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Abstract Axons of primary olfactory neurons are inti-
mately associated with olfactory ensheathing cells (OECs)
from the olfactory epithelium until the final targeting of
axons within the olfactory bulb. However, little is under-
stood about the nature and role of interactions between
OECs and axons during development of the olfactory nerve
pathway. We have used high resolution time-lapse micro-
scopy to examine the growth and interactions of olfactory
axons and OECs in vitro. Transgenic mice expressing fluo-
rescent reporters in primary olfactory axons (OMP-ZsGreen)
and ensheathing cells (S1008-DsRed) enabled us to selec-
tively analyse these cell types in explants of olfactory
epithelium. We reveal here that rather than providing only a
permissive substrate for axon growth, OECs play an active
role in modulating the growth of pioneer olfactory axons. We
show that the interactions between OECs and axons were
dependent on lamellipodial waves on the shaft of OEC
processes. The motility of OECs was mediated by GDNF,
which stimulated cell migration and increased the apparent
motility of the axons, whereas loss of OECs via laser ablation
of the cells inhibited olfactory axon outgrowth. These results
demonstrate that the migration of OECs strongly regulates
the motility of axons and that stimulation of OEC motility
enhances axon extension and growth cone activity.
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Introduction

One of the unique characteristics of the mammalian
olfactory system is that primary olfactory neurons turnover
throughout life and rapidly regenerate after injury or dis-
ease. During development and in the adult, the newly
formed axons extend from the neuroepithelium lining the
nasal cavity along the olfactory nerve in the peripheral
nervous system (PNS) and enter the nerve fibre layer of the
olfactory bulb within the central nervous system (CNS) [1].
Thus, primary olfactory neurons not only continuously
regenerate throughout life, but their axons also cross the
PNS-CNS boundary.

Olfactory ensheathing cells (OECs) are the glia of the
primary olfactory system and are intimately associated
with primary olfactory axons along the length of their
trajectory. OECs have some properties that are similar to
both Schwann cells and astrocytes [2], but OECs are
unique amongst the glia as they populate the olfactory
nerve within both the PNS and CNS [1, 3]. While it is
known that OECs express a range of molecules that pro-
mote olfactory axon adhesion, growth and guidance [1, 4—
10], we know little of how, at the cellular level, OECs and
primary olfactory axons interact to coordinate axon growth
and guidance.

During development [11] as well as regeneration [12]
OECs migrate ahead of primary olfactory axons. In con-
trast, Schwann cells migrate along already defined axonal
pathways during development of the peripheral nervous
system [13]. It is only during regeneration that Schwann
cells, like OECs, migrate ahead of regrowing peripheral
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axons [14]. In assays using olfactory epithelial explants in
vitro, we have also demonstrated that OECs establish the
field over which olfactory axons extend and that, as in vivo,
OECs always migrate ahead of axons [12]. Thus, it would
appear that both in vivo and in vitro, the growth and
guidance of olfactory axons are tightly associated with the
growth and guidance of OECs. We have previously
reported that lamellipodial waves along the shaft of the
OEC processes regulate interactions between OECs and
that stimulation of the lamellipodial activity by GDNF
increases cell-cell contact and migration of OECs [15, 16].
However, it remains unclear how the activity of OECs can
influence the growth and motility of olfactory axons and
whether the lamellipodial waves play a role in axon-to-
OEC contact.

OECs have been trialled for neural regeneration thera-
pies with several studies demonstrating improved axon
regeneration although with varying success [17-19]. In
some models of spinal injury transplants, OECs have
migrated substantial distances into the injured spinal cord
[20-22] perhaps due to their attraction to reactive astro-
cytes [23]. In other spinal injury models, migration of
OECs has been limited [24, 25]. In other regions of the
nervous system, explanted OECs can migrate along the
optic nerve and ensheathe retinal ganglion cell axons [26],
and they can also restore sensory input in brachial plexus
injuries [27]. Recently it has been shown that diffusible
factors, extracellular matrix factors and membrane-bound
factors expressed by OECs have distinctly different effects
on neurogenesis in cultured neural stem cells [28]. It is now
clear that if the role of OECs in facilitating axon growth
were better understood, then more effective therapies in
humans could be developed.

To begin to address the role of OECs in olfactory axon
growth, we have used high resolution time-lapse micros-
copy in transgenic reporter mice expressing bright
fluorescent proteins in olfactory axons and OECs. We
report here that lamellipodial waves on OECs are the point
of contact for axons and that the migration of OECs
directly influences olfactory axon motility and migration.
These results have important implications for the use of
OECs in neural regeneration therapies.

Materials and methods
Fixed tissue analysis

Postnatal OMP-ZsGreen mice [16] and embryonic OMP-
ZsGreen mice crossed with S1008-DsRed mice [15] were
decapitated and heads were fixed in 4% paraformaldehyde
at 4°C, cryoprotected in 30% sucrose with 0.1% sodium
azide and then placed in embedding matrix (O.C.T.
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compound, Miles Scientific, Naperville, IL, USA) and snap
frozen by immersion in iso-pentane that had been cooled
by liquid nitrogen. Serial coronal sections (30 pm) were
cut on a cryostat microtome, mounted on glass slides and
then coverslipped with anti-fade mounting medium. All
procedures were carried out with the approval of, and in
accordance with, the Griffith University Animal Ethics
Committee, the University of Queensland Animal Ethics
Experimentation Committee and the Australian Common-
wealth Office of the Gene Technology Regulator.

