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Abstract 

In the primary olfactory pathway axons of olfactory neurons (ONs) are accompanied by ensheathing cells (ECs) as the fibres course 
towards the olfactory bulb. Ensheathing cells are thought to play an important role in promoting and guiding olfactory axons to their 
appropriate target. In recent years, studies have shown that transplants of ECs into lesions in the central nervous system (CNS) are able to 
stimulate the growth ofaxons and in some cases restore functional connections. In an attempt to identify a possible mechanism underlying 
EC support for olfactory nerve growth and CNS axonal regeneration, this study investigated the production of growth factors and 
expression of corresponding receptors by these cells. Three techniques immunohistochemistry, enzyme linked immunosorbent assay 
(ELISA) and reverse transcriptase-polymerase chain reaction (RT-PCR) were used to assess growth factor expression in cultured ECs. 
Immunohistochemistry showed that ECs expressed nerve growth factor (NGF), brain derived neurotrophic factor (BDNF) and glial 
cell-line derived neurotrophic factor (GDNF). ELISA confirmed the intracellular presence of NGF and BDNF and showed that, compared 
to BDNF, about seven times as much NGF was secreted by ECs. RT-PCR analysis demonstrated expression of mRNA for NGF, BDNF, 
GDNF and neurturin (NTN). In addition, ECs also expressed the receptors trkB, GFRa-1 and GFRa-2. The results of the experiments 
show that ECs express a number of growth factors and that BDNF in particular could act both in a paracrine and autocrine manner. 
© 2001 Elsevier Science B.Y. All rights reserved. 
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1. Introduction 

The olfactory neuroepithelium is one of the few sites in 
the mammalian nervous system that is capable of neuro
genesis throughout life [25,53]. When olfactory neurons 
(ONs) die, new neurons are produced by division and 
differentiation of basal cells that reside in the olfactory 
epithelium [19,25,34], These newly formed neurons grow 
axons and are able to make the right synaptic connection 
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with their target neurons in the olfactory bulb (OB) which 
is part of the central nervous system (CNS). The perrnis
sivity of the adult OB to the growth ofaxons persists after 
transection of olfactory nerves [16,24] or lesioning of the 
olfactory nerve layer of the bulb [16]. This capacity is 
thought to be due in part to the unique glial cells of the 
olfactory nerve, known as olfactory ensheathing cells 
(ECs). These cells share phenotypic characteristics in 
common with Schwann cells and astrocytes [5,15,41,47] 
but are unique in that they can cross the transitional zone 
between the peripheral nervous system and CNS [17,45]. 
Although it is well documented that ECs express extracel
lular matrix molecules such as N-CAM and laminin 
[22,33] that could contribute to axonal growth, few studies 
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have shown unequivocal direct evidence that ECs syn
thesize and secrete growth factors [13]. 

Several studies have shown that transplants of ECs in 
nerve lesion sites stimulate the outgrowth of neurites and 
in some cases restore functional connections [31,39,46, 
48,56]. The underlying assumption is that the ECs are 
probably facilitating repair by secreting growth-promoting 
molecules such as extracellular matrix molecules or solu
ble growth factors. In an attempt to identify a possible 
mechanism underlying EC support for neurite outgrowth 
this study investigated the production of specific growth 
factors and expression of the corresponding receptors by 
cultured ECs. 

The present study investigates the expression of three 
neurotrophins in ECs, nerve growth factor (NGF), brain
derived neurotrophic factor (BDNF) and neurotrophin-3 
(NT-3). The receptors for the neurotrophins include the 
high affinity tyrosine kinases, trkA, trkB and trkC [4] and 
the low affinity neurotrophin receptor p75 N TR [37]. In 
addition we investigated the expression of the neuro
trophin-related factors, glial cell-line derived neurotrophic 
factor (GDNF) and neurturin (NTN) in ECs. These factors 
interact with the GDNF family receptor alpha-l (GFRO'.-l), 
GFRO'.-2 (which determine ligand specificity) and the 
signal transducing receptor RET [2]. 

The current studies used immunohistochemistry, en
zyme-linked immunosorbent assay (ELISA) and reverse 
transcriptase-polymerase chain reaction (RT-PCR) to dem
onstrate that ECs produce NGF, BDNF, GDNF and NTN. 
Ensheathing cells were also shown to express receptors for 
these growth factors suggesting that they may be acting in 
an autocrine manner in addition to a paracrine action in 
promoting olfactory neuron differentiation. 

