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Abstract

Neurogenesis of projection neurons requires that axons be initiated, extended, and connected.
Differences in the expression of axon growth and guidance genes must drive these events, but
comprehensively characterizing these differences in a single neuronal type has not been
accomplished. Guided by a catalog of gene expression in olfactory sensory neurons (OSNs), in
situ hybridization and immunohistochemistry revealed that Cxcr4 and Dbnl, two axon initiation
genes, marked the developmental transition from basal progenitor cells to immature OSNs in the
olfactory epithelium. The CXCR4 immunoreactivity of these nascent OSNs overlapped partially
with markers of proliferation of basal progenitor cells and partially with immunoreactivity for
GAP43, the canonical marker of immature OSNSs. Intracellular guidance cue signaling transcripts
Ablim1, Crmpl, Dypsl2, Dpysl3, Dpysl5, Gap43, Marcskl1, and Stmnil-4were specific to, or
much more abundant in, the immature OSN layer. Receptors that mediate axonal inhibition or
repulsion tended to be expressed in both immature and mature OSNs (Plxnal, Plxna4, Nrp2,
Efnab) or specifically in mature OSNSs (Pixna3, Unc5b, Efna3, Ephas, Epha?), although some
were specific to immature OSNs (P/lxnb1, PIxnb2, Plxdc2, Nrpl). Cell adhesion molecules were
expressed either by both immature and mature OSNs (Dscam, Ncam1, NcamZ2, Nrxnl) or solely
by immature OSNs (Chl1, Nfascl, Dscam/I). Given the loss of intracellular signaling protein
expression, the continued expression of guidance cue receptors in mature OSNs is consistent with
a change in the role of these receptors, perhaps to sending signals back to the cell body and
nucleus.
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The major task of neural development is to generate the synaptic circuits that provide the
basis for the complex functions of the nervous system. Most neurons extend axons that grow
to appropriate targets via recognition of positive and negative cues in the surrounding
environment (Tessier-Lavigne and Goodman, 1996). As a neuron matures, the shift from
axon elongation to axon homeostasis is reflected by changes in gene expression (Skene and
Willard, 1981a,b; Li et al., 1995; Smith and Skene, 1997; Blackmore and Letourneau, 2006).
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Expression of genes associated with axon outgrowth decreases while expression of genes
involved in growth inhibition increases. To assess the changes in guidance cue signaling
between immature and mature neurons, we compared the expression of a large number of
axonal growth and guidance genes in olfactory sensory neurons (OSNSs). Because of the
continuous turnover of OSNs, immature and mature OSNSs coexist at all ages. They can be
distinguished by their differential expression of several genes, but the definitive marker
genes are Gap43 for immature OSNs and Omp for mature OSNSs.

The synaptic partners of OSNs are the dendrites of projection neurons and interneurons in
the glomeruli of the olfactory bulb (Pinching and Powell, 1971; Royet et al., 1988).
Glomeruli have specific identities and locations, defined by the innervation of each
glomerulus solely by the axons of OSNs expressing the same odorant receptor, but the
mechanisms involved are not fully understood (Ressler et al., 1994; Vassar et al., 1994;
Mombaerts et al., 1996; Strotmann et al., 2000; Schaefer et al., 2001; Kobayakawa et al.,
2007; Soucy et al., 2009). Studies of mice with targeted deletions of single classical
guidance cues or cell adhesion molecules have not revealed major defects in glomerular
formation or location (Treloar et al., 1997; Cloutier et al., 2002, 2004; Montag-Sallaz et al.,
2002; Schwarting et al., 2000, 2004; Walz et al., 2002, 2006; Cutforth et al., 2003; Cho et
al., 2007; Hasegawa et al., 2008; Kaneko-Goto et al., 2008). These experiments suggest that
classical guidance cues may be important for guiding axons to regions of the bulb and
restricting axon growth to the glomerular layer but do not yet show that these cues determine
the fine-scale positioning of glomeruli.

Odorant receptor-mediated signaling and neuronal activity are alternative mechanisms for
determining glomerular location. Odorant receptor identity itself is a crucial component of
axon convergence into glomeruli and the precise location of glomeruli (Mombaerts et al.,
1996; Feinstein and Mombaerts; 2004; Feinstein et al., 2004). Glomerular position and
homogeneity of glomerular innervation appear to depend on cAMP levels and the activation
of GNAS (G,s) and ADCY3 (AC3) located in OSN axons (Belluscio et al., 1998; Lin et al.,
2000; Zheng et al., 2000; Yu et al., 2004; Imai et al., 2006; Chesler et al., 2007; Col et al.,
2007; Zou et al., 2007). Another possible mechanism is odorant receptor-mediated cCAMP
regulation of expression of some axon guidance and cell adhesion molecule genes (Imai et
al., 2006, 2008; Serizawa et al., 2006; Kaneko-Goto et al., 2008).