Preparation of olfactory epithelium explant culture

Timed pregnant OMP-ZsGreen transgenic mice or OMP-
ZsGreen x S100B-DsRed [15, 16] transgenic mice were
killed by 5% CO, gas asphyxiation and E11.5-E14.5
embryos were decapitated. Olfactory epithelium was dis-
sected from the nasal septum and the underlying lamina
propria was removed using superfine forceps. Explants
were plated on Matrigel basement membrane matrix (BD
Bioscience, 1:10) coated on glass bottom cell culture
dishes. The explants were cultured in complete medium
(CM) containing Neurobasal medium (Gibco Invitrogen)
supplemented with 0.4% methyl cellulose (BDH Chemi-
cal), 1x B27 serum-free supplement (Gibco Invitrogen),
0.8 mM L-glutamine (Gibco Invitrogen), 10 mM HEPES
and 5 pg/ml gentamycin (Gibco Invitrogen) at 37°C and
5% CO,. Robust axon outgrowth was evident after 24 h in
culture.

Dissociated cultures of OECs and olfactory neurons

Olfactory epithelium was dissected from OMP-ZsGreen x
S100B-DsRed transgenic mice as described above.
Explants were then treated in Dispase for 5 min in a water
bath at 37°C, washed with Hanks balanced salt solution
(HBSS), triturated and then plated onto Matrigel basement
membrane matrix (1:10) coated on 96-well glass bottom
cell culture plates. Dissociated tissue was maintained in
CM at 37°C and 5% CO,.

Growth factor and inhibitor assays of OE explants

Olfactory epithelium (OE) from EI11.5-E14.5 OMP-
ZsGreen x S100B-DsRed transgenic embryos were grown
for 24 h. OE explants were imaged 20 min prior to the
incubation, and then each of the following were added to the
culture medium: recombinant human glial cell line-derived
neurotrophic factor (GDNF, Bio-Scientific, NSW, Austra-
lia), nerve growth factor (NGF, Invitrogen, Melbourne,
Australia) at final concentrations of 10 and 20 ng/ml, JNK
inhibitor IT SP600125 (50 nM, Sigma-Aldrich), Src family
kinase inhibitor PP2 (5 pM; Calbiochem, Merck, Darmstadt,
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Germany) and the inactive analogue PP3 (5 uM; Calbio-
chem). Images were then taken at 20 and 40 min post
incubation.

Live cell and fixed tissue imaging

Time-lapse images were routinely collected at intervals of
2-5 min over periods of 2-3 h using an AxioCam MRm
digital camera and a Uniblitz VCMO1 shutter on an
inverted Zeiss Axioobserver Z1 microscope fitted with
epifluorescence and differential interference contrast
optics. Images were collected with a Zeiss LD PlanNeo-
FLUAR 25/0.8 water iris, a LD PlanNeo-FLUAR 20/0.75
air iris and a LD PlanNeo-FLUAR 60/1.1 oil iris. During
imaging culture plates were maintained at 37°C in an
incubator chamber with 5% CO,. Images were compiled
using Axiovision Rel 4.6.3 (Zeiss, Germany) and colour-
balanced in Adobe Photoshop v. 10.0 without further dig-
ital manipulation. Images of fixed tissue were collected on
an Olympus BX50 microscope fitted with fluorescence
optics and captured using a Spot camera and software, or
with an Olympus FV-1000 confocal microscope.

Laser ablation assay

OE explants from E11.5-E14.5 OMP-ZsGreen x S1008-
DsRed transgenic embryos were cultured as described
above. Regions of explants that clearly displayed OEC and
axon outgrowth onto the matrix were chosen using an
Olympus FV-1000 scanning confocal microscope. Using
the laser bleach function of the Olympus Fluoview ver.
1.7b software (Olympus, Tokyo), cell bodies of OECs
within a small region external to the explant were indi-
vidually exposed. Each cell received 10-15 min of DsRed
fluorophore specific laser ablation. The complete medium
was changed directly after the ablation procedure to
remove associated apoptotic cell toxins from the culture.
Post ablation images were collected at 2 and 8 h. Controls
consisted of regions of the same explants where OECs
were not ablated.

Quantification of OEC migration rates
and determination of axon length

Time-lapse image sequences of primary olfactory axons
and OEC cultures were collected and analysed with Imaris
analysis software (Bitplane Scientific Solutions). The Dots
Tracer function of the Imaris analysis software was used to
trace the migration rate of OECs which calculated the total
distance travelled by the cell body over the total recording
period. Total primary olfactory axon length from olfactory
epithelium explants was determined using the Filament
Tracer function of the Imaris analysis software. Total

distance between axon shafts was obtained from the Fila-
ment Tracer function for axons and the Dots Tracer
function for OECs. To analyse the effects of growth factor
and inhibitor assays, we compared mean percentages of
given measures from the same explant prior to and after the
addition of factors. Statistical analysis was carried out
using Graph-Pad Prism (version 4), and statistical signifi-
cance for all given variables was tested using a Kruskal-
Wallis test and Dunn’s multiple comparison test for post
hoc analysis.

