrangements of 

microfilaments (Ferhat et al., 1996), regulating bone production, and regulating neuronal 

regeneration and regrowth (Hossain et al., 2005).  

 

1.7.2 Smooth muscle α-actin 

 Smooth muscle α-actin (SMA) is the most abundant contractile protein in vascular 

smooth muscle cells (Abberton et al., 1999).  It is also one of the earliest markers of 

smooth muscle lineage in cell differentiation (Abberton et al., 1999) and is involved in 

smooth muscle contractions, cellular migration, wound healing, and tissue remodeling 

(Ronnov-Jessen and Petersen, 1996).  This conserved protein is expressed by a wide 

variety of cell types and tissue types including pericytes (Skalli et al., 1989), osteoblasts 

(Kinner and Spector, 2002), articular cartilage (Kim and Spector, 2000), astrocytes 

(LeCain et al., 1991), hair follicle dermis (Jahoda et al., 1991), glands, activated 

fibroblasts, and myofibroblasts (Ronnov-Jessen and Petersen, 1996).  Myofibrobroblasts 

are a certain type of fibroblast that resemble smooth muscle cells (Powell et al., 1999).   

 To date, at least six different actin isoforms (Skalli et al., 1986) have been 

identified.  They have more than 90% sequence homology with each other, but differ in 

their 18 NH2-terminal domain.  Importantly, the SMA IgG used in this experiment was 

previously shown by immunoblotting, ELISA, and immunofluorescence to react with 

only the α-smooth muscle actin isoform in the presence of other actin isoforms (Skalli et 

al., 1986).   
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1.7.3 Heat shock protein-27 

 Heat shock proteins are highly conserved stress-related proteins that are classified 

into three protein families according to their molecular weight: Hsp90s (84-90 kDa), 

Hsp70s (68-78 kDa), and small Hsp20s (20-50 kDa) (Armstrong et al., 2001).  Heat shock 

protein 27 (Hsp27; Hsp25 and HspB1 in mice) is a member of the small heat shock 

protein family.  It consists of three major isoforms which are products of posttranslational 

modifications: a) basic Hsp27a, a soluble monomer found predominantly in unstressed 

cells in a nonphosphorylated state; b) acidic Hsp27b, a large soluble cytoplasmic 

aggregate that is phosphorylated upon exposure to stress; and c) acidic Hsp27c, an 

insoluble aggregate that is also phosphorylated and found in stressed cells (Aquino et al., 

1996; Satoh and Kim, 1995c).  These isoforms differ based on their phosphorylation state 

and can interconvert depending on the physiological status of the cell.  Phosphorylation of 

Hsp27 can occur in the presence of specific growth factors, cytokines, and protein kinases 

(An et al., 2004).  In normal and healthy cells, Hsp27a is localized in the perinuclear 

region of the cytoplasm (Satoh & Kim, 1995c) where it acts as a molecular chaperone to 

control and protect proteins during normal synthesis, folding, and transport (Acarin et al., 

2002; Carr, 2005), as well as is involved in cytoskeleton stabilization (Lavoie et al 1995).  

Following cellular stress, phosphorylated Hsp27b and Hsp27c are transported to the 

nucleus (Aquino et al., 1996) where they play a role in cellular thermoprotection (Mehlen 

et al., 1999) and where they perform an anti-apoptotic and antioxidative role to enhance 

cell survival (Armstrong et al., 2001).   
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 Hsp27 is constitutively expressed by a variety of tissues such as the heart, pharynx 

(Gernold et al., 1993), liver, stomach, colon, bladder, spleen, ovary, lung and skin 

(Tanguay et al., 1993; Wilkinson and Pollard, 1993).  Interestingly, there seems to be a 

correlation between the presence of smooth muscle and epithelial cells, and the expression 

of Hsp27.  Also, due to the role of Hsp27 in cell survival, injury will result in an 

upregulation of Hsp27 protein expression in cell types that normally express Hsp27, as 

well as those cell types that normally do not.  Though the exact mechanisms used to 

mediate the upregulation of Hsp27 remain elusive, researchers suggest that the presence 

of damaged, unfolded non-native proteins and free radicals may be the main inducers 

(Acarin, 2002).  Interestingly, the expression of Hsp27 is developmentally regulated: 

adult animals express higher levels of Hsp27 because of the greater metabolic needs of 

mature tissue (Knauf et al., 1993), and the importance of preventing cell death following 

injury (Costigan et al., 1998).  Without the presence of these functional stress proteins in 

cells, large aggregates of misfolded proteins would accumulate and ultimately result in 

cell death (Carr et al., 2001).   

 

1.7.4 Carbonic anhydrases 

 Carbonic anhydrases (CAs) are important enzymes that are widely expressed by 

bacteria, plants, invertebrates and vertebrates (Bundy, 1977).  Though at least seven 

different mammalian genes exists, encoding for more than 15 different CA proteins 

(including soluble, membrane bound, and mitochondrial), only three soluble CAs have 

been studied extensively: CA-I, CA-II, and CA-III; also referred to as CA-B, CA-C, and 
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CA-M, respectively (Deutsch, 1987).  CA-I is predominantly expressed by erythrocytes, 

whereas CA-II is widely expressed by a variety of cell types.  Specifically within the 

nervous system, CA-II is localized to sensory neurons (Droz and Kazimierczak, 1987), 

glial cells, and choroid plexus epithelial cells (Nogradi et al., 1993b). CA-III is expressed 

primarily by slow twitch skeletal muscle fibers (Robert-Pachot et al., 2007) and will be 

discussed in greater detail in the following section. 

 These three proteins are encoded by separate genes found on the same 

chromosome, and have very distinct genetics, tissue distributions and protein kinetics.  In 

addition, each isozyme can have multiple electrophoretic variants as a result of point 

mutations or epigenetic modifications (Register et al., 1978).  Though these proteins have 

very different properties, they share similar physiological functions such as acting as a 

catalyst to the rapid interconversion of carbon dioxide and water to bicarbonate and 

protons.  In addition, CAs help regulate acid-base balance, water and electrolyte balance 

(Ichihara et al., 2006), pH, ion transport (Nishijima and Atoji, 2004; Pastorekova et al., 

2004), bone absorption, respiration, urinary acidification (Kim et al., 2004), 

gluconeogenesis, and cerebrospinal fluid production (Lyons et al., 1991).   

 

1.7.5 Carbonic anhydrase-III 

 Following the discovery of carbonic anhydrase in 1933, only two soluble enzymes 

(CA-I/B) and CA-II/C) were known.  It was the work by Holmes (1976) who first 

suggested the presence of an additional locus encoding for a third CA-isozyme; Holmes 

(1977a, b) referred to this protein as carbonic anhydrase-A (no follow up studies were 
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conducted).  This protein should not be confused with original CA-A, which was 

determined to be an electrophoretic variant of CA-I (B), caused by an epigenetic 

modification (Register et al., 1978).    

 In the following years, researchers continually observed an unknown 

contaminating protein that made up 1 to 5% of total protein extracted from the skeletal 

muscle of rabbits, sheep and chickens; observed as a by-product during a standard 

procedure for purifying the enzyme, phosphoglucose isomerase (Blackburn et al., 1972a, 

b).  In 1978, it was the work of Register, Koester, and Noltmann who determined that a 

protein which they called “basic muscle protein” (named for its high content of basic 

amino acid) shared multiple similarities to carbonic anhydrases, in terms of its 

biochemical and immunochemical properties.  Subsequently, Register and colleagues 

(1978) agreed that this protein was an additional member of the carbonic anhydrase 

protein family and thus renamed the protein CA-III for carbonic anhydrase-III.  

 CA-III is a 26 kilodalton (kDa) zinc metalloenzyme that shares more enzymatic 

properties and sequence homology with the protein ubiquitin than with any other CA 

protein.  Due to the low level of enzymatic activity demonstrated by CA-III, researchers 

have suggested that CA-III has a different function from that of other CAs.  Though the 

exact function of CA-III still remains unknown, CA-III has been referred to as a 

precarbonic anhydrase, which catalyzes the interconversion of carbon dioxide and 

hydrogen rather than carbon dioxide and water (Kim et al., 2004).  In addition, unlike 

other CAs, CA-III may play a role in preventing oxidative stress and apoptosis, as well as 

in participating in fatty acid metabolism.   
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1.7.6 Annexins 

 Annexins are simply described as “cytoskeletal proteins capable of binding 

anionic phospholipids in the presence of calcium and…actin” (Russo-Marie, 1991).  

Identified in the late 1970s, annexins belong to a multigenic family of intracellular 

calcium-dependent phospholipid-binding proteins (Donato and Russo-Marie, 1999; Kim 

et al., 2001; Tait et al., 1991).  This protein family consists of at least ten distinct 

members that are roughly 50% identical to each other (Tait et al., 1991).  The genes 

encoding for these various annexins are scattered on several different chromosomes (i.e. 

annexin-A3 is located on chromosome 4, while annexin-A1 is on chromosome 9).  

Structurally, annexin proteins contain a diverse N-terminal domain that is the main 

regulatory region for carry out their many functions (Naciff et al., 1996), while the C-

terminus is the common domain that is shared by most annexins.  Based on the 

biochemical properties of annexins, members of this protein family have been formerly 

called synexin, calcimedin, lipocortin, and calpactin (Gerke and Moss, 2001).     

 Annexins are widely expressed throughout eukaryotic organisms from mold to 

mammals.  Within the mammalian system, annexins have been detected in the brain, 

spinal cord, lung, kidneys, liver, spleen, and developing reproductive organs (Fernandez 

et al., 1998).  The annexin proteins perform various roles such as intracellular calcium 

signaling, transmembrane calcium transport, exocytosis and endocytosis regulation, and 

membrane-cytoskeletal interactions (Donato and Russo-Marie, 1999; Gerke and Moss, 

2001; Tait et al., 1991).  These proteins are also involved in membrane fusion, 

inflammation, proliferation, cell differentiation (Kim et al., 2001) and calcium 
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homeostasis (Donato and Russo-Marie, 1999).  In addition, annexins may share similar 

roles with heat shock proteins (Mollenhauer, 1997). 

 

1.7.7 Annexin-A3 

 Annexin-A3 (Anx3) is a 33 kDa water-soluble, amphipathic protein that binds to 

negatively charged phospholipids in the presence of calcium.  This cytosolic protein has 

many names including lipocortin III, calcimedin 35α, placental anticoagulant protein III 

(PAPIII), and inositol 1, 2- cyclic 2-phophohydrolyase (Tait et al., 1991).  Interestingly, 

researchers have detected the presence of at least two Anx3 isoforms: a 33 kDa and a 

distinct 36 kDa protein (Junker et al., 2007).  The 33 kDa is the main Anx3 protein, 

located predominantly in neutrophils, while the 36 kDa protein has been identified in 

monocytes (Junker et al., 2007; Le Cabec and Maridonneau-Parini, 1994).  In an earlier 

study, Le Cabec et al. (1992) determined that the 36 kDa protein was not a result of post-

translational modification of the 33 kDa protein.  This group suggested that the 33 kDa 

and 36 kDa may have been derived from two distinct genes or may have resulted from 

alternative splicing of the Anx3 gene (Le Cabec et al., 1992).  Le Cabec et al. (1992) 

performed this experiment using the same Anx3 antibody as the one used in the present 

study.  Though these may constitute two distinct proteins, antibodies against Anx3 

recognize both variants.  More importantly, antibodies against Anx3 do not cross react 

with any other annexin proteins (Kim et al., 2001), at least not with annexin-I, II, V, and 

VI (Konishi et al., 2006).  Konishi et al. (2006) also used the same Anx3 antibody as the 

one used in the present study.       
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 The exact role of Anx3 remains unknown, but its abundance within neutrophils 

and ramified and reactive microglia suggests an important role in granule secretion 

(Donato and Russo-Marie, 1999) and/or membrane ruffling.  In fact, the two variants (33 

and 36 kDa) may associate with cytoplasmic granule membrane in resting cells and 

translocate to the plasma membrane upon cell activation (Donato and Russo-Marie, 1999; 

Le Cabec and Maridonneau-Pairini, 1994).   

  

1.8 Main objectives and hypothesis 

The main aim of this project is to determine if three cytosolic proteins, detected 

only in the OEC proteome (derived from the olfactory bulb of embryonic day 18 rats) and 

not in the SC proteome (derived from the adult rat sciatic nerve), are expressed by OECs 

and not by SCs, in vivo and in vitro.  The three proteins are: heat shock protein-27 

(Hsp27), carbonic anhydrase-III (CA-III), and annexin-AIII (Anx3).  It is hypothesized 

that all three proteins will be expressed by OECs and not by SCs, both in vivo, and in 

vitro.  Discovering new molecular markers expressed only by OECs is essential in order 

to determine the properties, fate, and overall potential of OECs in promoting spinal cord 

regeneration.  

Additional objectives included testing both calponin and SMA in the olfactory 

bulb of adult rats and in the olfactory system of adult cats.  Also, unilateral bulbectomies 

and spinal cord injuries were carried out to examine the properties of OECs following 

injury, both in situ and following implantation into the damaged spinal cord of adult rats.                         
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Chapter 2 

Methods and Materials 

2.1 Rodent tissue removal and preparation 

 Adult Wistar rats (175-200g, n=36) were deeply anesthetized and perfused 

transcardially with 4% paraformaldehyde in 0.1M phosphate buffer saline (PBS, pH 7.4).  

The following tissues were removed from each animal and cryoprotected in 30% sucrose 

for 2-3 days: olfactory mucosa, olfactory bulbs, trigeminal ganglia and sciatic nerves.  

For the olfactory bulbs:  tissue was sectioned at 45 µm into small wells filled with 30% 

sucrose.  Thinner sectioning of the olfactory bulbs would have resulted in the loss of the 

outer nerve fiber layer.  The sections were mounted 5 per slide and allowed to dry at 

room temperature.  All other fixed tissues were sectioned at 20 µm, directly mounted 

onto superfrost slides (Fisher Scientific) and stored at -20°C.  Frozen tissue sections were 

allowed to thaw for 3-5 minutes at room temperature and fixed in 4% paraformaldehyde 

for 15 minutes to prevent the tissue from falling off the slides.   