2. Materials and methods 

2.1. Olfactory ensheathing cell culture 

Highly enriched cultures of ECs were prepared from the 
OBs of 2-day-old hooded Wistar rats according to the 
method described by Chuah and Teague [12]. Animals 
were anesthetised by intraperitoneal injection of 0.1 ml of 
pentobarbitone sodium (60 mg/kg) (Boehringer Ingel
heim, Artarmon, NSW, Australia) diluted 1:20 in normal 
saline prior to decapitation. In summary, the olfactory 
nerve layer was peeled away from the rest of the bulb and 
digested with 0.25% trypsin and 0.03% collagenase to 
dissociate the cells. Contaminating cells such as fibroblasts 
were removed by treatment with cytosine arabinoside 
(2.5 X10-7 M). Ensheathing cells were then enriched by 
addition of bovine pituitary extract (BPE) (12 ug/rnl) 
(Sigma, St. Louis, MO) to the culture medium. After 2-3 
days the cells had reached confluency and were passaged 
to a new flask to eliminate any remaining fibroblasts. Once 
the cells had again reached confluency they were trypsin

ized and used for ELISA, RT-PCR, or immunohistochemi
cal staining. 

Ensheathing cells are known to express several antigenic 
molecules including p75NT R [20,23,61] and S-100 protein 
[3,44]. In this study double staining with anti-S-100 and 
Nuclear Yellow (Sigma, St. Louis, MO) was randomly 
performed in different batches to ascertain the high purity 
of EC cultures which has been consistently obtained in 
earlier studies (Fig. 1) [10,12]. Random areas of cells 
plated on coverslips were photographed with the Olympus 
PM30 photomicrographic-system and the number of ECs, 
as indicated by double labeled cells, was counted. This was 
then expressed as a percentage of the total number of cells. 
Out of the 207 cells counted in five frames (from three 
coverslips of different batches of culture), all of them were 
S-100 positive. 

For immunohistochemistry the cells were replated onto 
acid-cleaned coverslips (l X 104 cells/13-mm coverslip) 
and cultured in serum-containing medium (Dulbecco's 
modified Eagle medium containing 10% fetal bovine 
serum, 1% minimum essential medium-vitamin solution 
and 1% penicillin/ streptomycin) (Life Technologies, Mel
bourne, VIC, Australia) for a further 1-2 days. 

2.2. Immunohistochemical staining of olfactory 
ensheathing cells 

Immunohistochemistry was used to demonstrate the 
presence of growth factor proteins and their receptors in 
ECs. Olfactory EC-covered coverslips were fixed in 4% 
paraformaldehyde in phosphate-buffered saline for 15 min. 
After the cells were rinsed in modified Eagle's medium 
plus HEPES (MEM-H) (Sigma, St. Louis, MO), acid 
alcohol (5% acetic acid; 95% absolute ethanol) was 
applied and the cells were incubated at -4°C for 15 min to 
precipitate the protein. The cells were then incubated with 
polyclonal antibodies against nerve growth factor (NGF), 
brain-derived neurotrophic factor (BDNF), neurotrophin-3 
(NT-3) and glial cell-line derived neurotrophic factor 
(GDNF) (1: 100, Promega, Madison, WI), followed by the 
appropriate biotinylated secondary antibody (DAKO, Car
pinteria, CA), each for 30 min at room temperature. After 
washing in MEM-H the cells were incubated for 15 min 
with the streptavidin-horseradish peroxidase complex 
(DAKO LSAB + Kit; DAKO Carpinteria, CA). Finally the 
cells were washed and reacted for 5 min with 3',3
diaminobenzidine (DAB) in the presence of hydrogen 
peroxide. No non-specific staining of ECs was observed in 
control incubations in which the primary antibody was 
omitted. Following staining the cells on the covers lips 
were dehydrated in an ascending series of alcohol, 
mounted and photographed either with the Olympus PM
30 automatic photomicrographic system or the Olympus 
DPIO digital camera system. Digital images of the cells 
were enhanced for contrast and brightness using Adobe 
Photoshop 5.5. 
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Fig. 1. Double labeling of cells with anti-S-IOO protein (A) and Nuclear Yellow (B). All the cells labeled with Nuclear Yellow show irnrnunoreaction for 
S-IOO indicating that they are ensheathing cells. Scale bar: 25 urn, 