Results
Pioneer olfactory axons actively grow in vitro

In order to determine the cellular interactions that occur
during primary olfactory axon and OEC migration, we
utilised two transgenic lines of mice: OMP-ZsGreen
transgenic mice [16] and S100B8-DsRed transgenic mice
[15]. In the OMP-ZsGreen mice, the cell bodies of primary
olfactory neurons in the olfactory epithelium as well as
their axons that terminate in glomeruli in the olfactory
bulb express the very bright and stable ZsGreen protein
(Fig. 1a). In explants of olfactory epithelium obtained from
embryonic day 12.5 (E12.5) OMP-ZsGreen mice, the
neuronal bodies within the explant tissue were clearly
evident (Fig. 1b, arrowheads) which enabled us to detect
nascent axons extending out of the explant within 5 h of
plating (Fig. 1b, arrow). After 24 h in culture, olfactory
receptor neuron axons extensively grew out from the
explant in fasciculated bundles (Fig. lc, arrow), reminis-
cent of the behaviour of axons in vivo. As previously
described, OECs express DsRed protein in the S100B-
DsRed transgenic mouse line [15]. A cross-sectional view
of an axon fascicle from a cross between OMP-ZsGreen
and S1005-DsRed mice revealed the intimate association
of axons with OECs, with the processes of the OECs not
only surrounding the fascicles (arrow in Fig. 1d—f) but also
forming conduits within the fascicles through which the
axons travelled (arrowhead in Fig. 1d-f).

We used time-lapse microscopy over 1-2 h periods to
begin to understand the behaviour of axons as they
extended away from the explants. As reported for other
axons [29-31], olfactory axons displayed intermittent
periods of high growth activity marked by dynamic
exploration of the local environment by growth cones
(Fig. 1g). Active growth cones extended broad membra-
nous sheets of lamellipodia and finer spike-like filopodial
processes (Fig. 1g, 43.07, arrow). Axons also displayed
periods of inactivity marked by retraction of the lamelli-
podia and simple bullet-shaped morphologies (Fig. 1g,
10.49, arrow). Pioneer axons were present at the outermost
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Fig. 1la—g Olfactory sensory axons extend rapidly in vitro. a P2.5
sagittal section of an OMP-ZsGreen transgenic mouse. Primary
olfactory axons express the bright fluorescent protein ZsGreen. b An
olfactory epithelium explant prepared from an E12.5 OMP-ZsGreen
embryo. After 5 h in culture primary olfactory neurons (arrowheads)
were clearly evident and extended nascent axons over the surface of
the culture dish (arrow). ¢ After 24 h, axons extended out of the
explant and formed tightly fasciculated bundles (arrow). d—f High
magnification view of a cross section through an olfactory sensory
axon fascicle; axons (ZsGreen) are ensheathed by olfactory ensheath-
ing cells (DsRed). The OECs line the perimeter (arrow) of fascicles
within the large nerve bundle; fine processes (arrowhead) of OECs

peripheral margin of explants (Fig. 1g, 00.00, arrows). It
was often observed that several pioneer axons extended
out along separate trajectories (Fig. 1g, 00.00, arrows)
and then interacted and fasciculated with each other
(Fig. 1g, 10.49-43.07, arrows). Secondary or follower
axons (Fig. 1g, arrowhead) were seen to extend directly
along the pre-existing scaffold laid down by pioneer axons,
and the growth cones actively anchored themselves to
the pioneer axons (Fig. 1g, 10.49-43.07, arrowhead).
These results are consistent with the development of axon
scaffolds in vivo [32-34].

OECs regulate pioneer olfactory axon motility

Previous studies have revealed that both dorsal root gan-
glion and retinal ganglion cell axons avidly extend directly
across a substrate of extracellular matrix in vitro [29, 30],
whereas olfactory axons appear to instead avoid growing
on this substrate and preferentially grow on OECs [9]. In
order to determine how OECs influence axon growth, we
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were also within the fascicle. g Panels show high magnification time-
lapse microscopy of ZsGreen-positive axons in culture. Two pioneer
axons with active growth cones (arrows 0.00) interacted with each
other (arrow 10.49) and fasciculated together (arrow 21.34—43.07)
whilst continuing to extend out from the explant. A follower axon
extended along the length of the pre-existing axons (arrowhead 0.00).
As it extended its active growth cone (arrowhead 10.49), it directly
followed and remained in contact with the pre-existing axons
(arrowhead 10.49-43.07) via the extension of thin filopodia. Time
is recorded in minutes and seconds. OB Olfactory bulb, NC nasal
cavity, oe olfactory epithelium. Scale bar 900 pm in a, 10 um in b,
40 pm in ¢, 7 pm in d—f, 20 pm in g

used time-lapse and a combination of differential inference
contrast optics (DIC) with fluorescence imaging to better
characterise the behaviour of olfactory axons as they grew
out from explants while in contact with OECs. Olfactory
epithelium explants derived from the OMP-ZsGreen and
S100B-DsRed transgenic crosses provided clear identifi-
cation of both OECs (Fig. 2a—c, arrows) and olfactory
axons (Fig. 2a, unfilled arrowheads) in culture. The OECs
appeared to form chains of cells as they migrated away
from the explant (Fig. 2a—c, arrows). While small numbers
of non-DsRed-positive cells also migrated out of the
explants, olfactory axons were never associated with them
(Fig. 2c, arrow with tail). Olfactory axons (Fig. 2a, unfilled
arrowheads) clearly only extended across the surface of
DsRed-positive OECs. Consistent with previous findings
[9, 11, 12], OECs were found to lead the pioneer axons
present at the outer most peripheral regions (Fig. 2a,
arrow). This intimate relationship between OECs and
olfactory axons was further examined in dissociated cul-
tures. Olfactory neurons that were not in direct cell-cell
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contact with an OEC rarely extended an axon (5%; n = 40)
despite being in close proximity to OECs. In contrast,
neurons that were in contact with an OEC showed rigorous
axon outgrowth (Fig.2d). While the filopodia of the
growth cones sampled the extracellular matrix (arrowhead,
Fig. 2d) the growth cones themselves only progressed
forwards when in direct contact with an OEC, and then
only along the shaft of an OEC (Fig. 2e, arrow). The axons
maintained close contact with the cell body and lamelli-
podial waves that emanated from the shaft of the OECs
(Fig. 2e, asterisk) and then continued elongating by
growing from the shaft of one OEC to the next within a
chain (Fig. 2e, unfilled arrowhead). These results suggest
that olfactory axon outgrowth and extension in vitro are
predominantly dependent upon direct cell-cell contact with
OECs and that soluble factors released by OECs are
insufficient for initial axon extension.