 

2.2 Feline olfactory tissue 

 Feline olfactory mucosa and olfactory bulbs were used to determine the 

similarities and differences between two mammalian species.  Adult feline tissue (n=6, 

fixed with 4% paraformaldehyde) was kindly provided by Dr. P.K. Rose.  The feline 

olfactory mucosa and bulbs were removed, sectioned (20 µm) and used for 

immunohistochemistry or were processed for electron microscopy. 
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2.3 Immunohistochemistry 

 Tissue was washed in 0.1M tris buffer saline (TBS) for 5 minutes; repeated after 

each step.  Slides were pretreated with 0.008% proteinase K or 0.01% trypsin (when 

calponin and smooth muscle α-actin IgGs were used, slides were pretreated) for 15-45 

minutes.  Slides were blocked with 10% normal donkey serum (NDS) in 0.1M TBS plus 

0.25% Triton-X100 (TBX) for 1 hour at room temperature.  Tissue was then incubated 

with a primary antibody in 3% NDS in 0.25% TBX for 24-72 hours at room temperature, 

stored in a humidified chamber.   

 The primary antibodies used were: mouse anti-smooth muscle α-actin IgG (SMA, 

1:1000; Sigma, St. Louis, MO), mouse anti-calponin IgG (1:500; Dako Mississauga, 

ON), rabbit anti-heat shock protein-27 IgG (hsp27, 1:500; Millipore, Temecula, CA), goat 

anti-carbonic anhydrase-III IgG (CA-III, 1:500; Santa Cruz Biotech. Inc. CA), rabbit 

anti-annexin-III whole IgG (Anx3, 1:5000; a kind gift from Dr. F Russo-Marie, Paris, 

France), rabbit anti-S100 IgG (1:500, Dako), rabbit anti-GFAP IgG (1:250, Dako), mouse 

anti-nerve growth factor (NGF) receptor IgG (192 p75, 1:100, Millipore), rabbit anti-

NGF receptor IgG (p75 1:1000, Millipore), rabbit anti-Iba1 IgG (1:2000, kindly provided 

by Dr. C. Cahill, Wako), rabbit anti-GAP-43 IgG (1:1000, Millipore) and mouse anti-

Thy1.1 (1:500, Millipore) (Table 1).  Slides were incubated with the appropriate 

secondary antibody in 3% NDS with 0.25% TBX for 2 hours at room temperature.  The 

secondary antibodies tagged with a fluorophore for visualizations were: FITC-conjugated 

donkey anti-rabbit IgG, FITC-conjugated donkey anti-mouse IgG, Texas red-conjugated 

donkey anti-mouse, Texas red-conjugated donkey anti-rabbit, and FITC-conjugated 
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donkey anti-goat (all 1:100, Medicorp).  Slides were coversliped with DAPI-conjugated 

mounting media (Vectashield, Mississauga, ON) and viewed on a Carl Zeiss Axioskop 2 

fluorescence microscope.  Images were captured and saved with a Carl Zeiss Axiocam 

and Axiovision software.  See Appendix B for Technical limitations of 

immunohistochemistry.  

 

2.4 Preparation of mucosal cultures 

 Olfactory mucosa cell cultures (n=23) were generated by methods previously 

described by Bianco et al. (2004).  Briefly, adult female Wistar rats (n=10) were killed by 

decapitation and the olfactory mucosa was quickly removed.  The tissue was peeled away 

from the nasal turbinates and cartilage, and placed in a culture dish containing culture 

media (Dulbecco’s modified Eagle medium/Ham’s F12; DMEM/F12, invitrogen, 

Burlington, ON) supplemented with fetal bovine serum (FBS) and Penicillin-

Streptomycin solution.  The olfactory mucosa was minced and incubated in dispase II 

(2.4 U/ml in Puck’s solution: Roche Diagnostics, Mannheim, Germany) for 45 minutes at 

37ºC.  The olfactory mucosa was transferred to Hank’s balanced salt solution (HBSS, 

invitrogen) to inactivate the dispase.  The tissue was then incubated in DMEM/F12 with 

0.25% collagenase type IA (Sigma) for 10 minutes at 37º followed by mechanical 

trituration.  Finally, the cell suspension was sieved, and plated on poly-L-lysine (PLL)-

coated flasks or PLL-coated glass coverslips.  Cultures were maintained at 37ºC in 5% 

CO2 incubator, until desired confluency was reached.  Once desired confluency was 

achieved, cells (unsorted) plated on coverslips were fixed with 4% paraformaldehyde for 
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at least 2 hours and stored at 4ºC in PBS until used for immunocytochemistry.  Cells 

plated on the flasks were used to generate cultures of p75NTR-fluorescence activated cell 

sorted (FACS) cell populations.  P75NTR-FACS cells were used to reduce as many 

contaminating cells (e.g. macrophages, fibroblasts, endothelial cells) as possible.   

 Briefly, flasks were treated with 6 ml trypsin for 1 minute.  The dissociated cells 

were pooled together, centrifuged, resuspended in PBS containing 1% BSA and FITC-

conjugated anti-NGF receptor IgG (p75NTR, 1:50, Alomone Labs, Jerusalem, Israel), 

and incubated for at least 45 minutes on ice in the dark.  The cells were washed in 

supplemented PBS and sorted into two groups: p75NTR-FACS and p75NTR-negative 

cell populations.  The p75NTR-FACS mucosal cell population was seeded onto PLL-

glass coverslips and incubated at 37ºC in 5% CO2 incubator.  Once desired confluency 

was reached, coverslips were fixed with 4% paraformaldehyde and stored in 4ºC for 

immunocytochemistry 

 

2.5 Preparations of Schwann cell cultures 

 Schwann cell cultures (n=11) were isolated from adult rat sciatic nerves and 

prepared by the fibroblast depletion methods previously described by Morrissey et al. 

(1991).  Briefly, adult female Wistar rats (n=6) were killed by decapitation, followed 

quickly by the removal of both sciatic nerves.  The nerves were placed onto culture 

dishes containing Liebovitz’s L-15 medium supplemented with 50 U/ml penicillin and 

0.05 mg/ml streptomycin.  The overlying epineurium, connective tissue and blood vessels 

were removed and the nerves were cut into 1 x 1 mm explants.  The explants were placed 
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in culture dishes containing DMEM with 10% FBS.  Cultures were fed and examined 

daily for migrating fibroblasts.  Once outgrowth of fibroblasts reached near confluency, 

the explants were removed and seeded onto new culture dishes with fresh medium.  The 

Schwann cell explants were maintained for 3-4 weeks, followed by enzymatic digestion 

and dissociation.  Cells were seeded onto PLL-coated glass coverslips, fixed, and used for 

immunocytochemistry.    

 

2.6 Immunocytochemistry 

 Fixed coverslips containing olfactory mucosal cells (p75NTR+ or unsorted), or 

SCs were processed by methods described under immunohistochemistry, with few 

exceptions.  Briefly, coverslips were washed in 0.1M TBS followed by the addition of 

10% NDS in 0.25% TBX for 1 hour.  Tissue was incubated with a primary antibody in 

3% NDS in 0.25% TBX for 24-72 hours at room temperature on a slow moving rotator.  

Slides were then incubated with the appropriate secondary antibody in 3% NDS in 0.25% 

TBX for two hours at room temperature in the dark.  Coverslips were mounted onto 

slides using DAPI-mounting media and cells were viewed and photographed with a Carl 

Zeiss Axioskop 2 fluorescence microscope.    

 

2.7 Unilateral bulbectomies 

 In order to determine how OECs behave in the presence of injured axons and 

whether OECs become hypertrophied following nerve injury, unilateral bulbectomies 
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were carried out.  Knowing how OECs behave in their natural environment following 

nerve injury may provide information on how OECs act in the injured spinal cord 

following implanation.  Adult female Wistar rats (n=16) were anesthetized and the skin 

was retracted.  Using a stereotactic frame and a bone drill, a small hole was made in the 

right dorsal skull directly behind the eyes.  The drill was used to damage the olfactory 

bulb.  The hole was filled with sterile gauze and bone wax, and the overlying skin was 

stapled.  The following recovery times were used: 48 hours (n= 2), 1 week (n=5), 12 days 

(n=3), and 21 days (n=6).  Following the recovery period, animals were deeply 

anesthetized and transcardially perfused with 4% paraformaldehyde.  The olfactory 

mucosa were removed, cryoprotected in 30% sucrose for 2-3 days and sectioned at 20 µm 

onto superfrost slides.  Slides were stored at -20ºC for later immunohistochemistry. 

 

2.8 Spinal cord injuries and implantations of OECs 

 Spinal cord injuries were performed as previously described by Karimi-

Abdolrezaee et al. (2006).  Briefly, adult female Wistar rats (n=34) were anesthetized, 

shaved and cleaned with iodine.  A midline incision was made at the thoracic level (T5-

T12) and the underlying muscles were retracted.  A T8-T11 laminectomy (i.e. removal of 

the lamina; part of vertebral bone) was carried out, followed by a T10 compression injury 

using a 35g aneurysm clip for two minutes.  Harvested olfactory mucosal cells (p75NTR-

FACS or unsorted, 105) were loaded into a syringe, securely fastened on a stereotactic 

frame, and slowly injected into the epicenter of the T10 injured spinal cord of adult rats.  

The leftover cells were seeded onto PLL-coated coverslips and double stained with 
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p75NTR and SMA to determine the overall percentage of OECs and SCs.    The muscles 

of the rats were sutured and the incision was stapled, and all animals received two 

injections per day of bupenorphrine (0.3 cc.) for two days.  In addition, the bladders of all 

rats were manually expressed until the return of the reflexive bladder control.  Female 

animals were used because of the ease with which their bladders can be easily emptied 

(Onifer et al., 2007).  Following OEC implantations, animals were given three weeks to 

recover.  The injured spinal cords were then removed, sectioned, and immunostained 

with the following antibodies: a) SMA, which labels OECs; b) p75NTR, which labels 

both OECs and SCs (endogenous and contaminating); c) GFAP, which labels OECs, SCs 

and astrocytes; and d) GAP-43, which labels regenerating axons and SCs.   
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Table 1: Unlabeled primary antibodies.  

Antibody Origin Immunogen, Application,  
cellular localization, & controls Specificity References 

Annexin-A3 
(provided by 
Dr. F. Russo-
Marie) 

Rabbit Human placenta, 1:5000- 1:10,000, 
cytosol 

human Konishi et al., 
2006; Junker et 
al., 2007; Niimi 
et al., 2005; 

Smooth muscle 
α-actin (Sigma) 
A-2547 
Clone: 1A4 

Mouse 
ascities 
fluid 

NH2 terminal synthetic of actin, 
1:1000, actin filaments. 
immunoblot, ELISA, and 
immunohistochemical (IHC) 
controls performed by Skalli et al., 
1986 

Human, rat, 
mouse, bovine, 
chicken, frog, 
goat, guinea 
pig, rabbit, dog, 
sheep, snake 

Cardoso, 
Falcao, and 
Sampaio, 2004; 
Skalli et al., 
1986; Willerton 
et al., 2004 

Carbonic 
anhydrase-III 
(Santa cruz) 
sc-50714 

Goat C-terminus peptide of human CA-
III, 1:500, cytosol 

Mouse, rat, and 
human 

Douglas-Jones 
et al., 2005 

Calponin 
(Dako) 
M3556 
Clone: CALP 

Mouse Crude human uterus extract, 1:500, 
actin filaments. Western blot and 
IHC controls performed 

 Caplice et al., 
2007; Devlin 
and Sloan, 
2001; Zoll et 
al., 2008 

Glial fibrillary 
acidic protein 
(GFAP) (Dako) 
Z0334 

Rabbit GFAP isolated from cow spinal 
cord, 1:250, actin filaments. 
ELISA, cross- 
immunoelectrophoresis, IHC 
controls performed 
 

Cat, chicken, 
cow, guinea pig, 
hamster, 
kangaroo, rat, 
monkey, sheep, 
mouse, 

Balaskas and 
Gabella, 1998; 
Maurer et al., 
2007; Peraud et 
al., 2003 
 

Growth 
associated 
protein-43 
(GAP-43) 
(Chemicon) 
AB5220 

Rabbit Recombinant rat GAP-43, 1:1000, 
cell membrane. IHC, immunoblot, 
and ELISA controls performed 

Rat, mouse, 
human, bovine, 
and chicken 

Chirwa et al., 
2004; O’Neil et 
al., 2004 

Heat shock 
protein-27 
(Chemicon) 
AB3489 

Rabbit Synthetic peptide from human 
Hsp27, 1:500, cytosol. Western 
blot, ELISA controls  

Human, mouse Hickey E. et 
al., 1986 

Iba1(Wako) Rabbit Synthetic peptide to C-terminus of 
Iba1, 1:1000-1:2000, cytosol. IHC 
control 

Human, mouse, 
and rat 

Bechmann et 
al., 2005; 
Kadowaki et 
al., 2007; 
Moisse et al., 
2008 

Nerve growth 
factor receptor 
(192) 
(Millipore) 
MAB365 
Clone: 192 

Mouse Stabilized proteins containing p75 
receptor isolated from plasma 
membrane of PC-12 cells, 1:100, 
plasma membrane. IHC, Western 
blot, Immunoprecipitation controls. 

Rat Lin et al., 2005; 
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Nerve growth 
factor receptor 
(Millipore) 
AB1554 

Rabbit Extracellular fragment from 3rd 
exon of mouse p75, 1:1000, plasma 
membrane. IHC, Western blot, 
Immunoprecipitation controls. 

Mouse and 
chicken 

Maurer et al., 
2007; Pehar et 
al., 2004 

S100 (Dako) 
Z0311 

Rabbit S100 isolated from cow brain, 
1:500, plasma membrane.  Cross-
immunoelectrophoresis, ELISA, 
Western blot, IHC controls 
performed. 