The diversity and complexity of potential mechanisms regulating the growth of OSN axons
argues for a more complete understanding of axon growth and guidance genes expressed by
immature and mature OSNs. Recent evidence indicates that OSNs express several hundred
genes related to axon growth and guidance (Sammeta et al., 2007). We hypothesized that
many of these genes are differentially expressed between immature and mature OSNs.
Distinguishing the axon guidance capabilities of immature and mature OSNs will help in
identifying mechanisms of OSN axon growth and maintenance. Herein we demonstrate
differences in the abundance of axon growth and guidance mRNAs between immature and
mature OSNSs, including the discovery that nascent OSNs can be identified by expression of
two axon initiation genes, Cxcr4 and Dbnl.
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MATERIALS AND METHODS

In Situ Hybridization and Immunofluorescence

Male C57BI/6J mice, aged postnatal day 21-25 (P21-P25), were used unless indicated
otherwise. In situ hybridization was performed as described previously (Shetty et al., 2005;
Yu et al., 2005). A detailed protocol is available from the authors. Briefly, mice were
anesthetized via intraperitoneal injection with ketamine hydrochloride (10 mg/ml) and
xylazine (1 mg/ml) in 0.9% saline (0.01 ml/g body weight) and transcardially perfused with
4% paraformaldehyde. The maxillary and anterior cranial region of the head (snout) was
dissected free and fixed in 4% paraformaldehyde overnight, followed by decalcification in
EDTA overnight, and cryoprotected in sucrose, embedded in OCT, and stored at —80°C.
Coronal sections 10 um thick were cut on a cryostat and mounted on Superfrost Plus slides
(Fisher Scientific, Pittsburgh, PA). Digoxygenin-labeled riboprobes were prepared from
cDNA fragments ranging from 400 bp to 1,000 bp in size. Most MRNAs were detected with
a single riboprobe; however, to increase signal strength, two riboprobes were pooled to
detect some mRNASs. Sense controls were invariably negative.

For immunofluorescence, 10-um cryosections were prepared using the same methods as for
in situ hybridization, except that fixation was for 1.5 hr in 4% paraformaldehyde. Slides
were washed three times for 10 min each in 1x PBS and permeabilized for 30 min in 1%
Triton X-100 in 1x PBS at room temperature, followed by blocking at room temperature for
30 min with 5% normal donkey serum, 0.4% Triton X-100, in 1x PBS (blocking buffer).
Slides were incubated overnight at 4°C in primary antibodies diluted in blocking buffer.
Slides were then washed twice with 0.05% Tween 20, 1x PBS and incubated at room
temperature in appropriate secondary antibody for 1 hr. The following primary antibodies
were used: goat anti-CXCR4 (1:250; Capralogics; Cl0116, amino acids 14-40 of mouse
CXCR4), rabbit anti-GAP43 (1:200; Millipore, Bedford, MA; AB5220), mouse anti-
NCAML1 (1:1,000; Sigma-Aldrich, St. Louis, MO; C9672), rabbit antiphospho-histone H3
(1:200; Millipore; 06-570), and mouse anti-Ki67 (1:50; Vector Laboratories, Burlin-game,
CA; VP-K452, clone MM1). Secondary antibodies, all used at a dilution of 1:500, were
Dylight549 donkey anti-goat, Dylight488 donkey anti-rabbit, Dylight 488 donkey anti-
mouse from Jackson Immunoresearch (West Grove, PA). The use and specificity of
phospho-histone H3, GAP43, Mki67, and NCAM1 antibodies have previously been
demonstrated (Kee et al., 2002; Zimmer et al., 2004; Akins and Greer, 2006; Dudanova et
al., 2007). The CXCRA4 antibody has also been used previously (Nishiumi et al. 2005), and
immunostaining replicates Cxcr4 expression detected by in situ hybridization. To increase
the frequency of detection of proliferating basal cells, immunohistochemistry for
phosphohistone H3 and MKki67 was done with sections prepared from young mice (age P4).

Digital images were acquired with either a Spot 2e camera (Diagnostics Instruments,
Sterling Heights, MI) mounted on a Nikon Diaphot 300 inverted microscope or a Spot 2e
camera on a Nikon Eclipse Ti-U inverted microscope. Processing of images to adjust size,
brightness, and contrast was done in Adobe Photoshop, and organization of figures was done
in Deneba Canvas.

J Neurosci Res. Author manuscript; available in PMC 2016 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mclntyre et al.

Page 4

Counts of labeled cells were done on three tissue sections per mouse (age P21-P25) to
generate an average count for each mouse. Labeled cells in coronal sections were visually
identified and manually counted at two positions along the olfactory epithelium (the dorsal
recess and the septum) per section. Cell counts were normalized to the total length of
epithelium used for counting. To correct for overcounting, Abercrombie’s formula was used
with a measured nuclear diameter of 3.1 + 0.4 um to obtain a correction factor of 0.76
(Abercrombie, 1946). Student’s #tests at a. = 0.05 were used to assess statistical
significance.