2.3. Preparation of ensheathing cell conditioned medium 

Ensheathing cell conditioned medium was collected and 
used for analysis of neurotrophic factor secretion by 
ELISA. Conditioned medium was prepared from confluent 
EC monolayers prepared as described above. Ensheathing 
cells were rinsed by three 15-min incubations with Hank's 
balanced salt solution (Sigma, St. Louis, MO) and incu
bated in 3 ml serum-free medium developed by Bottenstein 
and Sato [7] and modified by Chuah and Teague [12]. The 
serum-free medium contained 561 mg glucose, 0.5 mg 
bovine insulin, 10 mg transferrin, 6.2XlO- 3 mg progester
one, 1.61 mg putrescine dichloride, 1.587X 10-::> mg 
sodium selenite, 0.04 mg thyroxine, 163.9 mg potassium 
chloride and 1% penicillin/streptomycin per 100 ml of 
Dulbecco's modified Eagle medium). After 2-3 days the 
supernatant was collected and concentrated 20 times using 
a Millipore Ultrafree-15 centrifugal filter (Millipore, Bed
ford, MA) with a nominal molecular weight limit of 5 kDa, 
and stored at -20cC for later use. 

2.4. Enzyme linked immunosorbent assay (ELISA) 

The Emax ™ immunoassay system (Promega Madison, 
WI) was performed on ECs and conditioned medium to 
determine whether these cells express neurotrophic factor 
proteins and if they secrete these proteins into the sur
rounding culture medium. 

Prior to each immunoassay, cultured ECs and neonatal 
rat brain homogenates were acid-treated. This procedure 
increased the detectable amount of free protein in solution 
by dissociating the proteins from their proforms or re
ceptors [43]. The acid-treatment procedure was carried out 
in accordance with the manufacturer's guidelines (Prom
ega, Madison, WI). This process involved diluting the cell 
suspension 1:5 in lysis buffer (described below) and 
lowering the pH of the suspension to -3 with 1 M HCl. 
After 20 min on ice at 4"C the suspension was neutralised 
with the appropriate volume of 1 M NaOH and stored at 
-20cC prior to use. 

The procedure for the assay was carried out according to 
the supplier's instructions. This involved coating a 96-well 
plate with a polyclonal antibody. Prior to addition of the 
standard and test samples, the plate was incubated with a 
blocking solution to minimize any non-specific binding. 
Standard curves were generated using known amounts of 
the growth factors and these were used to determine the 
concentration of respective growth factors in the test 
samples. Negative controls included lysis buffer (137 mM 
NaCl, 20 mM Tris pH 8, 1% Nonidet P-40, 10% glycerol, 
1 mM PMSF, 10 u.g/rnl apoprotinin, 1 ug /rnl leupeptin 
and 0.5 mM sodium vanadate) and serum-free medium, 
which were used to prepare the EC lysate, brain homoge
nate and conditioned medium, respectively. Neonatal rat 
brain homogenate was included as a positive control. The 
detection system included species-specific monoclonal 
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antibodies, recognised by polyclonal antibodies and de
tected by a species-specific anti-IgY antibody conjugated to 
horseradish peroxidase. Between each incubation the plate 
was washed with buffer containing 20 mM Tris-HCl, 150 
mM NaCl and 0.05% Tween ®-20. The chromogenic 
substrate solution tri-methylbenzoate was then added to the 
plate followed by 1 M phosphoric acid to stop the reaction. 
The colour change generated by the oxidation-reduction 
reaction was measured using a plate reader (Titertek Plus 
MS212) set at a wavelength of 450 nm. The standard curve 
for each factor diluted in assay diluent (block and sample 
buffer) provided a linear curve on a plot of absorbance 
versus concentration. The minimum detection limit for 
each assay was 15.6 pg/ml NGF, 15.6 pg/ml BDNF, 10 
pg/ml NT-3 and 30 pg/ml GDNF. 

2.5. Reverse transcriptase polymerase chain reaction 
(RT-PCR) 

To determine if ECs produced mRNA for NGF, BDNF 
and NT-3, RT-PCR was performed. This analysis was also 
used to identify members of the trk receptor family 
including trkA, trkB and trkC the high affinity receptors 
for NGF, BDNF and NT-3. The neurotrophin related 
factors GDNF and NTN were also analysed by RT-PCR 
along with their receptors, GDNF family receptor alpha-I 
(GFRa-1), GFRa-2 and the RET tyrosine kinase receptor. 
RNA was extracted by the guanidium isothiocyanate and 
phenol-chloroform method described previously [9]. Sam
ples included ECs, fibroblasts and snap frozen neonatal 
OBs which had intact olfactory nerve layer. Fibroblasts 
were isolated from neonatal rat skin according to a method 
that we have used in an earlier study [13]. 