Cat, horse, 
mouse, rat, and 
swine 

Haworth et al., 
2007; Maurer 
et al., 2007;  
Shi et al., 2008; 
Devlin and 
Sloan, 2001; 
Tan et al., 2006 

Thy1.1 
(Millipore) 
MAB1406 
Clone: OX-7 

Mouse Rat thy1.1, 1:500, GPI-anchored 
membrane protein.  IHC controls  

Mouse, and rat Collazos-
Castro et al., 
2005 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 43 

Chapter 3 

Results 

3.1 The analyses of calponin, in vivo and in vitro 

Both calponin and smooth muscle α-actin (SMA) markers were previously shown 

to label olfactory mucosal OECs but not in SCs, both in vivo and in vitro (Boyd et al., 

2006; Jahed et al., 2007).  In this present study, additional protein analyses were carried 

out with more focus on the expression of calponin and SMA in the adult rat olfactory 

bulbs, and in the adult cat olfactory system.  Importantly, calponin (and SMA) required 

the addition of a protease such as proteinase K or trypsin in order to detect their 

immunoreactivity; without the addition of a protease, the fixed tissue yielded false 

negative results (data not shown).   

 In vivo, calponin was detected in various cell types located throughout the 

olfactory mucosa of adult rats, as shown by Boyd et al. (2006).  OECs were identified by 

thin calponin-immunopositive processes and overlapping DAPI-labeled nuclei.  Robust 

calponin immunostaining was seen in fibroblasts which surround the units of OECs and 

olfactory axons (Figure 6A, B).  Not surprisingly, smooth muscle cells lining the large 

arterioles located around the olfactory fascicles located within the OEC-axon units 

showed robust calponin immunolabeling.  Blood vessels are recognized by their 

exceedingly round appearance.   

 In vitro, cultures of p75NTR-fluorescence activated cell sorted (FACS) olfactory 

mucosal cells displayed moderate to robust calponin immunostaining (Figure 6D, E).  

Two immunochemically-distinct cell populations exist within these sorted cultures: a) 
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calponin-immunopositive and p75NTR-immunopositive OECs; and b) calponin-

immunonegative and p75NTR-immunopositive SCs.  According to Rizek and Kawaja 

(2006), cultures of olfactory mucosal cells are contaminated with SCs that are found 

throughout the olfactory mucosa of adult rats.  SCs were also distinguishable because 

they were typically smaller in size and displayed a spindle-like morphology, compared to 

the larger multipolar calponin-immunopositive OECs (Figure 6D, E). 

 Within the trigeminal ganglia of adult rats, SCs which are found adjacent to 

peripheral axons showed no calponin immunolabeling (Figure 6C).  Surprisingly, no 

calponin immunolabeling was seen in fibroblasts, as only smooth muscle cells lining the 

blood vessels were calponin-immunopositive.  (See Supplemental Figure 1A for 

additional evidence.)     

 Though previous work has shown the presence of calponin-immunopositive 

OECs in the adult rat olfactory mucosa, not much work has been done in the adult rat 

olfactory bulbs or in the adult cat olfactory system.  Despite numerous attempts, calponin 

immunoreactivity was never detected in any cell type within the adult rat olfactory bulbs 

or within the adult cat olfactory system (Supplemental Figure 1B).   

 

3.2 The analyses of smooth muscle α-actin (SMA), in vivo and in vitro 

As first reported by Jahed et al. (2007), SMA immunoreactivity was found in 

OECs located in the olfactory mucosa (Figure 7A, and Supplemental Figure 1E), as well 

as in p75NTR-FACS mucosal cell cultures (Figure 8A) and unsorted adult rat olfactory 

mucosal cell cultures (Figure 8B).  In vivo, strong SMA immunostaining was observed in 
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both the fibroblasts surrounding the OEC-axon units, as well as in the smooth muscle 

cells lining the blood vessels.  The OECs exhibited a very faint and sparse SMA 

immunostaining pattern, often resulting in visual difficulties.   

In vitro, both p75NTR-FACS and unsorted mucosal cell cultures showed two 

different populations of cells: a) SMA-immunopositive and p75NTR-immunopositive 

OECs; b) SMA-immunonegative and p75NTR-immunopositive SCs.  In addition, a third 

population was observed in the unsorted mucosal cell cultures: SMA-immunopositive 

and p75NTR-immunonegative fibroblasts.  As shown in Figure 8A, two morphologically-

distinct p75NTR-immunopositive (and SMA-immunonegative) cell populations exist in 

olfactory cell cultures; however, based on their immunochemical appearance, these two 

cell types (one with robust p75NTR staining and one with moderate p75NTR staining 

found at a greater abundance) are both recognized as SCs.    

Within the trigeminal ganglia, SMA immunolabeling was never observed in SCs 

(Figure 7B).  However SMA immunolabeling was seen in cell bodies of the trigeminal 

neurons.  Furthermore, SMA immunolabeling was detected in smooth muscle cells.  In 

vitro, cultures of adult rat sciatic nerve SCs that had undergone a fibroblast depletion 

procedure consisted of a robust population of p75NTR-immunopositive and SMA-

immunonegative SCs, with few p75NTR-immunonegative and SMA-immunopositive 

contaminating fibroblasts (Figure 8C).  Typically, SCs in vitro display a spindle-like 

morphology, while fibroblasts have a filamentous-like appearance.  

The adult rat olfactory bulb showed SMA-immunopositive cells in the olfactory 

nerve fiber layer (Figures 9A, B) and in the more central layers (Supplemental Figure 
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1F).  These SMA immunolabeled cells, which occur throughout the olfactory bulbs, are 

most likely astrocytes which have been shown to express SMA (Lecain et al., 1991).  It is 

also possible that some SMA-immunopositive cells in the olfactory nerve fiber layer are 

OECs or microglia which both reside in this layer (Chang et al., 2003).  To determine if 

the SMA-immunopositive cells in the nerve fiber layer were OECs, we performed double 

labeling with SMA and p75NTR.  Unfortunately, due to high background staining and 

poor resolution at the light microscope level, it was difficult to observe colocalization 

between the SMA-immunopositive cells and p75NTR-immunopositive cells.  

Nevertheless, some SMA-immunopositive cells may be microglial cells, though no 

reports have been made regarding SMA-immunopositive microglia.  Importantly, these 

cells were not SMA-immunopositive fibroblasts, as there are no fibroblasts within the 

nerve fiber layer (Supplemental Figure 1C).   

To determine if these findings are shared by different mammalian species, we 

examined the feline olfactory system for SMA immunoreactivity.  Robust SMA 

immunostaining was exhibited by both feline mucosal and bulbar OECs (Figures 9C, D; 

See Supplemental Figure 1G).  Also, SMA immunolabeling was found in fibroblasts 

located in the feline olfactory mucosa, surrounding the olfactory fascicles, and in smooth 

muscle cells lining the blood vessels (Figure 9C).   

To date, a combination of SMA (or calponin) and p75NTR immunostaining is the 

best method to distinguish OECs from SCs in vitro and following implantation into the 

damaged spinal cord.  Unfortunately, other cells types such as fibroblasts and astrocytes, 

which are present in the olfactory system and/or in the injured spinal cord, express 
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calponin and/or SMA.  Therefore, it is important to discover new molecular markers that 

can unequivocally identify OECs in vitro and following implantation. 

In order to discover new OEC markers, analyses of proteins detected by 

proteomics are essential.  Here we examined three proteins detected in the OEC proteome 

and not in the Schwann cell proteome.  These three proteins were chosen based on the 

antibody availability, and on their known protein function.  Numerous smooth muscle-

related proteins, such as caldesmon-1, tropomyosin-1 and -2, and transgelin, were 

detected in the OEC proteome.  Since we have already tested both calponin and SMA, we 

wanted to focus on entirely new families of proteins.  Therefore heat shock protein-27, 

carbonic anhydrase-III, and annexin-A3 were tested.  Protein analyses were done on the 

adult rat olfactory system and peripheral nerves, as well as the adult cat olfactory system.  

In addition, in vitro examinations were carried out on cultures of p75NTR-FACS and 

unsorted mucosal cells, and cultures of adult rat sciatic nerve SCs.   

 

3.3 The analyses of heat shock protein-27 

3.3.1 Heat shock protein-27 in the olfactory system, in vivo and in vitro 

In the olfactory mucosa of adult rats, robust Hsp27 immunostaining was observed 

in various cell types such as fibroblasts, smooth muscle cells, and Bowman’s glands 

(Figure 10A).  More importantly, Hsp27 immunolabeling was found in the thin OEC 

processes (DAPI-labeled nuclei) which wrap around hundreds of olfactory axons.  

 In the olfactory mucosa of adult cats, moderate Hsp27 immunostaining was 
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observed in OECs; however, the staining pattern of Hsp27 in the feline was very different 

from that of the rodent.  For instance, Hsp27 did not stain the thin OEC processes in the 

cat, but rather exhibited a more diffuse staining pattern (Figure 10C).  This may be a 

result of the different fixative procedures. For instance, though both the feline and the 

rodent tissues were fixed with 4% paraformaldehyde, the feline tissue may have had a 

longer time in fixative and therefore resulted in a more diffuse staining pattern.  In 

contrast, Hsp27 immunolabeling may have been different in the cat because of the 

distinct organizations of the OEC-axon units between these two mammalian species.  

Importantly, the Hsp27 immunostaining in the feline OECs was not autofluorescence or 

background staining, as the Texas-red filter did not show any Hsp27 immunoreactivity in 

the olfactory fascicles (Supplemental Figure 1D), and negative controls (no primary or no 

secondary antibody present) did not produce similar results (Supplemental Figures 2A, B)    

 In the adult rat olfactory bulbs, OECs distinguishable by their DAPI-labeled 

nuclei showed weak to moderate Hsp27 immunolabeling (Figure 10B, and Supplemental 

Figure 2C).  Difficulties with p75NTR colocalization cannot eliminate the possibility of 

some Hsp27-immunopositive microglia present in the nerve fiber layer.  The inner layers 

of the olfactory bulb, including the glomerular and external plexiform layers, also 

revealed Hsp27-immunopositive cells.  Although no double labeling was performed with 

the astrocytic marker glial fibrillary acidic protein (GFAP), the morphological features 

(i.e. tiny cells with numerous processes) of these Hsp27-immunopositive cells would 

suggest astrocytes.  Previous reports have shown that astrocytes express high levels of 

Hsp27 (Satoh & Kim, 1995b; Vincent et al., 2005).  In contrast, numerous attempts failed 
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to detect Hsp27 immunoreactivity in any layer of the feline olfactory bulb (Supplemental 

Figure 2D).   

In vitro, unsorted mucosal cell cultures derived from the adult rat olfactory 

mucosa displayed a robust population of Hsp27-immunopositive (and p75NTR-

immunopositive) OECs (Figure 11A).  Based on proteomic evidence, we predicted that 

contaminating SCs present in the mucosal cultures would be Hsp27-immunonegative, as 

this protein was not detected in the Schwann cell proteome.  However, all cells expressed 

Hsp27; there were no Hsp27-immunonegative and p75NTR-immunopositive cells present 

in any olfactory mucosal or embryonic day 18 (E18) rat olfactory bulbar (prepared in the 

laboratory of Dr. R. Doucette, U of Saskatchewan) cell cultures (Figure 11B).  There 

were, however, numerous Hsp27-immunopositive and p75NTR-immunonegative 

fibroblasts in the unsorted mucosal cell cultures (Figure 11A).   

In E18 bulbar cell cultures, the lack of Hsp27-immunonegative and p75NTR-

immunopositive cells was of no surprise, as unlike the adult mucosal/bulbar cultures, 

these embryonic cultures are considered to contain a highly enriched population of OECs, 

with little Schwann cell contamination due to the developmental time period used.  In 

regards to the adult rat mucosal cell cultures, it is possible that SCs were absent in these 

cell cultures and/or that SCs themselves express Hsp27 in vitro.  If the latter holds true, 

Hsp27 immunolabeling cannot be used to distinguish OECs from SCs in culture.      
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3.3.2 Heat shock protein-27 in the peripheral nerve, in vivo and in vitro 

 Both the sciatic nerves and the trigeminal ganglia were removed from adult rats 

and used for the detection of Hsp27 immunolabeling in SCs.  Robust Hsp27 

immunostaining was observed in and around the cell bodies of peripheral neurons, while 

weaker immunostaining was detected in fibroblasts and in SCs located throughout the 

trigeminal ganglia (Figure 11C).  In vivo, SCs are identified by their bipolar morphology, 

as well as their p75NTR immunoreactivity (Supplemental Figure 2E, F), while fibroblasts 

display an elongated appearance and are p75NTR-immunonegative and Thy1.1-

immunopositive.      

In vitro, adult sciatic nerve cell cultures displayed a robust population of Hsp27-

immunopositive SCs that colocalized with p75NTR immunolabeling (Figure 11D).  

Though a fibroblast depletion method was used (i.e. fibroblasts migrated out of the sciatic 

nerve explants), Hsp27-immunopositive and p75NTR-immunonegative fibroblasts were 

frequently seen.   

Since Hsp27 was detected in both OECs and SCs, in vivo and in vitro, we are 

unable to use Hsp27 as a marker to distinguish OECs from phenotypically similar SCs. 

 

3.4 The analyses of carbonic anhydrase-III  

3.4.1 Carbonic anhydrase-III in the olfactory system, in vivo and in vitro  

 The next protein tested was a zinc metalloenzyme, carbonic anhydrase-III (CA-

III).  Initially, numerous experiments failed to detect CA-III immunostaining in any cell 
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type located within the olfactory mucosa of adult rats.  After much repetition, CA-III 

immunolabeling was found only in chondrocytes in the underlying cartilage (Figure 

12A).  Typically during tissue preparation, the overlying bone (perpendicular plate of the 

ethmoid bone and turbinates) and underlying cartilage are removed.  Unintentionally, a 

small fragment of the nasal turbinates may be left in the olfactory mucosa and upon 

sectioning, remain within the tissue.  CA-III immunoreactivity is only found when 

cartilage is present.  

