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Abstract
Olfactory sensory neuron (OSN) axonal extension and targeting occurs within the olfactory nerve
layer (ONL) of the olfactory bulb (OB). The ONL can be differentiated into sublaminae: the outer
(ONLo), where axons broadly target regions of the OB in tight fascicles, and inner (ONLi), where
axons perform final targeting in loosely organized fascicles. During perinatal development
cadherin-2 and its binding partner, gamma-catenin, are preferentially expressed by OSN axons in
the ONLo versus the ONLi. Given the expression of these cytoskeletal associated molecules, we
hypothesized that cytoskeletal elements of OSN axons may be differentially expressed across the
ONL. We therefore examined cytoskeletal organization of OSN axons in the ONL, focusing on
the day of birth (P0). We show that microfilaments, microtubules, and the intermediate filament
(IF) vimentin are homogeneously expressed across the ONL at P0. In contrast, the IFs peripherin
and alpha-internexin are preferentially localized to the ONLo at P0, with alpha-internexin
expressed by a restricted subset of OSNs. We also show that OSN axons in the ONLo are
significantly smaller than those in the ONLi. The data demonstrate that as OSN axons begin to
exit the ONLo and target a specific region of the OB there is a down-regulation of cytoskeletal
elements and bound extracellular adhesion molecules. The increase in axon diameter may reflect
additional mechanisms involved in glomerular targeting or the formation of the large terminal
boutons of OSN axons within glomeruli.
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INTRODUCTION
Olfactory sensory neuron (OSN) axons exit the olfactory epithelium (OE) and coalesce to
form the olfactory nerve (ON) before projecting to the olfactory bulb (OB), the rostralmost
extension of the telencephalon and first site of olfactory processing. Upon reaching the OB,
OSN axons form a plexus, the olfactory nerve layer (ONL). Within the ONL, axons
reorganize extensively before reaching their target glomerulus (Au et al., 2002; Treloar et
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al., 2002; Akins and Greer, 2005), a region of neuropil that serves as the fundamental
olfactory processing unit. Each glomerulus receives input from OSNs expressing the same
odorant receptor (OR) (Ressler et al., 1994; Vassar et al., 1994; Mombaerts et al., 1996;
Treloar et al., 2002), which maintains the molecular specifity of odor responses from the
level of the OSN to the glomeruli (Zhao et al., 1998; Malnic et al., 1999). Correct targeting
to a specific glomerulus by each OSN axon is thus fundamental to the olfactory system’s
ability to discriminate odorants.

OSN axon targeting appears to occur in at least two phases—gross targeting, which directs
the axons to a general region of the OB and occurs in the outermost ONL (ONLo), and fine
targeting, which includes the innervation/formation of a specific glomerulus and occurs
from within the inner ONL (ONLi) (Au et al., 2002; Treloar et al., 2002; Akins and Greer,
2005). Within the ONLo, axons are tightly bundled with little reorganization. When they
approach their target region of the OB they enter the ONLi, become more loosely
fasciculated and exhibit highly complex trajectories as they reorganize into subsets of axons
that are defined by odor receptor expression (Au et al., 2002; Treloar et al., 2002; Akins and
Greer, 2005). Differences in axonal bundling and trajectories may reflect interactions with
subpopulations of molecularly differentiated olfactory ensheathing cells (OECs), specialized
glia found in the ONL (Au et al., 2002; Hisaoka et al., 2004). In addition, during perinatal
development the expression of the cellular adhesion molecule neuronal-cadherin (CDH2, N-
cadherin) and one of its intracellular binding partners, γ-catenin, differs across the ONL
(Akins and Greer, 2005). We have speculated that these changes in cadherin expression may
underlie the different roles of axon extension versus glomerular targeting that we ascribe to
the ONLo and the ONLi, respectively.