Olfactory Bulbectomy

All procedures using mice were approved by an Institutional Animal Care and Use
Committee and conformed to NIH guidelines. Adult male C57BL/6 mice (6 weeks) were
anesthetized with ketamine/xylazine as described above. A midline sagittal incision was
made in the scalp to expose the cranium, and a 2-mm hole over one bulb was drilled into the
skull using a diamond-tipped burr. Eight mice were subjected to unilateral bulbectomy by
aspiration. Gelfoam soaked in sterile saline was used to fill the cavity, and the skin was
sutured with 6-0 Ethilon suture. Recovery from surgery was aided by warming,
subcutaneous injection of 0.5 ml saline, and maintenance on buprenorphine for 48 hr. Food
and water were supplied ad libitum.

RNA Isolation and Quantitative RT-PCR

Eight mice were euthanized 7 days after bulbectomy. The septal epithelium and olfactory
turbinates were dissected into 700 ul of ice-cold TriReagent (Molecular Research Center,
Cincinnati, OH) and homogenized using a polytron. RNA was then extracted using the Tri
Reagent protocol supplied by the manufacturer. The yield and quality of RNA samples were
determined with a UV-spectrophotometer and a model 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA).

Primers with melting temperatures between 58°C and 60°C were designed using Primer
Express software (Applied Biosystems, Foster City, CA) and purchased from Integrated
DNA Technologies (Coralville, 1A). Complementary DNA was prepared by reverse
transcription of 0.5 ug total RNA using Superscript 11 reverse transcriptase and random
hexamers (Invitrogen, Carlsbad, CA) in 50-ul reactions. Amplification of samples was
performed in triplicate using an ABI 7700 Sequence Detection System. Samples were run
using Sybr Green 2x Master mix (Applied Biosystems, Foster City, CA). Thermal cycler
conditions were 95°C for 15 min, then 45 cycles of 95°C for 15 sec, 60°C for 1 min. Melt
curve analysis was used to confirm that only a single product was generated in each reaction.
The mean of each triplicate set was calculated, and these data were normalized using the
geometric mean of four control mMRNAs in each tissue sample; Actb (actin, beta), Hprt!
(hypoxanthine guanine phosphoribosyl transferase 1), GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), and Ubc (ubiquitin C). Ipsilateral samples from bulbectomized mice were
compared against contralateral samples using one-tailed paired #tests. Correction for
multiple testing was done using Holm’s stepwise correction method (Holm, 1979).
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RESULTS

Most Axon Guidance Genes Are Developmentally Regulated

We hypothesized that immature and mature OSNSs differ in expression of axon growth and
guidance genes because the needs of their axons differ. Directed by data from expression
profiling studies of the olfactory epithelium or of purified samples of OSNs (Shetty et al.,
2005; Sammeta et al., 2007), we selected 36 genes that encode proteins involved in axon
growth and guidance and tested their expression patterns in the olfactory epithelium.
Twenty-two mRNAs were differentially abundant between immature and mature OSNs.
Seventeen MRNAS were detected primarily in immature OSNs, five mRNAs only in mature
OSNSs, another 13 mRNAs in both immature and mature OSNs, and one mRNA in the
lamina propria (Table I). All but two, NcamZ2and NrpZ, were expressed uniformly across the
odorant receptor expression zones of the olfactory epithelium, indicating that few genes
correlate with this zonal organization and its effects on axonal connections to the olfactory
bulb. The restriction of NcamZ2and Nrp2to the ventral olfactory epithelium had previously
been established (Yoshihara et al., 1997; Norlin et al., 2001).

Maturation Changes Guidance Cue Local Signaling

The mRNASs whose expression was detected primarily in immature OSNs encode guidance
cue receptors and intracellular signaling molecules (Fig. 1). In fact, among the mRNAs that
encode intracellular signaling proteins that control the behavior and extension of growth
cones, all were detected in immature OSNs and weakly, if at all, in mature OSNs. Pop2cb,
the catalytic subunit of protein phosphatase 2A, a protein important for promoting
neuritogenesis, was expressed by immature OSNs (Fig. 1B). Transcripts for Marcskl1,
encoding a protein similar in function to GAP43, were similarly enriched in immature OSNs
(Fig. 1C). Ablim1, which mediates the attractive effects of netrin, was specific to immature
OSNs (Fig. 1D; Lundquist et al., 1998). The related mRNA, Ab/imZ, was detected at similar
intensities in both mature and immature OSNs (Fig. 1E). Although ABLIM2 has been
shown to bind F-actin, (Barrientos et al., 2007) whether ABLIM2 is a mediator of signals
that control growth cone behavior is as yet untested. Three members of the
dihydropyrimidinase-like family; Crmp1, Dpys/3, and Dpys/5, which encode
dihydropyrimidinase-like proteins (also known as collapsin-response mediator proteins) that
mediate growth cone collapse and turning in response to semaphorins were detected only in
immature OSNs (Fig. 1F-H). Another member of this family, Dpys/2, was detected strongly
in immature OSNs and weakly in mature OSNs (Fig. 11). We also tested the expression of
four stathmin genes whose encoded proteins interact with the microtubule network to
regulate axon extension and turning (Sobel, 1991; Ozon et al., 1997; Grenningloh et al.,
2003). Stmnl1and Stmn2were expressed exclusively in immature OSNSs, as previously
shown (Camoletto et al., 2001; Pellier-Monnin et al., 2001), consistent with their roles in
promoting axonal growth for other types of neurons (Morii et al., 2006; Fig. 1J,K). Stmn3
and Stmn4 were expressed in both immature and mature OSNs (Fig. 1L,M). STMN3 and
STMNA4 act to reduce axon branching, a property consistent with expression that spans the
differentiation boundary into mature OSNs, which have relatively few branches (Baldassa et
al., 2007; Cao et al., 2007; Poulain and Sobel, 2007). Taken together, these findings indicate
reduced local signaling by guidance cue receptors in mature OSNSs, suggesting a
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maturational shift in the type of signaling mediated by guidance cue receptors in OSN
axons.