 In the adult rat olfactory bulbs, robust CA-III immunostaining was detected in all 

layers except in the olfactory nerve fiber layer, where the OECs reside (Figure 12B).  An 

explanation for the lack of CA-III staining may be that this delicate outer layer was lost 

during the immunohistochemical procedure.  However, the detection of DAPI-stained 

nuclei not only indicated the presence of the olfactory nerve fiber layer, but also 

suggested an overall lack of CA-III immunostaining by OECs and by microglia located in 

this layer.  Though no double labeling was carried out in the olfactory bulb, CA-III-

immunopositive cells in the inner layers are probably oligodendrocytes, as 

oligodendrocytes have been shown to express high levels of carbonic anhydrase 

(Cammer et al., 1985a, b).   

In the feline olfactory system, no CA-III immunoreactivity was detected 

(Supplemental Figure 3A).  Finally, both p75NTR-FACS mucosal cells and E18 rat 

bulbar cell cultures (Figure 13A) doubled stained with p75NTR and CA-III, yielded no 

detectable CA-III immunostaining.  For additional evidence demonstrating the lack of 

CA-III staining in E18 rat bulbar cell cultures, see Supplemental Figure 3B.  
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3.4.2 Carbonic anhydrase-III in the terminal ganglia, in vivo and in vitro 

 There was no CA-III immunostaining detected in SCs, or in any cell type within 

the trigeminal ganglia (Figure 13B).  In vitro, adult rat sciatic nerve cell cultures failed to 

reveal CA-III immunolabeling, though p75NTR-immunopositive cells and DAPI-stained 

nuclei indicated the presence of cells (Figure 13C, and Supplemental Figure 3C).  As a 

control, CA-III immunostaining was performed in skeletal muscle and was found only in 

adipocytes (Supplemental Figure 3D), suggesting a working antibody, but not an 

adequate CA-III marker.   

In conclusion, this CA-III antibody does not label OECs or SCs in vivo or in vitro, 

and therefore cannot be used as a marker to distinguish OECs from SCs. 

 

3.5 The analyses of annexin-A3 

3.5.1 Annexin-A3 in the olfactory system, in vivo and in vitro 

 Annexin-A3 (Anx3) which is a calcium-dependent phospholipid binding protein 

was the last protein to be tested in the adult rat and cat olfactory systems.  Within the 

adult rat olfactory mucosa, Anx3-immunopositive staining was detected in small cells 

located between the OEC-axon units (Figure 14A).  (See Supplemental Figure 4A for 

additional evidence.)  No cell type resembling these Anx3-immunopositive cells has 

previously been identified within the olfactory nerve fascicles.  We eliminated the 

possibility that these cells were OECs, as they did not colocalize with the OEC markers, 
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p75NTR or SMA.  In addition, these cells were not fibroblasts, as the pattern of staining 

did not resemble Thy1.1-immunopositive fibroblasts (Supplemental Figure 4B).    

 We observed similar Anx3-immunopositive cells within the olfactory nerve fiber 

layer and subsequently, we predicted a population of ramified microglial cells (Figure 

14B).  A previous report by Chang et al. (2003) showed a population of resident Iba1-

immunopositive microglia in the nerve fiber layer of the olfactory bulbs of embryonic 

rats.  In addition, to support our prediction regarding the presence of a microglial 

population, a study by Konishi et al. (2006) demonstrated the presence of Anx3 in 

microglia.  To test our prediction, we used the microglial marker, Iba1, and demonstrated 

that these small cells were a population of Iba1-immunopositive ramified monocytic cells 

(Supplemental Figure 4C, D).  Future research will be carried out to explore the 

significance of this observation. 

 In vitro, p75NTR-FACS mucosal (Figure 15A) and E18 rat bulbar cell cultures 

(Figure 15B) yielded a population of p75NTR-immunopositive and Anx3-

immunopositive cells.  Colocalization with p75NTR suggests the presence of Anx3 in 

OECs and/or SCs.  Interestingly, cultures of E18 bulbar cells exhibited two distinct 

Anx3-immunopositive staining patterns (similar to those seen with p75NTR).  These 

different staining patterns may represent different developmental stages of the same cell 

type, or two entirely distinct cell types observed within the E18 rat olfactory bulbs. 

 



 

 54 

3.5.2 Annexin-A3 in the peripheral nerve, in vivo and in vitro 

 Within the trigeminal ganglia, Anx3 immunolabeling was seen in a variety of cell 

types, such as fibroblasts and (OX-42-immunopositive) macrophages (Figure 15C).  In 

addition, satellite cells, which surround the cell bodies of peripheral neurons, also 

expressed Anx3 immunostaining (Figure 15D).  As predicted, Anx3 immunolabeling was 

not detected in SCs located within the sciatic nerve (not shown) or within the trigeminal 

ganglia.    

 In vitro, sciatic nerve cell cultures displayed two populations of Anx3-

immunopositive cells: a) p75NTR-immunopositive and Anx3-immunopositive SCs; and 

b) p75NTR-immunonegative and Anx3-immunopositive fibroblasts (Figure 15E).  

Though SCs in vivo showed no Anx3-immunopositive staining, SCs in vitro curiously 

express Anx3.  This finding iterates the important difference between in vitro 

observations and in vivo examinations.  

 

3.6 Bulbectomies 

 In order to determine how OECs behave in the presence of injured axons and 

whether OECs become hypertrophied following nerve injury, we performed unilateral 

bulbectomies on adult rats.  A unilateral bulbectomy consisted of damaging one olfactory 

bulb, severing the olfactory nerve and eliciting a response within the olfactory mucosa.  

We predicted that injury to the olfactory nerves would cause the OECs to hypertrophy, as 

OECs have been previously shown to react following olfactory nerve axotomy (Li et al., 
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2003).  After specific time periods (2 to 21 days), the injured olfactory mucosa were 

removed and single stained with one of the following IgGs: GFAP, S100, calponin, 

Hsp27, SMA, and p75NTR.  At two days, and one week post-injury, no significant 

differences between the injured and uninjured olfactory mucosa were observed.  

However, at 12 and 21 days post-injury, an increase in GFAP staining was seen in OECs 

located posteriorly near the injured olfactory bulb (Figure 16A).  In addition, at 21 days 

post-injury, the lamina propria of the olfactory mucosa had shrunk in size (Figure 16B).  

Furthermore, S100 immunostaining revealed large lesions within the olfactory fascicles 

(Figure 16C), though no significant changes in its expression was observed.  No 

significant differences were seen with SMA, calponin, and p75NTR at any of the time 

points used.  More surprisingly, no significant difference was observed with Hsp27 

expression, even though Hsp27 is well-known for upregulating following injury 

(Costigan et al., 1998).  No obvious behavioural abnormalities or signs of distress were 

observed in any of the bulbectomized rats.             

 

3.7 Implantations of OECs into the injured spinal cord 

 The purpose of the OEC implantations was to determine the organization and fate 

of these olfactory glial cells following implantation into the damage spinal cord of adult 

rats.  Suspensions of olfactory mucosal cells (105) were slowly injected into acutely 

injured (T10 compression) spinal cords of adult rats.  The leftover cells were seeded onto 

PLL-coated coverslips and double stained with p75NTR and SMA to determine the 

overall percentage of OECs and SCs.  The overall percentage of OECs and SCs depended 
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mainly on whether p75NTR-FACS or unsorted mucosal cells were used for the 

implantations.  Figure 17 shows the typical proportion of OECs (p75NTR-, GFAP- and 

SMA-immunopositive) and SCs (p75NTR-, GFAP-immunopositive and SMA-

immunonegative) for p75NTR-FACS and unsorted mucosal cell cultures.  In the 

p75NTR-FACS mucosal cell cultures, cells appeared larger.  In the unsorted mucosal cell 

cultures, there was more colocalization among GFAP, p75, and SMA.  This finding 

suggests that there is less SCs contamination (SCs do not express SMA) in unsorted 

mucosal cell cultures compared to sorted cell cultures.   

 In one trial, adult rats (n=5) with implanted p75NTR-FACS mucosal cells showed 

robust SMA-immunopositive staining in all cells located in the epicenter of the lesion, 

and displayed moderate to robust p75NTR-colocalization (Figure 18B).  These leftover 

cells displayed two populations: a) SMA-immunopositive and p75NTR-immunopositive 

OECs; and b) a significant number of SMA-immunonegative and p75NTR-

immunopositive contaminating SCs (Figure 18A, and Supplemental Figure 4E).   

 A separate experiment which implanted unsorted mucosal cells into the injured 

spinal cords of adult rats (n=6) showed robust SMA immunostaining in the epicenter of 

the lesion with surprisingly little colocalization of GFAP (Figure 18D).  Instead, GFAP 

was seen adjacent to the SMA immunoreactivity.  Robust GFAP staining within the 

lesion site was expected since it is well known that GFAP is expressed by the glial scar, 

which forms in the lesion site following spinal cord injury.  These leftover unsorted 

mucosal cells also displayed SMA-immunopositive and p75NTR-immunopositive OECs, 

and SMA-immunonegative and p75NTR-immunopositive SCs (Figure 18C, and 
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Supplemental Figure 4F).  In addition, these cell cultures were also stained with the 

growth-associated protein-43 (GAP-43) and displayed two populations: a) GAP-43-

immunopositive and SMA-immunonegative cells (presumably unmyelinated SCs and/or 

olfactory neurons); and b) GAP-43-immunonegative and SMA-immunopositive cells 

(presumably OECs) (Figure 19A).  In the uninjured olfactory system of adult rats, GAP-

43 immunoreactivity is found predominately in olfactory neurons (Supplemental Figure 

5A-C).   

 In the injured spinal cord of adult rats, GAP-43 immunostaining was found in 

sprouting axons and/or migrating SCs near the SMA-immunopositive lesion site (Figures 

19B, C).  At high magnification, the majority of SMA-immunopositive cells within and 

near the lesion site displayed morphological features similar to those of phagocytic cells 

(Figure 19B).  Unfortunately, we could not identify implanted OECs using the various 

markers such as SMA, p75NTR, and GFAP because of their presence in other cell types.  

These results iterate the importance of discovering new molecular markers that can 

unequivocally distinguish OECs from other similar cell types, in order to determine the 

organization and fate of OECs in the injured spinal cord, and to determine their overall 