Lamellipodial waves mediate contact between olfactory
axons and OECs

We have previously shown that motile lamellipodial pro-
trusions, termed lamellipodial waves, are present on the
shafts of peripherally derived OECs and are crucial for
mediating cell-cell contact and migration [15]. We there-
fore investigated whether lamellipodial waves were
involved in mediating cell-cell contact between olfactory
axons and OECs. Using high resolution time-lapse micro-
scopy we analysed cell interactions in olfactory
epithelium explant cultures derived from OMP-ZsGreen X
S100B-DsRed mice. The dynamic peripheral lamellipodia
were present along the shaft of OECs (Fig. 2f, 00.00,
unfilled arrowhead) and were distinct from the leading
edge (Fig. 2f, 00.00, arrow with tail). We consistently
found that the growth cone of an olfactory axon initiated a
cell-cell interaction with an OEC via contact with an active
lamellipodial wave (Fig. 2g, filled arrowhead) and that
lamellipodial waves were nearly always present at the site
of initial contact between axons and OECs (92%; n = 32).
Thus, an axon would only move from the shaft of one OEC
to another when its growth cone interacted with a lamel-
lipodial wave on the new OEC (Fig. 2f, g, arrowheads).
The axon then remained adhered to this OEC process over
the period of the recording (Fig. 2i, k, filled arrowheads).
When the lamellipodial wave dynamically moved in an
anterograde direction along the shaft of the OEC (Fig. 2h,
9.20, arrowhead) the growth cone of the axon extended a
filopodia (Fig. 2i, arrow) and directly interacted with the
lamellipodial wave. After interacting with the lamellipodial
wave, the filopodia formed an additional axonal branch that
remained adhered to the OEC process (Fig. 2k, arrow).
These results suggest that lamellipodial waves are cellular
processes that not only initiate cell-cell contact between

axons and OECs, but are involved in promoting axon
branch formation.

Axon motility mirrors OEC movement

We next examined the temporal nature of the interactions
between OEC and pioneer olfactory axons. We found that
OECs (Fig. 21, 00.00, unfilled arrowhead) were consis-
tently present at the leading edge of olfactory axons.
Pioneer olfactory axons would clearly adhere along the
length of the leading OEC (Fig. 21, 00.00, arrow). The
leading OEC migrated across the extracellular matrix
substrate (Fig. 21, 1.00.00, unfilled arrowhead) while the
olfactory pioneer axon remained directly adhered to the
cell (Fig. 21, 1.00.00, arrow). Olfactory axons directly
responded to the movement of OECs (Fig. 2I, 1.15.24,
unfilled arrowhead) by actively exploring the shaft of the
motile OEC with its growth cone and its numerous filo-
podia (Fig. 21, 1.15.24, arrow). The olfactory axons
(Fig. 21, 1.30.57-1.46.32, arrows) appeared to respond to
the change in morphology of the leading OEC (Fig. 2l,
1.30.57-1.46.32, unfilled arrowheads). These results sug-
gest that olfactory axons not only preferentially grow over
the surface of OECs, but their elongation is largely deter-
mined by the motility of OECs in culture. We further
confirmed the dependence of axon motility on OEC
migration using fluorescent time-lapse microscopy com-
bined with DIC optics to better visualise the underlying
OECs (Fig. 3). The olfactory axons adhered to and aligned
themselves along the predominantly bipolar OECs
(Fig. 3d—0). When the OECs migrated across the sub-
strate  (Fig. 3h-k), olfactory axon extension and
movement directly mirrored the migratory pattern of the
OECs (Fig. 31-0). Moreover, while filopodia occasionally
explored the surrounding area, the olfactory axons and their
growth cones were never seen to actively extend beyond
the cellular boundaries of the OECs. These results suggest
that olfactory axon migration and pathfinding in vitro are
dependent on the motility of migrating OECs.