Immature OSNs Express a Unique Set of Guidance Receptors and Cell Adhesion

Molecules

Several guidance cue receptors and a cell adhesion molecule were detected only in immature
OSNSs. The semaphorin receptors Pixnbl and Plxnb2 and the plexin domain containing
receptor Plxdc2were detected in immature OSNs (Fig. 2A—C). Another semaphorin
receptor, Nrp1, gave a mosaic pattern among immature OSNs (Fig. 2D). This mosaicism is
likely determined by odorant receptor signaling (Imai et al., 2006; 2008). We also detected
three cell adhesion molecules, Chl1, Nfasc1, and Dscami1, only in immature OSNs (Fig.
2E-G). Overall, these findings indicate that immature OSNs detect guidance cue signals
different from those detected by mature OSNSs.

Axon Initiation Genes Mark the Transition From Basal Cell to Immature OSN

Two mRNASs shared a novel expression pattern. Dbnl and Cxcr4 mRNAS were detected
toward the basal side of the epithelium in a thin band of cells that did not match the locations
of basal cells or immature OSNs (Fig. 3). Basal cells are proliferative progenitors that give
rise to the OSNs, and, as shown in Figure 1A, they occupy mostly the first two cell
diameters apical to the basal lamina of the olfactory epithelium. Lying apical to the basal
cells are immature OSNs (Figs. 1A, 3A,C) produced by the basal cells. The distinctive
patterns of Dbnland Cxcr4 expression suggested that these cells might mark the transition
from basal cell to immature OSNs. Several pieces of evidence were consistent with this
hypothesis. First, transitional cells should be located adjacent to basal cells. Cells expressing
Dbn1and Cxcr4 transcripts were located at two to three cell diameters above the basal
lamina at positions where markers of either basal cells or immature OSNs can also be
detected (Figs. 1A, 3A-D). Second, as a transitional cell type, nascent OSNs should be less
numerous than immature OSNs. Alternate sections detected thinner regions of labeling for
Dbn1and Cxcr4than for Gap43, the canonical marker of immature OSNs (Fig. 3A-D).
Third, these transitional cells should be at least as common as the cells that give rise to
OSNs, the NeurogI-positive basal cell. Cells expressing Cxcr4 and Dbnl transcripts formed
a more continuous layer than NeurogI-positive basal cells, which occur in clusters in age
P21 mice from our colony, suggesting that Cxcr4- and Dbn-positive cells are more
numerous (Fig. 3E-G). Indeed, cells expressing Cxcr4 were more abundant than Neurogl-
positive cells (9.0 £ 0.8 per 0.1 mm, n = 3 mice vs. 2.8 £ 0.5 per 0.1 mm, n = 3 mice),
indicating that cells expressing Cxcr4 could not consist solely of the immediate neuronal
precursor type of globose basal cell. Fourth, transitional cells should rapidly differentiate
into the well-known population of immature OSNSs, so they are likely to overlap somewhat
with markers of immature OSNs. Cells immunoreactive for both CXCR4 and GAP43 were
rare (0.8 + 0.5 per 0.1 mm, n = 3 mice) but identifiable, indicating that these two populations
partially overlap (Fig. 4A-E). Fifth, if the transitional cells become neurons, they might have
neurites, an apical dendritic process, and a basal axon. Many CXCR4-immunoreactive cells
had apical and basal processes (Fig. 4A-I). Nerve fascicles containing CXCR4-
immunoreactive neurites could be seen exiting the base of the olfactory epithelium and
joining olfactory nerve bundles along with NCAML1 positive axons, evidence that these

J Neurosci Res. Author manuscript; available in PMC 2016 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mclntyre et al.