potential in promoting spinal cord regeneration. 
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Figure 6: Calponin immunostaining in vivo and in vitro.  A, B: Calponin (green) is found 
within fibroblasts (arrows), OECs (arrowheads), and blood vessels located in the 
olfactory mucosa of adult rats.  C: Within the trigeminal ganglia of adult rats, calponin 
(green) is localized only to blood vessels (BV).  D, E:  In vitro, using p75NTR-
fluoresence activated cell sorted (FACS) mucosal cell cultures; we obtained two different 
cell types: a) p75NTR+/calponin+ OECs (arrowheads); and b) p75NR+/calponin- Schwann 
cells (large arrows).  Sections A-C are stained with DAPI (blue) to reveal nuclei.  Scale 
bars = 50 µm (A-C), and 100 µm (D-E). 
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Figure 7: Smooth muscle α-actin (SMA) immunostaining in the olfactory mucosa and 
trigeminal ganglia of adult rats.  A: (a: higher magnification) SMA (green) is observed in 
OECs (arrowheads), fibroblasts (arrows), and blood vessels (BV) within the olfactory 
mucosa of adult rats.  B: (b’: higher magnification) Within the trigeminal ganglia of adult 
rats, robust SMA immunostaining (green) is localized to smooth muscle cells lining the 
BV, and to cell bodies of peripheral neurons.  Sections in A’, B’ and b’ are stained with 
DAPI (blue) to reveal nuclei.  Scale bars = 50 µm (A, B), and 25 µm (a, b). 
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Figure 8: Smooth muscle α-actin (SMA) immunostaining in vitro.  Using p75NTR-
FACS (A) and unsorted (B) mucosal cell cultures, we observed two different cell 
populations: a) SMA+/p75NTR+ OECs (arrowheads); and b) SMA-/p75NTR+ Schwann 
cells (arrows).  Within both these cultures are two distinct p75NTR+/SMA- Schwann 
cells: a) solid staining pattern (arrows); and b) speckled staining pattern (double 
arrowheads).  In vitro, adult rat sciatic nerve cell cultures (C) display two cell 
populations: a) SMA+/p75NTR- fibroblasts; and b) SMA-/p75NTR+ Schwann cells. 
Cultures in A”- C” are stained with DAPI (blue) to reveal nuclei.  Scale bars = 100 µm 
(A, C), and 50 µm (B). 
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Figure 9: Smooth muscle α-actin (SMA) immunostaining in the olfactory systems of 
adult rats and adult cats.  SMA (green) is shown in OECs, astrocytes, and blood  vessels 
within the olfactory nerve fiber layer of the olfactory bulbs of adult rats (A, B; a, b: 
higher magnification) and adult cats (D; d: higher magnification).  Also, SMA (green) is 
found in OECs (arrowheads), fibroblasts (arrows), and blood vessels (BV) within the 
olfactory mucosa of adult cats (C; c: higher magnification).  Sections A-D and c are 
stained with DAPI (blue) to reveal nuclei.  Scale bars = 100 µm (A, C), 50 µm (a, B, c, 
D), 25 µm (b), and 20 µm (d). 
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Figure 10: Heat shock protein-27 (Hsp27) immunostaining in the olfactory system of 
adult rats and the olfactory bulbs of adult cats.  Hsp27 (green) is expressed by OECs 
(arrowheads) and by fibroblasts (arrows) within the olfactory mucosa of adult rats (A; a’: 
higher magnification) and of adult cats (C; c’: higher magnification).  Weak Hsp27 
(green) immunostaining is expressed by OECs and by astrocytes within the olfactory 
nerve fiber layer (ONL) and robust Hsp27 immunostaining is expressed presumably by 
astrocytes in the deeper layers of the olfactory bulb of adult rats (B; b’: higher 
magnification).  Sections in A’- C’ and a’-c’ are stained with DAPI (blue) to reveal 
nuclei.  Scale bars = 50 µm (A, b, C), 100 µm (B), 25 µm (a, c). 
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 Figure 11: Heat shock protein-27 (Hsp27) immunostaining in vitro, and in the 
trigeminal ganglia of adult rats.  A: Using unsorted mucosal cell cultures, we observed 
two cell populations: a) Hsp27+/p75NTR+ OECs and/or Schwann cells (arrowheads); and 
b) Hsp27+/p75NTR- fibroblasts (arrows).  B: Using embryonic day 18 olfactory bulbar 
cell cultures, we found Hsp27+/p75NTR+ OECs and/or Schwann cells.  C: (c’: higher 
magnification) Within the trigeminal ganglia of adult rats, Hsp27 (green) is found in 
Schwann cells, fibroblasts, and cell bodies of the peripheral neurons.  D: Adult rat sciatic 
nerve cell cultures display two cell populations: a) Hsp27+/p75NTR+ Schwann cells; and 
b) Hsp27+/p75NTR- fibroblasts.  Cultures in A”, B” and D” and sections in C’ and c’ are 
stained with DAPI (blue) to reveal nuclei.  Scale bars= 100 µm (A, C, D), and 50 µm (B, 
c). 
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Figure 12: Carbonic anhydrase-III (CA-3) immunostaining in the olfactory system of 
adult rats.  A: (a: higher magnification) Within the olfactory mucosa of adult rats, CA-3 
(green) is found only in cartilage, specifically in chondrocytes.  B: (b’: higher 
magnification) CA-3 (green) is found in all layers of the adult rat olfactory bulb except in 
the olfactory nerve fiber layer (ONL) where the OECs reside. Sections in a’, B’ and b’ 
are stained with DAPI (blue) to reveal nuclei.   Scale bars = 200 µm (A), 100 µm (B), and 
50 µm (a, b). 
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Figure 13: Carbonic anhydrase-III (CA-3) immunostaining in vitro, and in the trigeminal 
ganglia of adult rats.  In vitro, both embryonic day 18 rat bulbar cell cultures (A) and 
adult rat sciatic nerve cell cultures (C) show no CA-3 immunostaining (green) but show 
robust p75NTR immunostaining (red).  In the trigeminal ganglia of adult rats (B), no CA-
3 immunostaining (green) is observed.  Cultures and sections in A”, B’, b’ and C” are 
stained with DAPI (blue) to reveal nuclei.  Scale bars = 50 µm (A, C), and 100 µm (B, b). 
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Figure 14: Annexin-A3 (Anx3) immunostaining in the olfactory system of adult rats.  A: 
(a’: higher magnification) Moderate Anx3 immunostaining (green) is observed in 
microglia/macrophages within the OEC-axon units.  B: (b: higher magnification) Anx3 
immunostaining (green) is observed in microglia located in all layers of the olfactory 
bulb of adult rats including the olfactory nerve fiber layer (ONL).  Sections in A’, a’, and 
B’ are stained with DAPI (blue) to reveal nuclei.  Scale bars = 50 µm (A, b), 25 µm (a), 
and 100 µm (B). 
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Figure 15: Annexin-A3 (Anx3) immunostaining in vitro and in the trigeminal ganglia of 
adult rats.  A, B: Using embryonic day 18 rat olfactory bulbar cell culture, we observed 
Anx3+/p75NTR+ OECs and/or Schwann cells.  Within these cultures, Anx3 (green) 
displays a solid (arrow) and speckled (double arrowhead) staining pattern that likely 
represent different cell types.  C, D: (c’, d’: higher magnification) within the trigeminal 
ganglia of adult rats, Anx3 (green) is found in fibroblasts (arrows), in macrophages 
(asterisks) and in satellite cells (arrowheads).  E: Adult rat sciatic nerve cell cultures 
contain two populations: a) Anx3+/p75NTR+ Schwann cells; and b) Anx3+/p75NTR- 
fibroblasts.  Cultures in A”, B” and E” and sections in C’, c’, D’ and d’ are stained with 
DAPI (blue) to reveal nuclei.  Scale bars = 50 µm (A, B, D, E), and 100 µm (C, c).  
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Figure 16: Unilateral bulbectomies in adult rats.  A: Increased glial fibrillary acidic 
protein (GFAP) expression is observed in OECs located in the lamina propria (LP) of the 
olfactory mucosa (OM) on the right side of the lumen (L), 21 days post-injury.  B: GFAP 
also reveals the size difference between a normal diameter olfactory mucosa (1) and a 
shrunken olfactory mucosa (2).  C: S100β immunostaining reveals large cavities within 
the olfactory fascicles of the olfactory mucosa, 21 days post-injury. OE: olfactory 
neuroepithelium.  Scale bars = 200 µm (A), 400 µm (B), and 50 µm (C).   
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Figure 17: Unsorted and p75NTR-fluorescence activated cell sorted (FACS) mucosal 
cell cultures.  Compared to sorted cell cultures, we found in unsorted mucosal cell 
cultures more glial fibrillary acidic protein (GFAP, green), p75NTR (blue), and smooth 
muscle α-actin (SMA, red) colocalization, indicating that most cells in these unsorted 
cultures are OECs.  There are only a few contaminating GFAP+, p75NTR+, and SMA- 
Schwann cells (arrows) present, unlike the numerous contaminating Schwann cells in 
p75NTR-FACS mucosal cell cultures. Scale bars = 100 µm.  
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Figure 18: OEC implantation studies.  Cultures of p75NTR-fluorescence activated cell 
sorted (FACS) mucosal cells that were unused in the OEC implantations contain 
p75NTR+/SMA+ OECs and p75NTR+/SMA- Schwann cells.  B: In the injured spinal cord 
of adult rats, robust p75NTR (red) and smooth muscle α-actin (SMA, green) 
colocalization is seen 3 weeks post implantation/injury.  C: Cultures of unsorted mucosal 
cells also contain p75NTR+/SMA+ OECs and p75NTR+/SMA- Schwann cells.  D:  In the 
injured spinal cord of adult, weak glial fibrillary acidic protein (GFAP, red) and SMA 
(green) colocalization (D) is seen, suggesting that the implanted OECs failed to express 
GFAP in the injured spinal cord of adult rats, 3 weeks post implantation/injury.  Cultures 
and sections in A”- D” are stained with DAPI (blue) to reveal nuclei.  Scale bars = 100 
µm (A), 200 µm (B, C), 400 µm (D).   
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Figure 19: Growth associated protein-43 (GAP-43) and smooth muscle α-actin (SMA) 
colocalization in the injured adult rat spinal cord 3 weeks post implantation/injury.  A: 
Cultures of unsorted mucosal cells that were unused in the OEC implantations contain 
GAP-43+/SMA- olfactory neurons and GAP-43-/SMA+ OECs.  B: In the injured spinal 
cords of adult rats, GAP-43+ regenerating axons and/or unmyelinating Schwann cells are 
seen intermingling with SMA+ cells (presumably phagocytes).  C: No GAP-43 and SMA 
colocalization is observed.  Cultures and sections in A”- C” are stained with DAPI (blue) 
to reveal nuclei.  Scale bars = 100 µm (A), 50 µm (B), 400 µm (C).   
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Chapter 4 

Discussion 

4.1 Olfactory ensheathing cell (OEC) research 

 Recently, interest has increased in the field of OEC research because of the 

potential of OECs to promote spinal cord regeneration and repair.  Unfortunately, there 

are some significant shortcomings in OEC research that have been overlooked and should 

be addressed.  Currently, in order to isolate, identify and characterize OECs in vitro and 

following implantation, researchers have used three OEC markers: p75NTR, GFAP, and 

S100.  The disadvantage of these specific proteins is that SCs, which are located within 

the olfactory system and migrate into the damaged spinal cord, also express these 

proteins.  It is therefore impossible to distinguish OECs from SCs with these molecular 

markers. 

 It is a goal of our laboratory to discover proteins that are expressed by OECs, and 

not by SCs.  Recently, proteomic studies have shown that OECs, but not SCs, express a 

variety of proteins such as calponin, smooth muscle α-actin (SMA), heat shock protein 27 

(Hsp27), annexin-A3 (Anx3), and carbonic anhydrase-III (CA-III).  Though both 

calponin and SMA were found in OECs from the olfactory mucosa of adult rats (Boyd et 

al., 2006; Jahed et al., 2007), in this study additional analyses of calponin and SMA were 

carried out on OECs from the olfactory bulbs of adult rats, and from the olfactory system 

of adult cats.  However, the main focus of this project was to test OECs and SCs both in 

vivo and in vitro for the presence of Hsp27, CA-III, and Anx3.   
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 Based on the proteomic findings, we predicted that OECs in the olfactory bulbs of 

adult rats and cats and in the olfactory mucosa of adult cats would express both SMA and 

calponin.  In addition, we predicted that OECs from both adult rats and cats would 

express Hsp27, CA-III, and Anx3 in vivo and in vitro, while SCs would show no 

expression of these proteins.  Using immunohistochemistry we found the following 

results: a) adult rat and adult cat olfactory mucosal and olfactory bulbar OECs expressed 

Hsp27 and SMA, both in vivo and in vitro; b) adult rat olfactory mucosal OECs expressed 

calponin in vivo and in vitro; c) SCs (in vivo and in vitro) failed to show both calponin- 

and SMA immunoreactivity; d) SCs expressed Hsp27 in vivo and in vitro; e) adult rat and 

cat OECs and SCs lacked CA-III and Anx3 staining in vivo; and f) adult rat mucosal cells 

and E18 bulbar cells in vitro expressed Anx3 but not CA-III (see summary in Table 2). 
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Table 2: Summary of results. 

IgG 

Rat 

mucosal 

OECs 

Rat 

bulbar 

OECs 

Rat 

OECs, in 

vitro 

Rat 

Schwann 

cells 

Rat 

Schwann 

cells, in 

vitro 

Cat 

mucosal 

OECs 

Cat 

bulbar 

OECs 

Calponin  X  X 

X  (Not 

shown in 

this study) 

X X 

Smooth 

muscle α-

actin 

   X X   

Heat shock 

protein-27 
      X 

Carbonic 

anhydrase-

III 

X X X X X 
Not 

tested 
X 

Annexin-

A3 
X X  X  X X 

X - no labeling 

- immunolabeling 
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4.2 Constitutive expression of calponin 

 As previously described by Boyd et al. (2006) and Jahed (2006), as well as shown 

in this project, calponin-immunopositive staining was present in OECs, fibroblasts, and 

smooth muscle cells, but absent in SCs (both in vivo and in vitro).  A potential role for 

calponin in these cells is its involvement in the contractile apparatus.  Since olfactory 

neurons constantly renew, the OECs and fibroblasts which surround the olfactory axons 

require the ability to expand and to contract in order to adapt to cellular rearrangements.  

Though no calponin labeling was observed in fibroblasts within the trigeminal ganglia, 

Hodgkinson (2000) showed that fibroblasts in the trigeminal ganglia express robust 

calponin immunolabeling, and may function as an actin cross-linking agent.  In vitro, 

p75NTR-FACS mucosal cell cultures consisted of calponin-immunopositive OECs, and 

calponin-immunonegative SCs.    

In the adult rat olfactory bulb and adult cat olfactory system, specific calponin 

immunostaining was never observed even following extensive proteinase K or trypsin 

treatment.  The smooth muscle cells located in the adult rat olfactory bulbs (acting as an 

internal control), also failed to express calponin; this result may indicate that the epitopes 

were damaged or altered upon fixation and/or protease treatment, or that there were no 

epitopes present in this particular tissue.  The latter is unlikely, as calponin has been 

shown to be expressed in the olfactory bulb of adult rats (Ferhat et al., 1996).  Also, the 

olfactory bulb is a highly vascularized structure and therefore it is unlikely that there 

were no epitopes present.  Thus, it is likely the epitopes were damaged.  Failure to detect 
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calponin immunolabeling in the cat olfactory system is likely because of the specificity of 

the antibody, as only non-specific staining was observed.     

 

4.2.1 Calponin as an OEC marker 

 In 2006, 2-DE proteomic technology and mass spectrometry were used to identify 

14 proteins in the embryonic rat bulbar OEC proteome.  Among these proteins, both 

calponin and SMA were found by immunoblotting and immunofluoresence to be 

expressed in rat embryonic bulbar OECs (Boyd et al., 2006; Jahed, 2006), post-natal day 

3 mucosal OECs, and in adult OECs both in vivo and in vitro (Rizek and Kawaja, 2006; 

Jahed, 2006).  Since these findings, two groups have reported the lack of calponin in 

OECs.   

 First, a study by Ibanez et al. (2006) demonstrated the lack of calponin 

immunostaining in both bulbar and mucosal OECs, and showed robust immunostaining 

in fibroblasts, both in vivo and in vitro.  This group confirmed the specificity of the 

calponin IgG by western blotting and showed the appropriate two bands at 29 and 34 kDa 

(representing two calponin isoforms: α calponin and β calponin (Ferhat et al., 1996)).  

Nevertheless, this group failed to pretreat the tissue with an appropriate protease to help 

enhance antigenicity; the use of a protease is extremely important for calponin 

immunoreactivity as recommended from the manufacturer.     

 Second, the paper by Tome et al. (2007) examined calponin immunoreactivity in 

the olfactory system of neonatal and embryonic rats.  This particular study showed the 

presence of calponin immunostaining in both neonatal fibroblasts and astrocytes in vivo, 
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while showed no true calponin immunoreactivity in embryonic or neonatal OECs or SCs 

in vivo. Proteinase K pretreatment was carried out in this study; and the authors 

concluded that this pretreatment had no effect on calponin immunoreactivity.  Some 

metholodogy differences between this study and the Boyd et al. (2006) study included:  

a) the primary and secondary antibody incubation times (1 hour versus 72 hours; 30 

minutes vs. 2 hours); b) the buffer (PBS vs. Tris buffer); c) the primary antibody 

concentration (1:50 vs. 1:500); d) the proteinase K treatment times (7 minutes vs. 15 

minutes); and e) the developmental ages of the rats (embryonic vs. adults).  These 

methodological differences may have produced different results.  Negative results with 

calponin should be approached with caution especially since many cell types in the 

olfactory system express this protein at a high abundance and thus may mask the weaker 

calponin-immunopositive staining of OECs.     