GDNF regulates olfactory axon extension via OEC
migration

We have previously reported that GDNF is an important
regulator of OEC migration [15]. Addition of exogenous
GDNF was shown to increase OEC migration while inhi-
bition of GDNF-based signalling with selective inhibitors
of either JNK (SP600125; [35]) or SRC (PP2; [36]) sig-
nificantly decreased OEC migration [15]. We next tested
whether GDNF also modulates changes in OEC migration
in the presence of axons in vitro, and if so, whether OEC
migration would in turn affect olfactory axon outgrowth.
We examined the effect that exogenous GDNF had on
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well-established olfactory epithelial explant cultures in
which olfactory axons extended over a pre-existing scaf-
fold of DsRed-positive OECs (Fig. 4b, unfilled arrowhead).
We found that addition of exogenous GDNF (10-20 ng/ml)
had a strong effect on the behaviour of both OECs and
axons in comparison to control explants (Fig. 4a). In
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particular, the OECs migrated towards each other to form
tightly adherent chains and the rate of OEC migration
significantly increased. We measured the rate of migration
of the OECs and we quantified the degree of cell-cell
contact by measuring the distance between OECs. Addition
of exogenous GDNF significantly increased the rate of
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«Fig. 2a-1 Olfactory axon extension is limited by OECs. a A
fluorescent ZsGreen image revealed that axons from an explant (out
of view at bottom right) extended directly across a chain-like scaffold
of OECs (unfilled arrowheads). OECs always migrated ahead of
axons (arrow). b The fluorescent DsRed image revealed that OECs
migrated out in a chain formation with OECs in direct contact with
each other (arrows). ¢ A merged DIC and fluorescent image of the
same explant view revealed that DsRed-positive OECs (arrow)
migrated out along with cells that were not DsRed-positive (arrow
with tail), but that axons always were associated with OECs and not
the other cells. d In dissociated cultures of ZsGreen neurons and
DsRed OECs, a single neuron (arrow) adhered to the cell body of an
OEC (asterisk) and extended a single axon which directly interacted
with another OEC (unfilled arrowhead). e An olfactory axon directly
adhered to and extended along the shaft of an OEC (arrow), wrapped
around the cell body (asterisk) and then extended directly along the
shaft of another OEC (unfilled arrowhead). f-k Time-lapse imaging
revealed that olfactory axon growth cones (GC) formed adhesive
contacts with OECs via lamellipodial waves. f OECs exhibited
lamellipodial protrusions along their shafts (unfilled arrowhead
00.00) which were independent of the leading edge (arrow with
tail). The GC (g filled arrowhead) of a follower axon directly
interacted with the lamellipodial wave (f unfilled arrowhead). h After
9.20 min the lamellipodial wave moved along the shaft of the OEC in
an anterograde direction (unfilled arrowhead). i A filopodia (arrow)
extended from the GC and interacted with the motile lamellipodial
wave while the GC remained adhered to the OEC process (arrow-
head). j The lamellipodial wave remained active over the course of
28 min (unfilled arrowhead). k The GC (filled arrowhead) remained
adhered to the OEC via the lamellipodial wave (j unfilled arrowhead)
while the filopodium (arrow) continued to adhere to the OEC process.
1 Time-lapse microscopy revealed that the extension and motility of
pioneer axons mirrored that of OECs. A pioneer axon (arrow)
adhered to the shaft of an OEC (unfilled arrowhead). The OEC
actively migrated to the right of the field of view (unfilled
arrowheads, 00.00-1.15.24) while the axons (arrows) adhered to
and responded to the underlying activity of the OEC. The OEC then
changed direction (unfilled arrowhead, 1.30.57-1.46.32) and actively
migrated while the axon followed (arrows, 1.30.57-1.46.32). Time is
recorded in hours, minutes and seconds. Scale bar 40 pm in a-c,
10 pm in d—e, 30 pm in f-k, 5 pm in 1

OEC migration (Fig. 4b, c, 420.00, +40.00, arrows;
Fig. 5a) and significantly decreased the average distance
between OECs (Fig. 4b, c, +20.00, +40.00, unfilled
arrowheads; Fig. 5b) in comparison to controls. The
GDNF-mediated migratory behaviour was consistent with
our previous findings in which GDNF stimulated contact-
mediated migration in monocultures of OECs [15]. The
behaviour of the axons closely mirrored that of the OECs.
As the OECs migrated more closely together, the axons
appeared to form tight fascicles (Fig. 4b, +40.00 min,
arrowhead). We quantified the resultant effect on the axon
growth in these cultures and found that addition of exog-
enous GDNF (10-20 ng/ml) significantly increased the
average length of axons (Fig. 4b, +20.00, +40.00, filled
arrowheads; Fig. 5c¢) and their degree of fasciculation
(Fig. 5d). During the GDNF-dependent changes in motility
of OECs, it became evident that the axons remained
adherent to the OECs and that their behaviour appeared to

merely reflect the migration of OECs. The action of GDNF
was selective since nerve growth factor (NGF), which is
also expressed by OECs [7], did not stimulate OEC
migration (Fig. 5a).

We next examined the effect of reducing endogenous
GDNF-based signalling using inhibitors of either JNK
(SP600125) or SRC (PP2). When added to the culture
medium, these inhibitors decreased OEC migration
(Figs. 4d, e, 5a). The inhibitors of either JNK (SP600125)
or SRC (PP2) signalling pathways decreased the average
length of axons (Fig. 4d, e, +20.00, +40.00, unfilled
arrowheads; Fig. 5c), whereas incubation with the inactive
analogue PP3 or NGF had no effect (Fig. 5¢). Incubation
with the inactive analogue PP3 also had no effect on OEC
migration (Fig. 5a). Together these results indicate that
GDNF can indirectly regulate axon extension via directly
modulating OEC migration and behaviour.

We have previously shown that exogenous GDNF in
monocultures of OECs increases the size of lamellipodia
on OECs [15]. We therefore examined whether the
lamellipodia were similarly affected in the explant cultures
in which OECs and axons were growing together. We
found that application of exogenous GDNF (10-20 ng/ml)
significantly increased the surface area of lamellipodial
waves along the shaft of OECs (Fig. Se) as well as the area
of lamellipodia present at the leading edge of the cells
(Fig. Se, f). The growth cones of the olfactory axons also
dramatically increased in size in response to the addition of
GDNF (Fig. 5g, h). Moreover, 92% (n = 78) of growth
cones displayed an increase in surface area in response to
the addition of GDNF (Fig. 5i) when in direct contact with
either lamellipodia of the leading edge or lamellipodial
waves on the shafts present on OECs (Fig. 5i—k). Thus, the
response of the growth cones mirrored the response of the
lamellipodia on OECs. While we cannot rule out a direct
effect of GDNF on the axons, these results suggest that
GDNF stimulated an increase in lamellipodia on OECs
which in turn provided a favourable growth surface for the
growth cones of the axons.