RNA was reverse transcribed at 37°C for 1 h using 
oligo(dt) 15 primers and murine leukaemia virus (MLV) 
reverse transcriptase (Promega, Madison, WI). Amplifica
tion was performed with 2 fLl cDNA, 0.2 fLM primers, 10 

Table I 

fLM of each dNTP, 1X PCR buffer, 1X Q-solution, 2.5 
mM MgCl z and 2.5 Units of Taq polymerase (Quiagen). 
Preliminary reactions were carried out at 95°C for 1 min, 
55°C for 1 min and noc for 2 min, for 37 cycles with a 
final extension step at noc for 5 min using Taq DNA 
polymerase (Promega, Madison, WI). 

We utilised primer sets that have been shown previously 
to identify alternatively spliced mRNA isoforms for each 
neurotrophin gene (Table 1). The BDNF primer set was 
designed to amplify four separate transcripts containing 
exons 1, 2, 3 or 4 joined to the common exon 5 of the 
BDNF gene. Unlike the BDNF primer set, which included 
four separate forward primers and a single reverse primer, 
the primers for NGF included a single forward and reverse 
sequence. These primers were specific for sequences in 
exon 3B and exon 4, which are common to each of the 
known NGF mRNA isoforms. The primers for NT-3 were 
aimed at the alternatively spliced exon 1 (which gives rise 
to isoforms A and B of NT-3) and the common exon 2. 
These primers produced fragments corresponding to NT-3 
1A and lB. 

The trk receptor family frequently express additional 
polypeptides or truncations in their cytoplasmic domains 
[27]. The primer sets used to detect the trk receptors in this 
study were specific for all transcripts of trk, except the 
truncated forms [40]. 

GDNF and NTN are grouped together as members of a 
new TGF-r3 subfamily called the GDNF family and their 
proteins demonstrate roughly 42% homology [30]. The 
primers for GDNF, NTN, GFRa-l, -2 and RET were 
designed to amplify single fragments. However the GDNF 
primers have been shown to produce two products perhaps 
due to alternative splicing of the gene [58]. 

Primer-template pairs that proved difficult to amplify 
(i.e. BDNF, GDNF NTN and trk receptors) were repeated 
using gradient RT-PCR in which eight reactions were 
prepared for each combination. These reactions were 

peR primers and sequences used in the analysis of NGF, BDNF, NT-3, GDNF and their receptors 

Target Forward 

NGF TGG ACC CAA GCTCACCTC A 

BDNF Exon I ACT CAA AGG GAA ACG TGT CTCT 

BDNF Exon2 CGGTGTAGGCTGGAA TAGACT 

BDNF Exon 3 CTCCGC CATGCA ATI TCC ACT 

BDNF Exon 4 GTGACA ACA ATG TGA CTCCAC T 

NT-3 Exon 1A CAAACC TCC AAA GTGCTGTGT 

NT-3 Exon 18 CCCTGGAAATAG TCATAC GGA T 

GDNF ATG AAG TIA TGG GAT GTCCTG GCTG 

NTN AGCTCC CTGTAT CTG TCT GGA TGT G 

TrkA TGGCTGCCTTCG CCTCAACCA G 

TrkB AAT GAC CCA GAG AAC ATC AC 

TrkC CCCTACACC TCCTAT CACTG 

GFRu-l GAA TIC GCAAGTTGGGTC GGA ACTAAC 

GFRu-2 AAT GAG CTGTGT GCG GCT GAA TC 

RET CTI GCTCAC CGTCIT CCT CCAG 

Reverse	 PCR Reference 

product 

(bp) 

GTG GAT GAG CGCGCT TGCTCCT	 516 [40] 

TCG ATC ACGTGCTCA AAA GTGT	 520 [40] 

400 [40] 

451 [40] 

286 [40] 

GGG GTGAATTGT AGC GTC TCT	 624 [40] 

371 [40] 

ACC GTITAG CGG AAT GCTTIC ITA G 660and590 [59J 

AGG AAG GAC ACC TCG TCCCATAGG 482 [32] 

ATG GTGGAC ACA GGT ATC ACTG 483 [40] 

CAG GAA ATG GTC ACA GAC TI 466 [40J 

CTG GAA ATC CIT CCT GGC AG 516 [40] 

GTCCAG GCA GTI GTTCCC TTI G 717 [32] 

GCA TGCGGTAGG TATACTCGCTGG 528 [32] 

AGT GCCCTCCIT CCG CTTAAA CTC 525 [32] 
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cycled at different annealing temperatures in a gradient 
thermal cycler (PC960G, Corbett Research, Australia) and 
separated on an agarose gel in order of decreasing anneal
ing temperature. 