 

4.3 Constitutive expression of smooth muscle α-actin 

 Smooth muscle α-actin is constitutively expressed by a variety of cell types 

located within the olfactory system of adult rats and cats and the peripheral nerves of 

adult rats.  As previously described by Jahed et al. (2007), as well as shown in the current 

study, SMA labeled fibroblasts, OECs, and smooth muscle cells located throughout the 

adult rat olfactory mucosa.  In the peripheral nerve, specifically within the trigeminal 

ganglia, robust SMA immunostaining in smooth muscle cells and neuronal cell bodies 

was observed.  Weaker SMA immunostaining in fibroblasts was observed.  In vitro, adult 

rat sciatic nerve cell cultures contained SMA-immunopositive and p75NTR-
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immunonegative fibroblasts, while SCs, both in vivo and in vitro were SMA-

immunonegative.  In contrast, Skalli et al. (1986) demonstrated that fibroblasts in adult 

rats and human dermis were not stained by the SMA IgG (the same antibody used in our 

experiment); this particular type of fibroblasts (e.g. fibroblasts versus myofibroblasts) 

may express a different actin isoform.  In fact, according to Skalli et al. (1986) the 

antibody contained at least two distinct antibody specificities: one specific for SMA and 

one that cross-reacted with another actin isoform.  Thus, it is important to recognize that 

SMA-immunopositive staining may be the result of SMA binding to its antigen site or the 

other actin isoform interacting with its epitope.  Additionally, the fibroblasts in the 

olfactory system may resemble myofibroblasts which contain contractile apparatus and 

specifically express SMA (Jahed, 2006; Masur et al., 1996; Skalli et al., 1986).      

 In the olfactory bulb of adult rats, SMA-immunopositive cells were seen in all 

layers.  In the olfactory nerve fiber layer, the SMA-immunopositive cells are thought to 

be either OECs and/or astrocytes, while those SMA immunolabeled cells in the more 

central layers of the olfactory bulb are SMA-immunopositive astrocytes (LeCain et al., 

1991; Moreels et al., 2007).  Most blood vessels innervating the olfactory bulbs 

expressed SMA immunoreactivity, and thus functioned as an internal control.   

 The feline olfactory system displayed SMA-immunopositive staining in OECs, 

fibroblasts, and smooth muscle cells within the olfactory mucosa, and in OECs and 

astrocytes within the olfactory bulbs.  The SMA in these cells, within both the cat and rat, 

is likely involved in cellular reorganization and/or maintaining structural integrity 

(Moreels et al., 2007) during olfactory neuronal turnover.   
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 Interestingly, Hsp27 is an additional protein that can bind to contractile proteins 

such as actin and tropomyosin and modify actin-myosin interaction which helps maintain 

and regulate smooth muscle contractions (An et al., 2004; McLemore et al., 2005 and 

Somara & Bitar, 2004).  This report is one of the first to examine the expression of Hsp27 

in OECs of adult rats and cats.   

 

4.4 Constitutive expression of heat shock protein-27  

4.4.1 Constitutive expression of heat shock protein-27 in the olfactory mucosa 

 In this present study, immunohistochemical studies showed that Hsp27 was 

constitutively expressed by a variety of cell types throughout the olfactory systems of 

adult rats and cats.  Within the olfactory mucosa of adult rats, Hsp27 immunolabeling was 

found in fibroblasts, Bowman’s glands, smooth muscle cells, and most notably OECs.  It 

was of no surprise to observe Hsp27 immunolabeling in smooth muscle cells lining the 

blood vessels, as numerous experiments have detected high levels of Hsp27 protein in 

smooth muscles cells throughout the body such as those in the lungs (An et al., 2004), 

gastrointestinal tract, and in capillaries of the brain and spinal cord (Knauf et al., 1993).  

As briefly mentioned above, tissues that contain smooth muscle cells are associated with 

high levels of Hsp27 protein expression because of the involvement of Hsp27 in smooth 

muscle contractions (Bitar, 2002).  Furthermore, smooth muscles cells in major organ 

systems are constantly being remodeled and thus require the involvement of Hsp27 in 

tissue restoration (Acarin, 2002), as well as in cytoskeletal scaffolding (An et al., 2004).  
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The expression of Hsp27 in fibroblasts has also been reported, however, the majority of 

these studies examined Hsp27 in fibroblasts in vitro (Lewis et al., 1999).  There are very 

few studies demonstrating the constitutive expression of Hsp27 in fibroblasts in vivo.  A 

potential role of Hsp27 in uninjured fibroblasts may be to act as a molecular chaperone 

and/or mediate actin capping and stabilization during fibroblast motility and adhesion 

(Hirano et al., 2004). 

 The constitutive expression of Hsp27 in Bowman’s glands is a new observation, 

as no previous work has been documented.  However, Carr (2005) showed the presence of 

the closely-related Hsp70 in Bowman’s glands following a unilateral bulbectomy.  In 

addition, this group and Hegg and Lucero (2006) also demonstrated an induced 

expression of Hsp25 (mouse homolog of Hsp27) in the basal processes of non-neural 

sustentacular cells, and in the olfactory nerve bundles, deemed OECs.  Note that although 

Hsp25 is the mouse homolog of human and rat Hsp27, Armstrong et al. (2001) found 

some differences in cellular localization between these two proteins.  For instance, Hsp25 

protein is expressed by Purkinje cells of mice, while absent in Purkinje cells of rats; 

Hsp27 immunoreactivity was detected in cranial nerves III, IV and VI of rats, but not in 

mice.  Though these proteins have been used interchangeablely, there are a few minor 

differences between Hsp27 and Hsp25 (An et al., 2004; Armstrong et al., 2001).  

 In the uninjured olfactory system of mice and rats, Hsp27 was originally thought 

to be constitutively expressed only by basal cells (olfactory progenitor cells) (Carr et al., 

2001).  Hsp25/27 constitutive expression in the olfactory mucosa is localized to cell types 

that are essential for maintaining the olfactory mucosa and that do not continually turn 
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over (e.g. sustentacular cells and basal cells) (Carr et al., 2001).  These cell types display 

a significantly high level of protein synthesis, and therefore require Hsp27 for proper 

protein folding, transport, and stabilization.  The cell types that have the ability to renew 

(e.g. olfactory neurons) do not express detectable levels of Hsp25/27, as the rapid 

replacement of these cells may be more beneficial, both energetically and functionally, 

compared to generating an energy-consuming effort to save them (Carr et al., 2001).  

Further evidence to support this claim is that olfactory neurons actually downregulate 

Hsp27 following injury. 

 The olfactory mucosa of adult cats also displayed Hsp27-immunopositive OECs 

(OEC nuclei showed no Hsp27 immunolabeling.)  However, the overall staining pattern 

observed in the cat was quite different from that of the rat; Hsp27 immunostaining was 

more dispersed in the cat.  Though we detected Hsp27 immunolabeling in the feline OECs 

(Figure 10C), it is possible that Hsp27 immunostaining may be localized to olfactory 

axons as well.  Olfactory neurons of adult rats are thought to lack Hsp27 expression but 

there may be species variation.  In fact, compared to larger heat shock proteins, small heat 

shock proteins are thought to have a greater variation in sequence and molecular mass 

between different species (Mehlen et al., 1999), and may display different cellular 

localizations.  It is quite possible that the same protein within different mammalian 

species exhibits distinct cellular localizations.   
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4.4.2 Constitutive expression of heat shock protein-27 in the olfactory bulb 

  Hsp27-immunopositive staining was observed in all layers of the adult rat 

olfactory bulb, including the olfactory nerve fiber layer.  Since OECs in the olfactory 

mucosa expressed Hsp27, it is possible that some Hsp27-immunopositive cells in the 

nerve fiber layer are OECs.  However, the majority of Hsp27-imunopositive cells in this 

outer layer, as well as Hsp27-immunopositive cells in the other layers, are likely 

astrocytes, which are present throughout the entire olfactory bulb and have been shown to 

express Hsp27 (Armstrong et al., 2001).  In fact, in vitro, astrocytes are shown to have 15 

fold greater Hsp27 mRNA, compared to both OECs and SCs (Vincent et al., 2005).  

Oligodendrocytes are present in the all layers, except the nerve fiber layer, however, this 

cell type does not express Hsp27 even following injury (Satoh and Kim, 1995a).   

 Originally, it was thought that both the developing and adult mammalian brain 

had very little to no constitutive expression of Hsp27 (Acarin, 2002; Yamamoto, 2001), 

and that Hsp27 protein expression was observed in the brain only following ischemic 

injury.  Recent studies, however, have detected Hsp27 protein in ependymal cells and 

choroids plexus in the human brain as early as 16 gestational weeks (Aquino et al., 1996; 

Armstrong et al., 2001).   

 

4.4.3 Constitutive expression of heat shock protein-27 in the peripheral nerve 

 In this study, strong Hsp27 immunostaining was located in and around the cell 

bodies of trigeminal neurons, with weaker immunostaining in fibroblasts and SCs.  The 
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Hsp27-immunopositive cells surrounding the trigeminal ganglia are likely satellite cells, 

which have been reported to express Hsp27, both at the light microscope level and the 

ultrastructural level in healthy adult rats (Yamamoto, 2001).  Previous studies have 

localized Hsp27 immunolabeling in the perikaryon or cell bodies of various motor and 

sensory cranial neurons, including the trigeminal neurons (Armstrong et al., 2001).  

Furthermore, Hsp27 protein has been localized to large motor neurons in the spinal cord 

and brainstem, as well as to medium-to-large dorsal root ganglia neurons (Armstrong et 

al., 2001; Costigan et al., 1998; Krueger-Naug et al., 2003).   

 In uninjured sciatic nerves, researchers have found weak Hsp27 immunoreactivity 

in some axons, but have never detected Hsp27 in SCs (Hirata et al., 2003; Iijima et al., 

2003).  Regardless, peripheral axotomy can induce Hsp32 in myelin-phagocytosing SCs 

and Hsp27 in the cytoplasm of Schwann cell columns (also known as Bungner’s bands) 

(Hirata et al., 2003).  Injury to peripheral nerves results in Schwann cell columns that are 

formed to help guide the regenerating axons to their targets.  Additionally, Hsp25 

immunoreactivity is observed in terminal SCs following nerve transection (Iijima et al., 

2003).    

 

4.5 Constitutive expression of carbonic anhydrase-III 

4.5.1 Constitutive expression of carbonic anhydrase-III in the olfactory mucosa 

 In the dissertation by Ali Jahed (2006), CA-III was found in the proteome of 

embryonic rat OECs, but not in the proteome of adult rat SCs.  Unexpectedly, in the 
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olfactory mucosa of adult rats, CA-III was discovered only in cartilage, more specifically 

in chondrocytes.  This is the first description of CA-III in chondrocytes.  Another CA 

family member, CA-II, has been detected in chondrocytes of normal chick growth-plate 

cartilage, but not in articular, epiphyseal and osteochondrotic cartilage (Anderson et al., 

1982a, b; Ekman and Ridderstrale, 1992; Gay et al., 1982; Vaananen, 1984).  The septal 

cartilage underlying the nasal turbinates is a type of hyaline cartilage.  The roles of CA-

III in chondrocytes may be to regulate the pH (Kumpulainen and Vaananen, 1982) and 

bicarbonate concentrations, and/or to mediate the diffusion of carbon dioxide out of this 

poorly vascularized tissue (Gay et al., 1982).   

 

4.5.2 Constitutive expression of carbonic anhydrase-III in the olfactory bulb 

 CA-III immunolabeling was observed in all layers of the olfactory bulbs of adult 

rats, except in the nerve fiber layer, where the OECs reside.  Though no double labeling 

was carried out to determine the exact CA-III-immunopositive cell type(s), we suggest 

that these CA-III-immunopositive cells are oligodendrocytes based on the following 

reasons: First, though no CA-III immunoreactivity has been found in oligodendrocytes to 

date, its close relative, CA-II, exhibits robust immunoreactivity in oligodendrocytes.  In 

fact, CA-II concentrations within the nervous system are highest in oligodendrocytes 

(Cammer et al., 1985a) where it may help regulate acid/base balance.  Second, these CA-

III-immunopositive cells are unlikely astrocytes because most CAs have not been 

detected in astrocytes; some researchers have shown weak CA-II localization in 

astrocytes, but much controversy exists over this observation.  In addition, astrocytes are 
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found in the nerve fiber layer (Doucette, 1984; 1990) where there is no CA-III 

immunostaining observed.  Third, though CA-III has been detected in amoeboid-like 

microglial cells, in resting (or ramified) microglia, and in reactive microglia in both the 

developing and adult central nervous systems (Nogradi, 1993a), microglia cells are also 

found throughout the entire olfactory bulb, including the nerve fiber layer.  It is plausible 

that the resident population of microglia in this layer is distinct from those microglial 

cells located within the more central layers.  The microglia marker, Iba1, displayed 

uniform staining in all layers of the olfactory bulb; however, Iba1 may label a broad 

range of ramified or resting microglial cells, thus masking any distinct microglial 

subtypes. 

 CA-III immunoreactivity has also been shown in the adult rat choroid plexus 

epithelial cells (Nogradi et al., 1993b) and developing notochord (Lyons et al., 1991).  