Page 7

processes were axons (Fig. 4F-I). In addition, these CXCR4-immunoreactive fibers were
detected in only a fraction of the area of olfactory nerve bundles identified by NCAM1
immunoreactivity (Fig. 4H). This is consistent with the relative abundance of mature OSNs
and immature OSNs compared with CXCR4-immunoreactive cells in the olfactory
epithelium. We did not detect CXCR4 immunoreactivity in the olfactory nerve layer of the
olfactory bulb. Sixth, if CXCR4-immunoreactive cells are indeed transitional, some of them
should also show overlap with immunoreactivity for markers specific to basal cells. To test
this hypothesis, we used young mice (age P4) because the frequency of proliferating basal
cells is high in neonates. We observed numerous instances of CXCR4 immunoreactivity in
cells that were also immunoreactive for phosphorylated histone-3, a marker of active mitosis
(Fig. 4J). We also observed overlap with MKI67 immunoreactivity, another marker of basal
cell proliferation (Fig. 4K). These findings are consistent with the hypothesis that Cxcr4 and
Dbn1 are expressed by cells in transition from globose basal cells to immature OSNSs.

Expression of Cxcr4 by cells in the olfactory epithelium led us to search for cells expressing
the CXCR4 agonist CXCL12. Cxc/12was expressed nearby in a developmentally regulated
pattern. At age P21 (Fig. 5C,D), Cxc/12 mRNA was detected deep in the bone and cartilage
below the lamina propria, but, at PO, Cxc/12was detected in cells of the lamina propria
directly below the basal lamina of the olfactory epithelium (Fig. 5A,B), the direction taken
by OSN axons.

Cell Adhesion Molecules and Receptors for Inhibitory Signals Predominate in Mature

Neurons

Mature OSNs expressed several guidance cue receptors that were not detected in immature
OSNSs. PIxna3, a receptor for the secreted semaphorin 3, was expressed only by mature
OSNs (Fig. 5A). Of the ephrins and eph receptors we tested, £/na3, Ephas, and Epharz, were
detected primarily in mature OSNs (Fig. 6B-D). Finally, Unc5b, which mediates inhibitory
effects of netrin, was expressed by mature OSNs (Fig. 6E).

Seven receptor mMRNAs were detected at approximately equal levels in immature and mature
OSNs. The semaphorin receptors Plxnal and Plxna4 were expressed in both cell types, with
PIxnal exhibiting a punctate staining pattern and P/xna4 showing more uniform expression
(Fig. 7A,B). The semaphorin receptor Nrp2was detected in both immature and mature
OSNs (Fig. 7C) and, as shown previously, was limited to the ventral region of the olfactory
epithelium (Norlin et al., 2001). Efna5 was also expressed in both immature and mature
OSNs (Fig. 7D). The cell adhesion molecules Ncam1, NcamZ2, Dscam, and Nrxnl were
detected in both cell types (Fig. 7E-H), and, though clearly detectable in mature OSNs,
Ncam1 and Nrxnl gave slightly stronger labeling in the immature OSN layer. As shown
previously, NcamZ2 expression was restricted to the ventral olfactory epithelium (Yoshihara
etal., 1997).

Immature OSN mRNAs Increase After Bulbectomy

The interpretations of the expression patterns that we observed depend on correct
identification of mature and immature OSNs. To confirm our cell type identification, we
used olfactory bulbectomy, which results in the death of mature OSNs and an increase in the
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production of immature OSNSs in a relatively synchronous wave that appears to peak at about
7 days after bulbectomy (Schwob, 2002; Shetty et al., 2005). Transcripts judged by
anatomical position as enriched in immature OSNs should be more abundant in the olfactory
epithelium following bulbectomy, and, conversely, mature OSN-enriched transcripts should
decrease. We performed unilateral bulbectomy on 6-week-old C57BI/6 mice and measured
changes in mMRNA abundance by quantitative RT-PCR for 10 mRNAs. As expected,

Omp abundance was fivefold less in olfactory epithelium ipsilateral to the ablated olfactory
bulb compared with contralateral olfactory epithelium (t = -7.73, n = 6 mice, £< 0.0005).
Cbr2was used as a negative control because it is specific to sustentacular cells, which are
unaffected by bulbectomy (Monti Graziadei and Graziadei 1979; Costanzo, 1985; Yu et al.,
2005). As expected, CbrZ mRNA abundance was unaltered (t = 1.57, n = 6 mice, #>0.1). In
contrast, Ablim1, Marcksl1, PIxnbl, and Dpys/3 gave statistically significant increases
(Table I1).

Among the 15 mRNAs that had in situ hybridization patterns indicative of expression
primarily in immature OSNs (Figs. 1, 2), none decrease after bulbectomy but eight are now
known to increase in abundance 5-7 days after bulbectomy (Tables I, 11). Among the six
mMRNAs that had in situ hybridization patterns indicative of expression primarily in mature
OSNs (Figs. 1A, 6), none increase after bulbectomy, but four are known to decrease (Table
1). Physical mapping by in situ hybridization correctly distinguishes mMRNAs expressed
primarily by immature and mature OSNs. As long as expression is consistent within these
layers and not restricted to a small minority of cells (as might happen with infiltrating
macrophages, for example), this approach is valid.