3. Results 

3.1. Ensheathing cells express neurotrophin and GDNF 
proteins 

The primary antibodies used to analyse expression of 
BDNF, NGF, NT-3 and GDNF were polyclonal antibodies 
shown to have less than 3% cross-reactivity with structur
ally related growth factor proteins (Promega technical 
bulletin). The immunohistochemical analysis demonstrated 
that ECs were immunoreactive for BDNF, NGF and 
GDNF. Generally the cells displayed more intense staining 
for NGF, BDNF and GDNF in the cell bodies and reduced 
staining in the processes (Fig. 2). Stronger immuno
reactivity for BDNF, NGF and GDNF was observed in 
presumably undifferentiated spherical cells that lacked 
processes. No evidence for NT-3 immunoreactivity could 
be found. The negative control, in which the primary 
antibody was omitted, contained no detectable immuno
reactivity. 

""-. NGF .... 
f 

E . . 
Fig. 2. BDNF (A), NGF (B) and GDNF (C) expression in ensheathing 
cells as demonstrated by immunohistochemistry. There was variability in 
staining among cells with the highest intensity being frequently localised 
to round cells present in clusters (arrow in C). No immunoreactivity for 
NT-3 was observed (D) and control coverslips with the primary antibody 
omitted (E) also did not show any staining. Scale bar: 40 urn, 

3.2. Ensheathing cells secrete neurotrophin proteins 

The immunoassay system was used to determine 
whether cultured ECs produced neurotrophic factor pro
teins and to test if these factors were primarily present 
within the cell cytosol or if they were secreted additionally 
into the surrounding milieu in any significant amount. 
Ensheathing cells were analysed for BDNF, NGF, NT-3 
and GDNF using this technique. For each assay of the 
respective growth factors, a standard curve was generated 
from which the total concentration of each factor in the test 
sample was determined. Analysis of ECs gave a total of 
182-210 pg/ml of BDNF detected per flask, where each 
flask contained ~ 1X 105 cells (Fig. 3). The amount of NGF 
immunoreactivity observed in ECs ranged from 1140 to 
1440 pg/ml per flask (Fig. 3) which was approximately 
seven times the proportion of BDNF. GDNF and NT-3 
were not detected in the cell lysate. The positive control 
(brain homogenate) showed consistently the presence of 
BDNF, NGF, NT-3 and GDNF. No immunoreactivity was 
detected in the negative control (lysis buffer) for any of the 
factors analysed. 

Serum-free medium conditioned by ~ I X 105 cells for a 
period of 3 days was analysed to determine if ECs secreted 
each of these factors. Medium conditioned by ECs con
tained 150-182 pg/ml BDNF and 1350-1410 pg/m1 NGF 
(Fig. 3). GDNF and NT-3 were not detected in conditioned 
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Fig. 3. Quantification of NGF and BDNF present in and secreted by 
ensheathing cells. ELISA was performed on both ensheathing cell lysate 
(EC) and medium conditioned by the cells (CM). The results showed that 
approximately seven times more NGF than BDNF was present in and 
secreted by ensheathing cells. The error bars indicate standard deviation 
and each average value was obtained from three separate assays. For each 
assay, one flask containing approximately I X 105 cells were used. 
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medium. Control (unconditioned) medium contained no .!:!2 
detectable presence of any of these factors. These results 
suggest that ECs contain and secrete BDNF and NGF, 
however the ELISA may not be sufficiently sensitive to 
detect the small amount of GDNF present in ECs. 

3.3. Ensheathing cells express NGF, BDNF, GDNF and 
NTN messenger RNA 

To confirm the results of the immunohistochemical 
staining and ELISA, RT-PCR analysis was performed to 
demonstrate the presence of mRNA for BDNF, NGF, 
NT-3 and GDNF in ECs. Analysis of olfactory ECs 
revealed BDNF transcripts of the correct size containing 
exons I, 3 and 4 (Fig. 4). Control tissue, fibroblasts gave 
similar results while the OB expressed only two exons. 
The distribution of BDNF transcripts in these tissues is 
consistent with the finding that expression of BDNF 
mRNA is tissue specific due to the different promoter 
regions within the gene [40]. 