Outside the nervous system, CA-III is localized predominantly to slow twitch or type I 

skeletal muscle fibers.  Although, this protein has also been detected in human and rodent 

erythrocytes, male rat liver (Carter et al., 1989a, b; Deutsch, 1987), bovine lens (Du et 

al., 1992), perivenous hepatocytes, ureter (Lyons et al., 1991), lung, epithelium of 

esophagus (Robert-Pachot et al., 2007), salivary duct of various mammals (Ichihara et 

al., 2006), human heart, uterus and bladder (Jeffery et al., 1980), and laryngeal taste buds 

(Nishijima and Atoji, 2004).  CA-III mRNA expression has also been shown in the 

mouse and guinea pig skeletal muscle, kidney, salivary glands, sublingual gland, and in 

the mouse colon, vas deferens and bladder (Spicer et al., 1990).  In this project, acting as 

an internal control, skeletal muscle of adult mice was stained with CA-III.  In this tissue, 
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CA-III immunostaining was observed only in adipocytes of adult mice.  Kim et al. (2004) 

has previously demonstrated the presence of CA-III in adipocytes and therefore CA-III 

used in this present study is suggested to be a functional antibody.  However, because 

CA-III was not found in skeletal muscle fibers, where it is reportedly expressed, this 

particular antibody may not be an adequate CA-III marker.  This may be an explanation 

for why no CA-III immunolabeling was observed in OECs, in vivo or in vitro.  

Interestingly, CA-III is thought to selectively label mesodermal-derived cells 

(Nogradi, 1993b).  A study by Vincent et al. (2005) compared the transcriptional profiles 

of cultured OECs with those of cultured SCs and astrocytes, and discovered that 2-day 

old rat mucosal/bulbar OECs expressed a significantly higher level of CA-II mRNA 

compared to either SCs or astrocytes.   

 

4.5.3 Constitutive expression of carbonic anhydrase-III in the trigeminal ganglia 

 No CA-III immunostaining was observed in any cell type within the trigeminal 

ganglia.  Cell types present in peripheral nerves include SCs, fibroblasts, satellite cells, 

smooth muscle cells, sensory and motor axons, sensory ganglia, macrophages and 

endothelial cells.  To date, there have been no reports of CA-III immunolabeling in any 

cell type within the peripheral nerve.  There are studies demonstrating the presence of 

cytoplasmic CA-II and membrane-bound CAs throughout peripheral nerves. 

 For example, CA-II immunoreactivity was displayed in large neurons of the 

dorsal root ganglia and the trigeminal ganglia (Wong et al., 1987), in small myelinated 

efferent fibers, and in nerve endings (Riley et al., 1984a, b, c).  In addition, Cammer and 
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Tansey (1987) suggested that CA-II is present in satellite cells, though very few groups 

agree with this finding.  Furthermore, CA-II immunostaining has been detected in the 

cytoplasm of SCs (Riley et al., 1984c) though other groups have failed to detect CA-II in 

this glial cell (Ochi et al., 1998).  In the peripheral nervous system, Szabolcs et al. (1988) 

suggests CA is a reliable marker for proprioceptive group I fibers and thin gamma motor 

nerve fibers. 

 

4.6 Constitutive expression of annexin-A3  

4.6.1 Constitutive expression of annexin-A3 in the olfactory mucosa 

 No reports have been made regarding Anx3 in the olfactory system.  There has 

however, been one study demonstrating annexins I, II, and V in the olfactory and 

respiratory cilia of frogs (Uebi et al., 2007).  Within the olfactory mucosa of adult rats, 

we found Anx3-immunopositive staining localized to small cells within the olfactory 

fascicles.  This was the first observation of a population of an unidentified cell type in the 

olfactory fascicles.  It was originally thought that OECs and olfactory axons were the 

only two cell types present in this area. 

 Based on the morphological and immunohistochemical properties of the Anx3-

immunopostive cells, we determined that these cells are a resident population of Iba1-

immunopositive ramified monocytic cells located between the OEC-axon units.  These 

Anx3-immunopositive cells are not OECs, as no colocalization was seen between Anx3 

and the OEC markers, p75NTR or smooth muscle α-actin.  In addition, these Anx3-
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immunopositive cells are not fibroblasts, as Thy1.1 fibroblasts did not exhibit a cellular 

localization or staining pattern similar to the Anx3-immunopositive cells.  In some tissue 

sections, weak immunodetection of Anx3 was observed in the fibroblasts surrounding the 

olfactory fascicles.   

Although we discovered a new population of resting microglia/macrophages in 

peripheral olfactory fascicles by means of Anx3 immunostaining, previous studies have 

detected Anx3 both in resting microglial, and in reactive microglia in the central nervous 

system following ischemic injury (Junker et al., 2007) and in the peripheral nervous 

system after a hypoglossal nerve transection (Konishi et al., 2006).  In fact, Anx3 has 

been considered a new marker of brain microglia (Junker al., 2007).  These results further 

support our findings of a population of Anx3-immunopositive microglia/macrophages in 

the olfactory mucosa.  

 

4.6.2 Constitutive expression of annexin-A3 in the olfactory bulb 

 In this study, Anx3-immunopositive cells were observed throughout the entire 

olfactory bulb of adult rats.  Anx3 immunoreactivity was found in small cells bearing tiny 

processes.  Based on morphological and immunohistochemical properties, we determined 

that these cells were Iba1-immunopositive microglial cells; this was not a new finding as 

Okere and Kaba. (2000) previously showed the presence of microglial cells in the nerve 

fiber layer of the olfactory bulbs of adult mice.   

 According to most studies, Anx3 is strongly expressed by neutrophils (1% of total 

protein), and moderately expressed by human placenta (Le Cabec et al., 1992), 
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monocytes, liver, cholinergic synapses, chromaffin granules, and lymphocytes (Russo-

Marie, 1991).  Within the central nervous system, endothelial cells, astrocytes, and 

neurolemma all exhibit Anx3 immunoreactivity.  Though no colocalization was 

performed, it seems quite possible that some Anx3-immunopositive cells in the central 

layers are Anx3-immunopositive astrocytes.  There has been no detection of Anx3 

protein in oligodendrocytes, though this glial cell expresses annexins I, II, IV, and V 

(Naciff et al., 1996).  Surprisingly, Anx3 labeled OECs in E18 rat olfactory bulbar cell 

cultures and SCs in adult rat sciatic nerve cell cultures.  It has been reported that cells 

with a heat shock response will upregulate in vitro.  Annexins share similar roles with 

heat shock proteins (Mollenhauer, 1997).  This may be an explanation for observing 

Anx3-immunopositive OECs (and SCs) in vitro but not in vivo. 

 

4.6.3 Constitutive expression of annexin-A3 in the trigeminal ganglia 

 Previous work published by Naciff et al. (1996) detected Anx3 immunostaining in 

sensory neurons of the dorsal root ganglia, in endothelial cells lining the blood vessels, 

and in SCs, though at relatively low amounts in this glial cell.  In addition, this group 

observed Anx3 immunolabeling in the connective tissue that surrounds the dorsal root 

ganglia.  Our findings also showed robust Anx3 immunoreactivity in fibroblasts.  In 

contrast to Naciff et al. (1996), we observed Anx3 immunolabeling in both satellite cells 

and macrophage-like cells in the trigeminal ganglia, and failed to detect this protein in 

endothelial cells or in SCs.  However we examined the trigeminal ganglia, while Naciff et 

al. (1996) examined the dorsal root ganglia. 
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4.7 Bulbectomies 

 To date, very few studies have examined OECs following a unilateral bulbectomy 

in the adult rat.  The removal of an olfactory bulb results in significant ipsilateral cell 

death of olfactory neurons (Chehrehasa et al., 2005) and induces olfactory degeneration 

and regeneration (Constanzo and Graziadei, 1983).  Our results showed an enhanced 

GFAP immunostaining in the injured olfactory mucosa, and thus it is suggested that 

OECs become reactive at 12 and 21 days post-injury.  Though OECs retain their tunnel-

like structure and maintain their morphology (i.e. showing no signs of cell death, 

proliferation, or migration) in the injured olfactory system, adult rat OECs have been 

shown to become hypertrophied (e.g. OEC processes thicken) at 10 days post-axotomy 

(up to 4 weeks) due to their phagocytic activity (Li, Field, and Raisman, 2005; Wewetzer 

et al., 2005).  Like reactive astrocytes, reactive OECs may rapidly synthesize and 

upregulate GFAP following injury.  GFAP may be involved in repairing the damaged 

nervous tissue (Eng and Ghirnikar, 1994).  This rapid upregulation leads to an increase in 

the GFAP signal; however, an increase in GFAP staining does not always reflect an 

increase in GFAP content (Eng and Ghirnikar, 1994).  To determine the overall 

functional significance of the enhanced GFAP signaling in the injured olfactory mucosa, 

further studies are required.  

 In addition to the increase in GFAP expression in the posterior olfactory mucosa 

nearest the olfactory bulb, GFAP immunostaining also showed a decrease in the 

thickness of the olfactory mucosa (in both the neuroepithelium and lamina propria) at 21 

days post-injury.  The shorter life-span and reduced growth rates of olfactory neurons 
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after injury causes a noticeable decrease in thickness of the olfactory mucosa and may 

indicate permanent damage to the tissue (Constanzo and Graziadei, 1983).  The 

degeneration process of olfactory neurons takes roughly 5-8 days in adult mammals, 

though species variations do exist (e.g. in a mature hamster the process takes 2-4 days).  

Therefore, it may not be surprising that the olfactory mucosa, 2 and 7 days following 

injury, did not show any significant differences in GFAP immunostaining. 

 Finally, S100-immunopositive OECs within the olfactory mucosa of adult rats 

showed large cavities at 21 days post-injury.  Similar cavities were seen in adult rats 3 

days following olfactory nerve axotomy (Li et al., 2005), however this group showed that 

by 10 days following axotomy, the empty spaces within the olfactory fascicles had closed 

up and the surrounding tissue was significantly hypertrophied.   

 There were no significant changes in the expression profiles of SMA, calponin, or 

p75NTR at any time point.  This is not surprising as none of these proteins has been 

shown to upregulate within injured glial cells.  On the other hand, Hsp27, which is a 

protein known to specifically upregulate following injury, displayed no significant 

change in its expression at any of the times examined.  It may be that the regulation of 

Hsp27 following cellular injury is earlier than any of the tested time points.  In fact, 

Hsp27 protein expression has been reported to be upregulated within hours following a 

sciatic nerve lesion (Benn et al., 2002).  Therefore in order to observe an upregulation of 

Hsp27 expression, earlier time points should be examined. 
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4.8 Implantations of OECs into the injured spinal cord of adult rats 

 Implantations of OECs have gained world-wide attention for their potential in 

enhancing spinal cord regeneration and promoting functional motor recovery.  To date, 

OEC (derived from the olfactory mucosa and/or the olfactory bulbs) implantations have 

been used clinically on humans with a spinal cord injury (Feron et al., 2005; Huang et al., 

2006a; Lima et al., 2006), or with a neurological disease such as amyotrophic lateral 

sclerosis (Huang et al., 2007).  Much controversy exists over the identity of the cells 

injected into humans, as clinicians have failed to characterize or phenotype the cells 

(Dobkin et al., 2006).  In addition, many patients have developed life-threatening 

infections and exhibited worse motor ability following these implantations.   

 In the rodent, implantations of OECs have yielded various results, from 

significant axonal regeneration and functional recovery, to no detectable beneficial 

effects.  All implantation studies have isolated, phenotyped, and characterized OECs with 

one or a combination of p75NTR, GFAP, and S100 antibodies.   All these markers are 

expressed by both OECs and SCs.  OEC implantations in this study were carried out to 

determine the organization and fate of these olfactory glial cells in the injured spinal 

cord.  However, unlike other studies, we used a combination of p75NTR and SMA 

proteins to identify OECs. 

 In all experiments, either p75NTR+ fluorescence activated cell sorted or unsorted 

mucosal cells were injected into the acutely compressed T10 spinal cord.  At three weeks 

post-injury, adult rats were sacrified and the spinal cord tissues (with the injury site) were 

removed and processed for immunohistochemistry.  p75NTR- (GFAP or GAP-43) and 
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SMA-colocalization was seen in and around the lesion sites.  These SMA-

immunopositive cells were originally thought to be identified as implanted OECs, but 

based on the morphological features of these SMA-immunopositive cells, we concluded 

that these cells are phagocytic immune cells such as blood-borne macrophages and/or 

microglia.  Such cells have previously been reported to infiltrate the lesioned spinal 

cords, two days to months following injury (Fleming et al., 2006).  Though no reports 

have been made regarding SMA immunoreactive macrophages or microglia, there are 

however, studies demonstrating that pericytes, in response to injury, can transform into 

macrophage-like cells (or smooth muscle cells).  Pericytes are a component of the blood-

brain-barrier and function as debris scavengers (Balabanov et al., 2006; Dore-Duffy et 

al., 2006).  In addition, pericytes can behave like neural stem cells and exhibit 

characteristics of both neuronal and glial cell types (Dore-Duffy et al., 2006).  While 

pericytes have been shown to express smooth muscle α-actin, they do so only in vitro 

(Balabanov et al., 2006; Dore-Duffy et al., 2006).  This may be the first description of 

SMA-immunopositive pericytes and/or macrophages in the injured spinal cord of adult 

rats.  

 The unused cells from each implantation experiment were mounted and double 

stained with p75NTR and SMA to determine the percentage of OECs and SCs in these 

cell cultures.  Two distinct cell populations were found: SMA-immunopositive and 

p75NTR-immunopositive OECs, and a significant population of SMA-immunonegative 

and p75NTR-immunopositive SCs.  These leftover cells and injured spinal cords were 

also double-stained with SMA and growth-associated protein-43 (GAP-43), a nervous 
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tissue-specific marker for developing and regenerating neurons (De la Monte et al., 

1989), for reactive glial cells (Sensenbrenner et al., 1997) and for neurons of the 

autonomic nervous system (Steward et al., 1992).  Implanted p75NTR-FACS mucosal 

cell cultures included a population of GAP-43-immunonegative and SMA-

immunopositive cells which are OECs and a population of GAP-43-immunopositive and 

SMA-immunonegative cells which could be either olfactory neurons or SCs.  Based on 

the morphology of these GAP-43-immunopositive cells, we concluded that these cells are 

likely olfactory neurons that have survived the standard olfactory culture conditions.  In 

vivo, GAP-43 protein is expressed predominantly by olfactory neurons, but GAP-43 has 

also been shown to be expressed by non-myelinating SCs (Curtis et al., 1992; Curtis, 

1993a,b,c).  Within the injured spinal cord, GAP-43-immunopositive cells were observed 

in regenerating axons and/or migrating SCs.  These GAP-43-immunopositive cells were 

seen between the SMA-immunopositive phagocytic-like cells at the edge of the lesion 

site, but were absent from the lesion epicenter; it is possible that GAP-43-

immunopositive cells were migrating into the lesion site.    