OEC ablation affects axon survival and migration

We have shown that olfactory axons not only preferen-
tially grow in close association with OECs, but their
migration in vitro is largely dependent on the motility of
OECs. We were interested in further understanding
whether axon outgrowth was dependent on contact-med-
iated interactions with OECs. To investigate this we laser
ablated some of the OECs lying external to the olfactory
epithelium explant and in close proximity to outgrowing
axons. Prior to the ablation procedure, DsRed-positive
OECs were clearly present and were migrating out onto
the surface of the culture dish (Fig. 6a, d, unfilled
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Fig. 3a—o The motility of olfactory axons is influenced by OEC
migration. Panels show axons that have extended out of an E12.5
explant, imaged using ZsGreen fluorescence and differential inference
contrast (DIC). a ZsGreen-positive axons extend from the explant
which is out of view at the bottom right. b DIC imaging revealed the
presence of numerous cells (unfilled arrowheads) underlying the
axons. ¢ Merged image of a and b. d—o Time-lapse imaging of the
boxed region shown in a. d—g Some ZsGreen axons rapidly extended

arrowheads) and within the explant tissue (Fig. 6d, black
arrowhead). Olfactory axons (Fig. 6a, d, arrows) extended
directly across the underlying OECs. During the ablation
procedure, only OECs in a small region directly external

@ Springer

(arrow) during the imaging period, while others changed direction
(filled arrowhead). h-k DIC imaging revealed that the underlying
cells (unfilled arrowheads) migrated across the surface of the culture
dish. 1-o The ZsGreen-positive axons extended directly along the
shaft and body of these cells. At no point did the axons extend out
onto the matrix of the culture dish. Time is recorded in minutes and
seconds. Scale bar is 15 pm in a—c and 3.5 pm in d-o

to the explant tissue were treated while OECs in other
areas around the explant were not ablated and therefore
acted as an internal control. Two hours after the proce-
dure, DsRed-positive OECs that were targeted for
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Fig. 4a—e The effect of GDNF
on OECs and olfactory axon
extension. Explants of olfactory
epithelium were prepared from
E14.5 OMP-ZsGreen x S1008-
DsRed embryos, cultured for
24 h and then incubated with
either exogenous GDNF (b),
JNK (c) or SRC inhibitors (d).
a—d 20 min prior to challenging
OE explants, olfactory axons
extended along a chain-like
scaffold of DsRed-positive
OECs (unfilled arrowheads).

a OECs (red) in control explants
displayed limited migration and
fasciculation during the imaging
period. Extension of axons
(green) was apparent only with
follower axons (unfilled
arrowheads). b After the
addition of GDNF, OECs
displayed higher migration rates
(arrows, +20.00, +40.00) and
formed tightly fasciculated
bundles (unfilled arrowheads).
Pioneer olfactory axons clearly
exhibit additional extension and
fasciculation (filled arrowhead).
¢ DsRed-only fluorescence of
images shown in b shows the
changes in OEC distribution.

d With the addition of JNK
inhibitor, OEC migration
(arrows, +20.00, +40.00) and
axon extension (unfilled
arrowheads) were minimal.

Control
-20.00

e Similarly with the addition of DsRed OECs
SRC inhibitor, OEC migration

(arrows, +20.00, +40.00) and JNK Inhibitor
axon extension (unfilled -20.00

arrowheads) were minimal.
Time is recorded in minutes and
seconds. Scale bar 20 pm

addition .

SRC Inhibitor
-20.00

5

Before ad'ditton,
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Fig. 5a-k GDNF influences OEC migration and pioneer axon
extension. a OECs migrated at higher rates with addition of 10 and
20 ng/ml of GDNF; the addition of JNK (9SP600125) or SRC (PP2)
inhibitors decreased migration of OECs; incubation with the inactive
analogue PP3 or NGF had no effect on OEC migration (n = 35-40;
p < 0.01, Kruskal-Wallis test and *p < 0.05, **p < 0.01, post hoc
Dunn’s multiple comparison test). b Quantification of the average
distance between OECs when incubated with GDNF (n = 10;
p < 0.05, Kruskal-Wallis test and *p < 0.05, post hoc Dunn’s
multiple comparison test). ¢ Quantification of pioneer axon extension.
Axons extended at higher rates when incubated with 10 and 20 ng/ml
of GDNF; the addition of JNK (9SP600125) or SRC (PP2) inhibitors
decreased axon extension; incubation with the inactive analogue PP3
or NGF had no effect on axon extension (n = 19-20; p < 0.01,
Kruskal-Wallis test and *p < 0.05, **p < 0.01, post hoc Dunn’s
multiple comparison test). d Quantification of the average distance
between pioneer axons when incubated with GDNF (n = 10;