Analysis of NGF in ECs produced two fragments at 300 
and 500 base pairs, respectively (Fig. 5). The larger 
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Fig. 4. RT-PCR analysis of alternatively spliced BDNF isoforms in rat 
ensheathing cells, olfactory bulb and fibroblasts. Ensheathing cells 
produced bands of the appropriate size for BDNF transcripts corre
sponding to exons I, 3 and 4. The olfactory bulb did not express exon 3 
while all three exon fragments were found in fibroblasts. 
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Fig. 5. RT-PCR analysis of NT-3 isoforms in ensheathing cells. olfactory 
bulb and fibroblasts. Ensheathing cells failed to express NT-3 IA and IB 
while the olfactory bulb was shown to express NT-3 IE. 

product was closer to the expected size (Table I) while the 
shorter transcript may represent a different alternatively 
spliced isoform of NGF. Olfactory bulb and brain ex
pressed only the 300 base pair fragment which is reported
ly most abundant in peripheral tissues and brain regions 
[54]. Two transcripts corresponding to 300 and 500 base 
pairs were also detected in fibroblasts. 

It was concluded that NT-3 mRNA was absent from 
ECs as no bands were observed for NT-3 IA or NT-3 IB 
(Fig. 6). The NT-3 IB fragment was detected in both brain 
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Fig. 6. RT-PCR analysis of NGF in rat ensheathing cells, olfactory bulb 
and fibroblasts. Ensheathing cells expressed two fragments corresponding 
to 300 and 500 base pairs while the olfactory bulb only showed the 300 
base pair fragment. 
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(data not shown) and DB while no transcripts were found fn 
in fibroblasts. These results indicate again that NT-3 
mRNA isoforms are differentially expressed in different 
tissues. 

A single GDNF mRNA (Table 1) corresponding to 
-660 base pairs was detected in ECs while the olfactory 
bulb and fibroblasts were shown to possess two separate 
mRNA .products, at -660 and -590 base pairs (Fig. 7). In 
an earlier study by Suter-Crazzolara and Unsicker [59] two 
similar bands were produced using the same primer set. 
These transcripts were termed IGDNF and sGDNF for the 
large (660 bp) and small (590 bp) fragments, respectively 
[58]. The shorter transcript is thought to arise by alter
native splicing and contains a sequence deletion [58]. 

NTN mRNA of the correct size (483 bp) was expressed 
in ECs (Fig. 8). A similar band was also detected in DB 
while fibroblasts appeared to express an additional band 
corresponding roughly to 740 base pairs. 

3.4. Olfactory ensheathing cells express neurotrophin 
and GDNF receptor genes 

To determine whether ECs produce mRNA for the 
neurotrophin receptors trkA, trkB and trkC and the GDNF 
family receptors GFRa-l, GFRa-2 and RET, RT-PCR 
analysis was performed. The results showed that ECs 
produced an mRNA fragment at the expected size of trkB, 
but no transcripts for trkA or trkC were detected (Fig. 9). 
The fibroblast and DB controls expressed single transcripts 
for both trkB and trkC. The trkA transcript was not 
detected in any of the tissues analyzed. 

RT-PCR analysis showed that ECs expressed mRNA for 
the GFRa-l and GFRa-2 receptors but not for the signal 
transducing receptor RET (Fig. 10). The control tissues, 
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Fig. 7. RT-PCR analysis of GDNF in ensheathing cells, olfactory bulb 
and fibroblasts. Ensheathing cells possessed transcripts corresponding 
only to lGDNF (660 base pairs) while the olfactory bulb and fibroblasts 
expressed both lGDNF and sGDNF (590 base pairs). 
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Fig. 8. RT-PCR analysis of NTN in ensheathing cells, olfactory bulb and 
fibroblasts. All three tissues expressed NTN corresponding to a fragment 
of 483 base pairs. Another band representing a larger fragment was seen 
in fibroblasts. 
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Fig. 9. RT-PCR analysis of neurotrophin receptors in ensheathing cells, 
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trk A and C. Both trk Band C were present in the olfactory bulb and 
fibroblasts. 
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reports, it was demonstrated that NGF failed to promote ~ 
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Fig. 10. RT-PCR analysis of GDNF family receptors in ensheathing 
cells, olfactory bulb and fibroblasts. Ensheathing cells expressed GFRa-1 
and GFRa-2 but not RET. All three GDNF receptors were present in 
olfactory bulb and fibroblasts. 

olfactory bulb and fibroblasts expressed GFRa-l, GFRa-2 
and RET. 