 Finally, GFAP immunostaining in the injured spinal cord of adult rats was found 

near the lesion site, but not in the lesion epicenter.  This observation was surprising since 

GFAP is well known to label reactive astrocytes which form a glial scar in the lesion site 

(Fawcett and Asher, 1999).  It could be that glial scars do not form until after 3 weeks 

following injury.  A study by Okano et al. (2003) showed that glial scar formation occurs 

approximately 20-25 days post-injury.  Oddly enough, OECs which are GFAP-

immunopositive were not observed in the lesion epicenter 3 weeks following OEC 
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implantation.  It is possible that the implanted OECs were phagocytosed by SMA-

immunopositive phagocytes in the injured spinal cord and were no longer present.  This 

is unlikely as OECs have been shown to survive in the damaged spinal cord for at least 3 

months (Li et al., 1998; Riddell et al., 2004).  Another explanation is that following 

implantation OECs down-regulate GFAP to a level that is undetected by standard 

immunostaining.   

Therefore, due to the presence of p75NTR, GFAP, GAP-43, and SMA in various 

cell types throughout the injured spinal cord, it is not possible to identify OECs in the 

damaged spinal cords of adult rats with these specific markers.    
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Chapter 5 

Conclusion 

5.1 The future of OEC research 

 Olfactory ensheathing cells (OECs) have a great potential for promoting spinal 

cord regeneration and repair because of their intrinsic growth-promoting properties such 

as providing a permissive environment for allowing olfactory axons to regenerate.  

Though these olfactory glial cells have been used by clinicians to treat spinal cord 

injuries in humans, there is an overall lack of information regarding the basic properties 

of these glial cells.  Research on OECs is hampered because the molecular markers used 

to identify OECs are also expressed by phenotypically similar SCs, which are found in 

the olfactory system and in the injured spinal cord.   

The main objective of this study was to analyze the presence of three specific 

proteins (Hsp27, CA-III, and Anx3) in OECs and their absence in SCs, in order to 

discover new markers that can be used to accurately distinguish OECs from other cell 

types.  Here, we found that none of the analyzed proteins can be used as an OEC marker 

as they are either expressed by both OECs and SCs or not expressed by OECs.  Currently 

two markers (calponin and SMA) previously examined, when used in combination with 

p75NTR, are the best OEC markers available; however these proteins are expressed at 

high levels within the damaged spinal cord.  New methods and/or markers to identify and 

characterize OECs both in vitro, and in the damaged spinal cord must be found to 

distinguish OECs from phenotypically similar glial cells.    
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Appendix A- Supplemental Figures 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 1: A: Within the trigeminal ganglia of adult rats, calponin (green) 
immunostaining is observed only in smooth muscle cells lining the blood vessels.  A’: No 
background staining on the Texas-red filter is observed.  B: In the cat olfactory bulb, 
calponin (green) results in non-specific background staining.  C:  In the rat olfactory bulb, 
Thy1.1 (green) is not observed in the olfactory nerve fiber layer, but background staining 
is observed in the deeper layers of the olfactory bulb.  D: The Texas-red filter acts as an 
internal control and shows no background staining within the olfactory fascicles of adult 
cats.  Smooth muscle α-actin immunostaining (green) is seen in the rat olfactory mucosa 
(E), in the adult rat olfactory bulb (F), and in the cat olfactory bulb (G).  F’-G’: Texas-red 
filters that shows no background staining.  Sections in B, C and stained with DAPI (blue) 
to reveal nuclei.  Scale bars =    50 µm (A, D, E), 100 µm (B, C, G), 200 µm (F). 
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Supplemental Figure 2: A, B: Negative controls showing nonspecific staining in the 
adult cat olfactory system.  The primary antibody used was heat shock protein-27, and the 
secondary used was FITC-rabbit anti-rabbit.  C: Heat shock protein-27 (Hsp27, green) 
immunostaining in the adult rat olfactory bulb.  D: Hsp27 immunostaining (green) in the 
adult cat olfactory bulb results in nonspecific background staining.  E, F: p75NTR 
(green) immunostaining in the sciatic nerve (E), and trigeminal ganglia (F) of adult rats.  
Sections in D-F are stained with DAPI (blue) to reveal nuclei.  Scale bars = 50 µm (F), 
100 µm (A, B, E), and 200 µm (C, D). 
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Supplemental Figure 3: Carbonic anhydrase (CA-III, green) immunostaining in the cat 
olfactory bulb (A), in the embryonic day 18 (E18) rat bulbar cell cultures (B), in the adult 
rat sciatic nerve cell cultures (C), and in the adult mouse skeletal muscle (D).  Sections 
and cell cultures are stained with DAPI (blue) to reveal nuclei.  Scale bars = 100 µm (A’), 
50 µm (B, C), and 200 µm (D). 
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Supplemental Figure 4: A: Annexin-A3 (Anx3, green) immunostaining in small cells 
within the olfactory fascicles of the adult rat olfactory mucosa.  B:  Thy1.1 (green) 
immunostaining in the adult cat olfactory mucosa.  C, D: Iba1 (green) immunostaining in 
the adult rat olfactory mucosa (C) and olfactory bulb (D).  E, F:  Smooth muscle α-actin 
(SMA), green) and p75NTR (red) double staining in cultures of p75NTR-fluoresence 
activated cell sorted mucosal cells (E) and in cultures of unsorted mucosal cells (F).  
These cell cultures show two populations: a) SMA+/p75NTR+ OECs and SMA-/p75NTR+ 
Schwann cells.  Sections and cultures were stained with DAPI (blue) to reveal nuclei.  
Scale bars = 50 µm (A, C), 100 µm (B, E, F) 200 µm (D).    
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Supplemental Figure 5: A-C: Growth associated protein-43 (GAP-43, green) 
immunostaining in the adult rat olfactory mucosa.  GAP-43 is predominately found in the 
olfactory neurons, while p75NTR (red) is predominately found in the olfactory 
ensheathing cells surrounding the GAP-43-immunopositive olfactory axons.  Sections in 
B” and C” are stained with DAPI (blue) to reveal nuclei.  Scale bars = 40 µm (B, C), and 
100 µm (A). 
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Appendix B- Technical limitations of immunohistochemistry 

Antibodies 

 The majority to this study was based on evidence from immunohistochemistry, a 

technique which uses specific antibodies to detect cellular proteins (antigens) in tissue 

sections (Ramos-Vara, 2005).  The detection of antibody-antigen binding depends on a 

variety of factors such as the epitope of interest, tissue and species used, type of antibody, 

method of fixation of tissue, type of immunogen, detection method, and other conditions 

such as pH and protein structure (Burry, 2000; Holmseth et al., 2006; Ramos-Vara, 

2005).  The specificity of an antibody, this is its ability to recognize and bind to only a 

single epitope in the presence of additional epitopes (Burry, 2000; Lipman et al., 2005) is 

critically important. 

   Antibodies are large (150,000 kDa) glycoproteins (Saper and Sawchenko, 2003) 

that are produced by B-lymphocytes in plasma and extracellular fluids (Lipman et al., 

2005).  They consists of two Fab region that are the antigen-binding sites, and a Fc region 

which carries out the biological function and helps stabilize antibody binding.  Antibody 

production is stimulated when an antibody is introduced to a foreign substance (antigen).   

There are two types of antibodies: monoclonal and polyclonal.  The production of 

monoclonal antibodies involves a single type of antibody that recognizes only one 

specific epitope (Saper and Sawchenko, 2003).  Monoclonal antibodies exhibit high 

specificity and typically have lower background staining due to less cross-reactivity with 

similar epitopes (Ramos-Vara, 2005).  However, monoclonal antibodies are more 
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sensitive to changes in method of tissue fixation, while polyclonal antibodies exhibit a 

higher tolerance for tissue fixation.  Polyclonal antibodies posses a greater sensitivity and 

affinity (binding-strength), and have a wider range of reactivity, recognizing multiple 

epitopes on the same antigen of interest.  However, background staining and cross-

reactivity are greater with polyclonal antibodies.  In addition, polyclonal antibodies are 

limited by the size and lifespan of the immunized animal since batch variation occurs 

when using multiple immunized animals to produce an antibody (Lipman et al., 2005). 

 

Fixation 

 Ideally, the overall goal in immunohistochemistry is to preserve the cellular 

structure and compartments, while protecting the antigenic sites.  It is the balance 

between fixation and antigenicity that is essential, as having excellent cell morphology is 

of no use if the antigen sites are destroyed, or vice versa.  Fixation significantly affects 

antigenicity or the availability of the antigen sites (Holmseth et al., 2006; Ramos-Vara, 

2005; Saper and Sawchenko, 2003).  In addition, fixation is correlated with high 

background staining and cross-reactivity.  Fixation is required for not only preserving the 

cell morphology, but also for stabilizing cellular material in order to accurately locate the 

desired antigen.  In this current study, 4% paraformaldehyde was used for fixation.  

Although paraformaldehyde is the optimal fixative for our study because it provides great 

morphology while maintaining antigenicity, it has limitations.  Formaldehyde protects 

tissue by forming cross-links with formalin and mainly uncharged reactive amino groups; 

however, in doing so, it can cause a significant alteration in the 3D structure of proteins, 
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and thus damage or block the antigen site (Ramos-Vara, 2005), and may expose 

unwanted epitopes (Saper and Sawchenko, 2003).  Other fixatives currently used are 

gluteraldehyde and ethanol.  Gluteraldehyde helps preserve cellular morphology but is 

shown to destroy most antigen sites.  Ethanol is used to preserve proteins in fluid, but can 

result in significant protein denaturation and poor cellular protection (Ramos-Vara, 

2005). 

 In some cases, the antigen site in tissue may require the assistance of a protease, 

such as proteinase K or trypsin, which helps expose the epitope of interest in order to 

enhance antigenicity.  In this study, both SMA and calponin required the use of a 

protease to allow for antigen detection.  Failure to add a protease resulted in false-

negatives.  Though the protease-induced epitope retrieval method enhances antigenicity, 

it does so by nonspecific cleavage of proteins; over treatment may result in epitope and/or 

tissue destruction (Ramos-Vara, 2005), as well as alteration in conformation of the 

original protein (Warford et al., 2004).  A separate epitope retrieval method involves heat 

which is thought to reverse the conformational change produced during fixation.  

However high temperatures can cause protein denaturation and unmask undesirable 

epitopes (Ramos-Vara, 2005).              

 To visualize the antigen-antibody binding in tissue, researchers have used 

coloured tags (e.g. fluorochromes, metals) that are conjugated to either the primary or 

secondary antibody (Ramos-Vara, 2005); these techniques are known as direct or indirect 

immunofluorescence, respectively.  In direct immunofluorescence enhances the 

sensitivity and intensity of the signal; many studies including the current project used 
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indirect immunofluorescence.  Fluorochromes conjugated to secondary antibodies 

directed against the untagged primary antibodies are used for visualization under a 

fluorescence microscope.  Additional indirect methods include the avidin-biotin (or 

preferably streptoavidin) complex, and peroxidase-antiperoxidase (PAP) technique.  

These result in a coloured product and can be visualized under a light microscope.  

Immunofluorescence as the final product is easily detected compared to either avidin-

biotin complex or PAP method. Since mammalian tissue consists of both endogenous 

peroxidase activity and avidin-biotin activity (Ramos-Vara, 2005) both these techniques 

can have higher background staining and/or more false-positives. 

 

Background staining 

 One of the most significant problems in immunohistochemistry is the occurrence 

of background staining that can produce false-positive results or mask desirable staining.  

During antibody-antigen binding, hydrophobic interactions are the major forces involved.  

However, it is these hydrophobic forces that are a significant cause of unwanted 

background staining, especially following fixation which renders the tissue more 

hydrophobic. In addition, buffer pH, free aldehydes, and the presence of Fc receptors can 

all cause undesirable background staining.  Various methods can be used to reduce this 

unwanted staining: decreasing the fixation time, using the appropriate buffer and pH (i.e. 

Tris versus phosphate buffer saline), and using F(ab)2  fragments instead of whole IgG to 

prevent nonspecific binding of the Fc portion to the Fc receptors in the tissue (Ramos-

Vara, 2005).   
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Controls 

 To accurately determine whether the antibody is interacting with the antigen of 

interest, it is essential to use proper controls.  The first control that can be performed to 

determine the specificity of the antibody is the preabsorption control.  The preabsorption 

control involves preincubating the antibody with the appropriate peptide against which 

the antibody was raised.  If the antibody and peptide interact, complete inhibition of the 

antibody would result.  However, one major setback to this control is that is does not 

determine the specificity of the antibody in the tissue with the native protein.  A separate 

control involves immunoblotting.  Immunoblotting is considered more valuable than the 

preabsorption test (Burry, 2000), and will determine whether the antibody recognizes a 

single protein with an appropriate molecular weight.  Next, negative controls which 

consist of replacing the primary antibody with normal serum will demonstrate that the 

immunolabeling is a result of the primary antibody (Burry, 2000; Saper and Sawchenko, 

2003).  In addition, positive controls which consist of staining a known positive tissue 

that contains the protein of interest, demonstrates that the labeling is due to the antibody 

binding the appropriate structure (Burry, 2000).  Lastly, both Saper and Sawchenko 

(2003) and Holmseth et al. (2006) advise researchers to stain tissue that lacks the specific 

antigen.   