ablation were no longer present beneath the axons
(Fig. 6b, e; unfilled arrowheads). Only non-motile mem-
brane fragments of OECs remained adherent to the
surface of the culture dish after the treatment. Unablated
DsRed-positive OECs remained active and viable both
within the explant (Fig. 6b, black arrowheads) and in
regions external to the explant that had not been targeted
for ablation (Fig. 6h). In the OEC-ablated regions,
although olfactory axons were clearly evident (Fig. 6b, e,
arrows) their outgrowth had begun to decline 2 h after
ablation of the OECs (Fig. 6i). Eight hours after the
ablation there were clearly fewer olfactory axons
(Fig. 6¢, arrow) despite the presence of other non-DsRed
cells migrating out from the explant (Fig. 6¢c; black
arrowhead). In comparison, axons from the same explants
growing over OECs that were not ablated continued to
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p < 0.05, Kruskal-Wallis test and *p < 0.05, post hoc Dunn’s
multiple comparison test. e Quantification of the surface area of
lamellipodial waves and leading edge on OECs incubated with GDNF
(n = 40-45; p <0.001, Kruskal-Wallis test and **p < 0.01,
##%p < (0.001, post hoc Dunn’s multiple comparison test). f Addition
of GDNF dramatically increased the size of the leading edge on
OECs. g Quantification of the surface area of growth cones (GC) on
axons incubated with GDNF (n = 38-45; p < 0.001, Kruskal-Wallis
test and ***p < 0.001, post hoc Dunn’s multiple comparison test).
h Addition of GDNF dramatically increased the size of the GC (filled
arrowhead) on axons; example shown is one of the more dramatic
increases in GC area. An underlying OEC (unfilled arrowhead)
migrated during the assay. i There was a direct relationship between
increased size in GC on axons and increased size of lamellipodia on
OECs (j); GC size would increase when in direct contact with OEC
lamellipodia (k). Error bars denote SEM. Scale bar 10 pm in f, h-k

extend robustly over the same period (Fig. 6g-h). The
average length of the axons in the OEC-ablated region
significantly declined compared to axons in unablated
control regions (Fig. 6i). After 8 h, olfactory axons had
begun to extend from the explant (Fig. 6f, arrow) but
always on the surface of underlying unablated DsRed-
positive OECs (Fig. 6f, unfilled arrowhead). These results
confirm that axon extension is reliant on an OEC scaffold
in vitro.

Discussion
We have demonstrated here that OECs play an instructive

role in olfactory axon growth. OECs are not only a pref-
erential axonal substrate, but their motility regulates both
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Control pre-ablation

Fig. 6a—i Ablation of pre-existing OEC scaffolds inhibits olfactory
axon extension. Panels a—c¢ show fluorescence and DIC combined
images; panels d—f show same images but without DIC. a, d Pre-
ablation: DsRed-positive OECs migrated out of an explant onto the
matrix forming a chain-like scaffold (unfilled arrowheads). ZsGreen-
positive axons (arrows) extended directly across the OEC scaffold. b,
e Two hours post ablation: DsRed-positive OECs were no longer
present on the matrix (unfilled arrowheads) but remained active in the
non-ablated region of the explant (black arrowheads). Olfactory axons
remained active across the matrix (arrows). ¢ Eight hours post
ablation: very few olfactory axons remained within the ablated region

Control 8 hr
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(arrow) despite the presence of other cell types migrating across the
matrix (black arrowhead). f DsRed-positive OECs started to migrate
out of the explant (unfilled arrowhead) accompanied by the regrowth
of olfactory axons (arrow). g For the control, a different region of the
same explant was used. h OECs in the control region were not ablated
and robust axon outgrowth occurred. Scale bar 20 pm in a—f; 40 um
in g-h. i Quantification of the change in axon length after ablating pre-
existing OEC scaffolds. The length of olfactory axons significantly
declined at 2 and 8 h post ablation compared to control axons grown
on OECs of the same explants (n = 7; p < 0.01, Kruskal-Wallis test
and **p < 0.01, post hoc Dunn’s multiple comparison test)
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Fig. 7 a Olfactory axons A
(green) extend along the surface
of OECs (red). Growth cones
contact lamellipodial waves on
OECs and then further extend
along the new OEC. The
migration of the OECs strongly
regulates the motility of the
axon. b GDNF stimulates the
lamellipodial waves on OECs
which results in close adhesion
and contact-mediated migration
of the OECs. The axons and
their growth cones mirror the
movement of the OECs

axon growth

the elongation and guidance of olfactory axons. By mod-
ulating OEC migration with GDNF and inhibitors of the
JNK and SRC kinases, we regulated the extent of olfactory
axon elongation. We further revealed that the initial
interactions between OECs and olfactory axons involved
dynamic lamellipodial protrusions present along the shaft
of OECs. Consistent with neuronal scaffold development
studies [32, 33] our in vitro assays determined that initial
pioneer olfactory axons serve as guides for later arising
neurons and their processes. The olfactory axons clearly
communicated with each other via their growth cones and
fine filopodia that periodically appeared along the shaft of
extending olfactory processes. These results mirror the
behaviour of axons in vivo where every 30-90 days each
regenerating olfactory axon [37, 38] follows the pathway
created by the pre-existing axons. Our results highlight the
intimate interactions between the OECs and olfactory ax-
ons during development and reveal OECs as the principal
orchestrator leading the formation of the olfactory nerve
pathway.

The key to the time-lapse studies was the use of the
OMP-ZsGreen transgenic mouse in which the majority of
primary olfactory neurons express the very bright and
stable ZsGreen protein [16] that is several-fold brighter
than GFP [39]. This protein is expressed along the length of
the axons including the fine filopodia of the growth cones
and enabled us to visualise the growth of olfactory axons in
high detail using time-lapse imaging. When the OMP-
ZsGreen mice were crossed with the S1008-DsRed trans-
genic mice [15, 16], we were able to selectively visualise
both OECs and olfactory axons during the same time-lapse
sequence. When olfactory epithelium explant cultures were
imaged using only green fluorescence, the growth of axons
appeared to be highly dynamic. However, when imaged in
combination with DIC optics or the red fluorescence
channel to visualise DsRed-OECs, it was readily apparent
that the motility of axons was closely linked to the
migration of OECs. Using high resolution microscopy it
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became evident that the growth of olfactory axons in vitro
was predominantly regulated by the motility of the
underlying scaffold of OECs. Consistent with other studies
[6, 40, 41], OECs clearly served as a substrate for axon
elongation. However, previously published results that
have examined axon growth in vitro have not always
considered the role of OECs in regulating the growth of
axons [42] and thus the interpretation of assays of axon
growth may be more complicated when OECs are included.