4. Discussion 

Results of this project provide the first direct evidence 
that cultured ECs produce a number of growth factors. 
Ensheathing cells express the messenger RNA and protein 
for NGF, BDNF and GDNF. Both NGF and BDNF are 
secreted while secretion of GDNF was not detected by 
ELISA. Ensheathing cells did not appear to express NT-3. 
In addition RT-PCR demonstrated that ECs also express 
NTN and growth factor receptors Trk B, GFRa-l and 
GFRa-2. 

This study has shown clearly that ECs synthesize and 
secrete NGF and BDNF protein. Although there have been 
no reports of NGF or BDNF in ECs, previous studies have 
localised NGF to the dendrites and axons of olfactory 
neurons [1,62] and BDNF to horizontal basal cells in the 
olfactory neuroepithelium [8]. The demonstration of NGF 
mRNA in the OB in this study is consistent with earlier 
observations that periglomerular cells, as well as the 
internal and external plexiform layers of the OB show 
immunoreactivity for NGF [55]. The periglomerular and 
granule cell layers of the olfactory bulb have also been 
shown to be positive for BDNF mRNA [14,26]. 

The precise function of NGF and BDNF in the olfactory 
pathway has not been defined clearly although a number of 
in vitro studies have attempted to elucidate their role. In 
one study it was shown that NGF increased olfactory 
neuronal survival and neurite extension [50] but in later 

cell division as measured by radiolabeled DNA precursor 
[18,27]. It has been shown that NGF, BDNF and NT-3 act 
in concert to induce c-Fos expression and to increase the 
number of differentiating olfactory neurons [51]. In 
another study it was shown that although BDNF, in the 
presence of transforming growth factor-Bz, enhanced 
initial plating efficiency of olfactory neurons, it could not 
sustain survival beyond 10 days [35]. Most recently NGF 
was found to enhance proliferation and survival of im
mortalized olfactory cells generated from a transgenic 
mouse while BDNF and NT-3 promoted their differentia
tion [6]. Hence results from in vitro studies are variable 
and point to the likelihood that olfactory neuronal differen
tiation and survival are probably regulated by complex 
interaction with different types of growth factors or 
molecules. 

There have also been experiments that point to a role for 
BDNF in the OB. When BDNF was infused unilaterally 
into the lateral ventricles, the number of proliferating cells, 
as indicated by bromodeoxyuridine uptake, increased in all 
layers of the ipsilateral olfactory bulb [63]. These dividing 
cells were thought to be interneurons arising in the 
subventricular zone and arriving in the OB by way of the 
rostral migratory stream [38]. In view of this finding, it can 
be suggested that BDNF promotes proliferation of olfac
tory bulb interneurons. Alternatively, the newly generated 
cells could represent the surviving neurons in the subven
tricular zone, many of which would have died under 
normal conditions before they migrate to the OB. En
sheathing cells are not the only source of BDNF in the 
olfactory bulb; earlier studies have revealed that peri
glomerular and granule cells also possess BDNF mRNA 
[14,26]. Additionally our findings show that ECs expressed 
mRNA for trkB the receptor for BDNF. The presence of 
this receptor suggests that BDNF has an autocrine effect 
on ECs. Further investigation will be needed to determine 
whether BDNF is involved in the activation of the MAPK 
pathway thereby eliciting changes in the nuclear activity of 
ECs. 

Results of RT-PCR analysis in this study demonstrate 
that growth factor expression in cultured ECs and the 
olfactory bulb is not totally congruent. The olfactory bulbs 
used in the RT-PCR had an intact olfactory nerve layer and 
thus contained a significant population of ECs. The results 
showed that ECs in culture expressed isoforms of NGF and 
BDNF mRNA which were not found in the olfactory bulb, 
i.e. exon 3 of BDNF and the 500 bp NGF isoform (Figs. 4 
and 5). This indicates that the specific culture conditions 
could be responsible for inducing expression of these 
neurotrophin isoforms. On the other hand, they failed to 
express NT-3 IB which was detected in the olfactory bulb 
(Fig. 6) suggesting that some form of inhibitory regulation 
may be acting in the cultures. Conversely, because ECs 
represent only one of several cell types in the olfactory 
bulb, the latter may be exerting a stimulatory effect on the 
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expression ofNT-3 in situ or alternatively NT-3 expression 
in the bulb is attributed to the other cell types. The 
presence of NT-3 mRNA has been a point of contention. 
Some earlier studies have failed to locate NT-3 mRNA in 
the olfactory bulb [14,26] yet others have detected NT-3 
protein by ELISA [29]. Taken together with the results of 
this study, it is clear that NT-3 is indeed expressed in the 
olfactory bulb. It would be worthwhile in future studies to 
characterize the specific cell types that are responsible for 
the synthesis of this protein in the OB in vivo. 