DISCUSSION

Using OSNs as a source of tissue where mature and immature neurons always coexist, we
found maturational differences in gene expression. Cells expressing Dbnl and Cxcr4, two
axon initiation genes, had a unique expression pattern. Immunoreactivity for CXCR4
revealed labeling of a population of transitional cells that overlapped basally with markers of
proliferating basal cells and apically with a marker of immature OSNs. Many of these
transitional cells displayed the beginnings of a neuronal morphology, arguing that these cells
are nascent OSNs. Immature OSNs express a larger variety of mRNAs for intracellular axon
guidance signaling proteins than do mature OSNs. While mature OSNs express few
intracellular axon guidance signaling genes, they do express guidance cue receptors and cell
adhesion molecules in numbers similar to those of immature OSNs, and many of these are
shared between the two developmental stages. The expression patterns that we observed
indicate that OSN axon growth to the olfactory bulb occurs in several phases and indicate
certain proteins in each phase.

Maturation Is Marked by Changes in the Axon Guidance Signaling Network

As expected, the majority of mMRNAs encoding axon guidance-related intracellular signaling
proteins were detected only in immature OSNs. Among 14 tested, we detected only three
such mRNASs, Dpysl2, Stmn3, and Stmn4, in both immature and mature OSNSs, and even
these were more abundant in immature OSNs. Reduced expression of these genes coincides
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with the loss of the growth cone and the need to regulate its cytoskeletal dynamics. We
detected in immature OSNs the expression of nine mMRNAs for proteins that are known to
regulate actin and microtubule dynamics in response to guidance cue receptor activation.
Immature OSNs likely have broad signaling networks to allow integration of multiple
attractive and repulsive cues. In contrast, mature OSNs express many fewer mRNAs
encoding intracellular signaling proteins.

The receptors detected specifically in mature OSNs typically mediate repulsive or inhibitory
effects. Guidance cue receptors in mature OSNs could help to maintain the position of the
axon and its terminals, but expression of most of the downstream signaling molecules that
link these receptors to the cytoskeletal dynamics of the axon was either absent or decreased.
We therefore suspect that guidance cue receptors perform as yet undiscovered functions in
mature OSNSs that differ from their axon guidance role in immature OSNs. Recent evidence
from other types of neurons indicates that some guidance cue receptors can generate signals
that regulate transcription (Bong et al., 2007; Rhee et al., 2007), suggesting that the retention
of guidance cue receptors in mature OSNSs corresponds with a change from local control in
the growth cone to sending homeostatic signals back to the cell body and nucleus.

Phenotypically Distinct Stages of OSN Axon Growth

OSNss are the only type of neuron in which the cell body exists in the periphery and extends
an axon to a synaptic target in the brain. Our data support the interpretation that OSN axon
growth consists of several phenotypically distinct stages. First, newly born immature OSNs
must initiate an axon and extend it through the basal lamina into the lamina propria. We
found that a population of basally located cells specifically expresses two genes, Dbnl and
Cxcr4, known to be involved in axon initiation and extension (Shirao et al., 1992; Ishikawa
et al., 1994; Toda et al., 1999; Chalasani et al., 2003, 2007; Lieberam et al., 2005; Miyasaka
et al., 2007; Geraldo et al., 2008). The expression of Cxcr4 overlapped partially with
expression of the immature OSN marker Gap43and partially with markers of basal cell
proliferation, indicating that expression of Cxcr4 identifies cells in transition from a basal
cell to an OSN phenotype. Together, the number of immediate neuronal precursor subtype of
globose basal cells expressing Neurog! and the degree of overlap in expression of Gap43
and Cxcr4 could account for about half of the cells expressing Cxcr4. Therefore, some cells
that express Cxcr4 are probably a unique transitional phenotype not identified by the
canonical markers for immature OSNSs or the immediate neuronal precursor type of globose
basal cell. These transitional cells appear quickly to acquire a neuronal phenotype, because
many CXCR4-immunoreactive cells showed evidence of neurites, including labeling in
fascicles of axons in the lamina propria. We refer to these cells as nascent OSNs.

We hypothesize that DBN1 and CXCR4 contribute to the initiation of the axon and promote
its extension through the basal lamina and out of the olfactory epithelium. CXCR4 is a G-
protein-coupled receptor that inhibits adenylyl cyclase in some cell types but appears
primarily to stimulate cAMP and its downstream signaling pathways in neurons (Chalasani
et al., 2003). In differentiating neurons, the neurite that produces more CAMP is the neurite
that forms the axon (Shelly et al., 2010). The presence of CXCR4 in nascent OSNs and the
location of its agonist, CXCL12, in the underlying lamina propria in newborn mice may
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therefore provide a signal ensuring that the basal neurite of the new OSN forms the axon.
The positive effect of CXCR4/CXCL12 signaling on axonal extension (Toba et al., 2008) is
therefore oriented to promote the extension of nascent OSN axons out of the olfactory
epithelium. In the new OSN axon, activated CXCR4 may also contribute to robust axonal
extension via the ability of cAMP to spur axonal growth and suppress or reverse the effects
of inhibitory guidance cues (Song et al., 1997; Cai et al., 1999). Indeed, the growth of OSN
axons out of explants of embryonic olfactory epithelium is reduced in the absence of
CXCR4 or in the presence of a CXCR4 antagonist (Toba et al., 2008).