The growth and guidance of retinal axons which make
contact with oriented extracellular channels in the embry-
onic chick retina are regulated and directed by the close
contact to glia [43]. Similarly, in our olfactory epithelium
explant assays, olfactory axon extension and pathfinding
were largely determined by, and limited by, the shape and
extent of the underlying substrate of motile OECs. How-
ever, unlike hippocampal neurons whose axons can grow in
the absence of glia [44, 45], pioneer olfactory axons were
very rarely seen to actively move from one OEC to another
and were never seen extending without OECs near the
growth cone. Thus, these results clearly demonstrate that
the outgrowth of olfactory axons in vitro is dependent on
the underlying OEC motility. Consistent with these results,
we have recently demonstrated in vivo that during wide-
spread regeneration olfactory axon extension can be
significantly increased if the OECs are given conditions
that promote their migration [12].

We have previously reported that peripheral OECs
exhibit highly dynamic lamellipodia along their shafts and
are important mechanisms for initiating cell-cell interac-
tions and mediating cell migration [15]. It has also been
shown that isolated OECs in single cell assays can rapidly
alter their morphology by producing large lamellipodia
which subsequently alter migration rates of the OECs [46].
We have now shown that these highly motile plasma
membrane protrusions are important in regulating OEC-
axon cell interactions (Fig. 7a). Similar structures have
been reported on other cells types including Schwann cells
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[47] and fibroblasts [48] and have been implicated with
myelinating peripheral axons and regulating the direction
of migration, respectively. The fact that lamellipodial
waves on OECs were nearly always present at the site of
initial contact between OECs and axons suggests that
lamellipodial waves may be a unique mechanism that
mediates cross-talk and adhesion between the two cell
types.

The OECs that migrated out of the olfactory epithelium
explant often maintained close contact with each other and
consequently the axons that extended out along the OECs
formed loose fascicles. We have previously shown that
GDNEF increases the activity of lamellipodial waves which
results in increased cell-cell contact and enhances contact-
mediated migration of OECs [15]; and GDNF was dem-
onstrated to increase OEC migration in a scratch assay
[49]. In the olfactory epithelium explant assays, addition of
GDNF dramatically increased adhesion of OECs to each
other and increased their rate of migration. The resultant
effect on olfactory axons was that they became more
tightly fasciculated and elongated, however, it was evident
that the behaviour of the axons was largely due to the
movement of the underlying OECs (Fig. 7b). These results
are consistent with previously reported findings in which
the components of the extracellular matrix facilitate
migration OECs resulting in increased neurite outgrowth
[9]. Inhibition of JNK and SRC kinases reduces the activity
of lamellipodial waves and stalls migration in monocul-
tures of OECs [15]. The current olfactory epithelium
explant results support those findings, and inhibition of the
JNK and SRC kinases resulted in reduced axon lengths,
likely as a result of the stalled migration of OECs. We
cannot rule out that GDNF and the JNK and SRC inhibitors
directly affected axon growth. GDNF is known to have
positive effects on axon outgrowth and extension in other
neuronal populations in culture [50-52]. However, our
current results, together with our previously published
results on the effect of GDNF on OECs [15], show that it
was clear that OEC motility was dramatically affected by
GDNF and that axons remained tightly adhered to OECs
and mirrored the movement of the glia (Fig. 7b). GDNF
dramatically affected the area of the lamellipodial waves
and leading edge on the OECs, as well as increasing the
area of the growth cones on the axons. However, again it
appeared that the effect of GDNF on the axons was indirect
as the expansion of the growth cone mirrored the expansion
of the lamellipodia on the OECs. The increase in lamelli-
podial size on OECs was readily evident on isolated OECs
which had no contact with axons consistent with our pre-
vious findings in OEC monocultures [15]. The expansion
of the growth cones of axons, however, was always
observed with a closely adhered OEC so it was not possible
to determine whether the effect of GDNF directly affected

the growth cones or indirectly affected them via the OEC.
Nevertheless, the results are consistent with GDNF regu-
lating lamellipodial activity on OECs which then
stimulates growth cone activity in axons.

OECs have been reported to migrate slightly ahead of
the primary olfactory axons en route to the olfactory bulb
during development [11], and we have now shown that
during widespread regeneration the OECs always lead the
new axons [12]. In addition, the extent of olfactory axon
regeneration can be significantly increased if the OECs are
given prior opportunity to migrate ahead of the axons [12].
In contrast, dorsal root ganglion axons are able to regen-
erate but cannot successfully pass the CNS barrier which is
due in part to the inability of Schwann cells to migrate
within the CNS [53]. Thus, the unique ability of the pri-
mary olfactory system to constantly regenerate throughout
life and to cross the PNS-CNS barrier is most likely due to
the presence of the OECs rather than particular character-
istics of primary olfactory axons. The ability of OECs to
promote axon growth combined with their unique feature
of being able to migrate from the PNS into the CNS has led
to the investigation of OECs for neural regeneration ther-
apies [54, 55]. By further understanding the biology of
OECs, it may be possible to design improved strategies for
the use of OECs for neural regeneration therapies. Toge-
ther, our results demonstrate that OECs provide olfactory
axons with a unique surface that involves contact-depen-
dent signalling and that the migration of OECs strongly
directs the motility of olfactory axons. Future work will
identify the molecules that regulate contact-dependent
adhesion of primary olfactory axons to OECs.
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