Immunohistochemical analysis and RT-PCR indicated 
that ECs express GDNF. Despite this no GDNF protein 
was detected by the ELISA in ECs or in medium con
ditioned by ECs. It seems likely then that this is due to the 
fact that ensheathing cells synthesize and possibly secrete 
very small quantities of the protein and that this is below 
the detection limit of the ELISA. Currently it is not 
possible to use a bioassay to detect the secretion of GDNF 
because the amount produced is below 30 pg/ml which is 
about 1000-fold less than that required for a biological 
effect [36]. 

In our study, GDNF mRNA was also detected in the 
olfactory bulb, consistent with a previous study which, 
using in situ hybridization, localised GDNF mRNA to the 
granular layer of the OB [60]. Interestingly, immuno
histochemical staining for GDNF protein showed a more 
extensive distribution being present in the olfactory nerve 
layer, mitral cells and tufted cells scattered in the external 
plexiform layer, and to a lesser degree some periglomeru
lar and granule cells [8]. However there has been no 
mention of immunoreactivity in the ensheathing cells 
residing in the olfactory nerve layer. This apparent dis
crepancy with our cell culture results suggests that regula
tory mechanisms suppressing GDNF synthesis may be 
operating in vivo and that future investigation into inter
cellular interaction could shed some light on this subject. 

Our study show that ECs expressed mRNA for GFRa-l 
and GFRa-2, the receptors for GDNF and NTN, respec
tively, but not RET. Although GFRa confer ligand spe
cificity, they lack the capacity for signal transduction that 
is normally provided by RET [2,49]. Previous studies have 
localized GFRa to the olfactory epithelium [42] and 
extensively in the bulb including the glomerular, external 
plexiform, mitral and granular layers [21,60]. RET, how
ever, is predominantly present in the glomerular layer 
[21,60]. Since ECs lacked RET expression it is unlikely 
that GDNF and NTN could elicit intracellular cytoplasmic 
signals within these cells. It is possible that the respective 
receptors on ECs function to bind and present GDNF and 
NTN to growing neurons, resembling the situation ob
served in lesioned sciatic nerve [60]. In our study NTN 
mRNA was detected in the OB despite the fact that an 
earlier study by Golden et al. [21] using in situ hybridiza
tion failed to locate it in the same tissue. There have been 
no direct reports regarding the roles of GDNF and NTN in 
the OB, hence their function remains unclear. 

In summary we have clearly shown that cultured ECs 
express NGF, BDNF, GDNF, NTN and their receptors. 
These findings build on earlier studies that demonstrate 
that ECs contain neuregulins including GGF2 [13,52]. 
Taken together, the data suggest that ECs are a rich source 
of growth factors. These findings have important implica
tion for the role of ECs in olfactory neuron differentiation 
as well as their use in stimulating axonal regeneration in 
the injured spinal cord. Previous tissue culture studies 
revealed that medium conditioned by ECs failed to pro
mote neurite growth from olfactory [11] and retinal 
ganglion neurons [57]. This led to the conclusion that ECs 
probably mediate neurite outgrowth by direct membrane 
contact. However, a recent study by Kafitz and Greer [28] 
revealed that if olfactory neurons and ECs were spatially 
separated but growing together in the same petri dish, the 
length of the neurites was similar to that obtained when 
olfactory neurons were cultured in direct contact with ECs. 
These findings indicate the involvement of diffusible 
factors from ECs in promoting neurite growth and also that 
these diffusible factors may be inactivated rapidly or 
required in high quantities by the differentiating neurons. 
Given that this study has identified and quantified some of 
the growth factors produced by ECs, further investigation 
can now be carried out to define more precisely the role of 
ECs in mediating olfactory nerve development. 

Just as important, the results of this study have given 
new insight into the possible mechanism by which ECs are 
able to stimulate regeneration in the injured CNS. By 
identifying the growth factors secreted by ECs, future 
experiments will be able to utilize ECs more efficiently to 
meet the cellular and trophic requirements for regeneration 
in the CNS. An option is to augment EC injections into the 
injured spinal cord with growth factors such as NGF and 
BDNF. 
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