Once they have left the olfactory epithelium proper, OSN axons turn toward the olfactory
bulb. The cue, or cues, responsible for this turn of the pioneering axons is unknown,
although the migratory mass that accompanies these axons may help provide it (Doucette,
1989, 1990). Netrin and CXCL12 may attract axons toward the bulb, insofar as they both are
expressed in the mesenchyme surrounding the olfactory epithelium and are enriched near the
cribriform plate. Immature OSNs should respond to netrin as they express not only DCC but
also DSCAM, which can act as a netrin receptor (Ly et al., 2008). The lamina propria
provides a favorable axon growth environment, in that it contains laminin, fibronectin, and
collagen-1V (Gong and Shipley, 1996; Whitesides and LaMantia, 1996) as well as
boundaries created by the expression of chondroitin sulfate proteoglycans (CSPG), thereby
establishing what should be permissive paths for axons to pass through the cribriform plate
to the olfactory bulb (Shay et al., 2008).

Immature OSN axons must navigate across the surface of the olfactory bulb in the outer
olfactory nerve layer until they reach the appropriate domain, where they then defasciculate,
enter the inner olfactory nerve layer, refasciculate, and coalesce into glomeruli (Au et al.,
2002). Guidance cue receptors expressed in immature OSNs are probably important for
targeting the correct domains. The olfactory bulb expresses multiple cues that appear to
establish subdomains, such as Sema3a, Sema3f, Slit-1, and Netrin-4 (Cloutier et al., 2002;
Cho et al., 2007; Williams et al., 2007). We detected strong expression of receptors for these
molecules in immature OSNs. Immature OSNs detect SEMA3A via NRP1 and several
plexin receptors, signaling events that may help to keep immature axons in the outer
olfactory nerve layer. An example of guidance cue signaling changes that accompany the
transition from immaturity to maturity is netrin signaling. The netrin receptors Dcc and
Dscamthat mediate axon attraction were detected in immature OSNSs, along with Ab/im1, an
important downstream signaling molecule linked to Dcc (Astic et al., 2002; Gitai et al.,
2003; Ly et al., 2008; Andrews et al., 2008). Mature OSNs, however, express Unc5b, a
receptor mediating repulsive effects of netrin. Via this receptor transition, the same ligand
can attract immature OSN axons and inhibit growth of mature OSN axons.

In the inner olfactory nerve layer and glomerular layer of the bulb, OSN axons expressing
the same odorant receptor begin to fasciculate together as they course to their positions of
coalescence into glomeruli. One proposed mechanism aiding this process is contact-
mediated repulsion of Ephrins and Eph receptors (Cutforth et al., 2003; Serizawa et al.,
2006). Consistently with this hypothesis, we detect enrichment of Ephrin and Eph receptor
MRNAs in mature OSNSs.
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The signals that cause retention of OSN axons in glomeruli are as yet unknown, though
synapse formation and the maturation of the OSN presumably solidify the OSN axon at its
target (Kim and Greer 2000; Shetty et al., 2005). Semaphorins expressed in deeper layers of
the olfactory bulb and inhibitory extracellular matrix molecules, such as chondroitin sulfate
proteoglycans and tenascin C, surrounding the glomeruli (Shay et al., 2008) are likely
candidates for maintaining OSN axons at glomeruli. Mature OSN axons also have relatively
few branches, consistent with the ability of STMN3 and STMN4 to suppress axonal
arborization (Klenoff and Greer, 1998; Baldassa et al., 2007; Cao et al., 2007; Poulain and
Sobel, 2007). Our data suggest that, once they mature and form synapses, OSNs express
predominantly inhibitory guidance cue receptors. These receptors might help to inhibit
further axon growth, but mature OSNs express few of the necessary signaling protein
partners to connect them to local cytoskeletal dynamics. Instead, we speculate that these
receptors shift functions, perhaps regulating axon branching or transducing homeostatic
signals that have effects both locally and in the nucleus.
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Fig. 1.
Messenger RNAs encoding proteins that regulate growth cone dynamics were expressed

primarily in immature OSNs. A: Guide to the cell body layers of the olfactory epithelium.
Ccndl labels a subset of basal cells; Gap4.3labels immature OSNs; OMP labels mature
OSNs. Sus, unlabeled sustentacular cell body layer; mOSN, mature OSN cell body layer;
iOSN, immature OSN cell body layer; basal, basal cell layer. B-D: PppZcbh, Marcksl1, and
Ablim1 were detected in immature OSNs. E: Ab/imZ2was detected in immature and mature
OSNSs. F-H: Crmp1, Dpys/3, and Dpys/5were detected in immature OSNSs. |: Dpys/2was
detected in immature and mature OSNs. J,K: Stmni and StmnZ2were detected in immature
OSNs. L,M: Stmn3and Stmn4 were detected in immature and mature OSNs. N,O:
Examples of the absence of labeling when sense probes were used. Lines, location of basal
lamina. Scale bars = 20 um. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Fig. 2.
A-G: Guidance cue receptor and cell adhesion molecule mMRNAs expressed primarily by

immature OSNs. A-G: Images of in situ hybridization for Pixnb1, PIxnbZ2, Pixdc2, Nrpl,
Chl1, Nfasc, and Dscaml1. Lines, location of basal lamina. Scale bars = 20 um. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 3.

Bgsally located cells express axon initiation mRNAs. A-D: Dbn1 (B) and Cxcr4 (D)
MRNAs were expressed in a thin layer of cells that may partially overlaps with the basal end
of the immature OSN layer marked by adjacent sections hybridized for Gap43 mRNA (A,C).
E-G: Cells expressing Dbn1 (E) and Cxcr4 (G) formed a nearly continuous layer
throughout the olfactory epithelium, compared with the clusters of cells positive for Neurogl
(F), the canonical marker of immediate neuronal precursors. Lines, location of basal lamina.
Scale bars = 20 um in A-D; 100 um in E-G. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

1duosnuepy Joyiny

1duosnue Joyiny

J Neurosci Res. Author manuscript; available in PMC 2016 September 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mclntyre et al.

Page 20

Fig. 4.
CXCR4 immunoreactivity identifies cells located two to four cell diameters apical to the

basal lamina. A—E: CXCR4-immunoreactive processes extended toward the apical surface
of the olfactory epithelium (arrows), and some cells are immunoreactive for both CXCR4
and GAP43. C-E: A region where cells immunoreactive for both CXCR4 and GAP43
(asterisks) were abundant. The arrow indicates an apical process labeled by CXCR4
immunoreactivity. F,G: Basal processes immunoreactive for CXCR4 (arrowhead in F)
crossed the basal lamina and entered olfactory nerve bundles, where they were associated
with NCAM1-positive axons. H: Broader view of the integration of CXCR4-
immunoreactive fibers (some identified by arrows) into the bundles of NCAM1-
immunoreactive fascicles of the olfactory nerve. I: Example of CXCR4-immunoreactive
fibers exiting the base of the olfactory epithelium. J,K: In P4 mice, in which the frequency
of proliferating basal cells is higher than in older mice, some proliferating basal cells marked
by phosphorylated histone H3 (pH-3) or by MKki67 were also marked by CXCR4
immunoreactivity (arrowheads), but others were not (arrows). Lines, location of basal
lamina. Scale bars = 20 um. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Fig. 5.

Cxcl12was expressed beneath the olfactory epithelium in an age-dependent pattern. A:
Cxcl12was expressed in the lamina propria at age PO. B: At age P21, Cxc/12was instead
detected in cells within the bone underlying the lamina propria. Images from the nasal
septum are shown. Lines, location of basal lamina. Scale bars = 20 pm. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 6.
Guidance cue receptor mRNASs expressed primarily in mature OSNs. A-E: Efna3, Epha5,

Ephaz, Plxna3, and Unc5b displayed this pattern of expression. Lines, location of basal
lamina. Scale bars = 20 um. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Fig. 7.
Guidance cue receptor and cell adhesion molecule mMRNAS detected in both immature and

mature OSNs. A-H: Plxnal, Plxna4, Efnas5, Nrp2, Nrxnl, and Ncam1 displayed this pattern.
Lines, location of basal lamina. Scale bars = 20 pm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Gene hame Gene symbol Fold change t-Statistic P value
Plexin B1 Plxnb1 157 9.4943  (goos*
Olfactory maker protein OMP 0.19 -7.7311  g.0005*
MARCKS-like protein Marcksl1 2.49 5.5804 0.0025%*
Actin-binding LIM protein 1 Ablim1 2.52 4.7242 0.005%*
Dihydropyrimidinase-like 3 Dpysl3 2.94 4.3564 0.005%*
Chemokine (C-X-C motif) receptor 4 Cxcrd 2.95 3.8308 0.01
Growth-associated protein 43 Gap43 2.58 3.2391 0.025
Plexin B2 PIxnb2 1.43 2.7576 0.025
Drebrin 1 Dbni 1.77 2.6478 0.025
Carbonyl reductase 2 cor2 1.29 1.5793 0.1

fReaI-time quantitative RT-PCR results comparing olfactory epithelia ipsilateral and contralateral to unilateral olfactory bulbectomy at 7 days
postlesion. Correction for multiple testing adjusted the a level to <0.01.

*_. . . .
Significant difference between sham and bulbectomized mice, A< 0.05.
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