Axons respond to cues in the extracellular milieu through alterations in their cytoskeleton. In
particular, actin and microtubules are major components of axons and axonal growth cones
and are required for directed axonal growth (Marsh and Letourneau, 1984; Chien et al.,
1993; Williamson et al., 1996; Challacombe et al., 1997). Intermediate filaments (IFs) are
also localized to at least some growth cones, and the IFs α-internexin and peripherin are
required in vitro for neurite outgrowth (Shea and Beermann, 1999; Helfand et al., 2003) and
in vivo for axon sprouting following injury (Belecky-Adams et al., 2003). Given the roles of
the cytoskeleton in axon behavior and the differential expression of the cytoskeleton
associated proteins CDH2 and γ-catenin between the ONLo and ONLi (Akins and Greer,
2005), it is plausible that differences in axonal bundling and trajectories between the ONLo
and ONLi may reflect differences in cytoskeletal organization.

To pursue this hypothesis we examined the expression of cytoskeletal components in OSN
axons in the ONLo and ONLi sublaminae. The expression of microtubules, and the IFs
vimentin, peripherin, and α-internexin have been established in OSN axons, but sublaminar
organization within the ONL has not been examined (Schwob et al., 1986; Gorham et al.,
1991; Chien et al., 1998; Burton and Paige, 1981). Our data demonstrate a differential
localization of cytoskeletal elements in OSN axons in the ONLo versus the ONLi.
Consistent with a change in cytoskeletal organization, we also report significant differences
in the diameter of OSN axons in the two sublaminae of the ONL. These differences declined
as the system matured and glomerulogenesis was completed suggesting that the expression
of the cadherin complex and axonal intermediate filaments may be especially important
during initial formation of the glomerular map, but less so in the mature system..
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METHODS
Animals

Pregnant, time-mated CD-1 mice (Charles River, Wilmington, MA) were anesthetized with
sodium pentobarbital (80 mg/kg, i.p.; Nembutal; Abbott laboratories, Chicago, IL) prior to
cesarean section. The embryos were immersion-fixed in 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS; 0.1 M phosphate buffer and 0.9% NaCl, pH 7.4) at 4°C
overnight. Embryos were collected at embryonic day (E) E15, where the day of conception
is designated E0. Postnatal (P) mice at P0 (day of birth) and P7 were rapidly decapitated and
immersion fixed in 4% PFA in PBS at 4°C overnight. For adult tissue, adult CD1 mice were
anesthetized with 80 mg/kg Nembutal and perfused with 4% paraformaldehyde in 0.1 M
phosphate buffered + 0.9% saline (PBS; pH 7.4). The brains were removed, and the OBs
were dissected out and immersed in the fixative overnight at 4°C. All tissue was rinsed for a
minimum of 2 hrs in PBS after fixation before processing for microscopy. The procedures
for preparing tissue for electron microscopy are described below. All procedures undertaken
in this study were approved by Yale’s Animal Care and Use Committee and conform to NIH
guidelines.

Sectioning
Tissue was cryoprotected by immersion in 30% sucrose in PBS at 4°C until tissue sank.
Tissue was embedded in OCT compound (Sakura Finetek, Torrance, CA) and frozen in a
slurry of 100% ethanol and dry ice. The tissue was then serially sectioned in the coronal or
sagittal plane (20 μm thick) using a Reichert-Jung 2800 Frigocut E cryostat. Sections were
thaw mounted onto SuperFrost Plus microscope slides (Fisher Scientific, Pittsburgh, PA), air
dried, and stored at -20°C until needed.

Immunohistochemistry
The 20 μm cryostat sections were incubated with Alexa-conjugated phalloidin (Molecular
Probes, Eugene, OR; 1:200) and/or immunostained with antibodies (Table 1) (n ≥ 3 for each
condition). Briefly, tissue was thawed, air dried, and exposed for 10 min to vapor from 0.01
M sodium citrate in a commercial steamer (excepting sections labeled with phalloidin). The
tissue was then incubated with 2% bovine serum albumin (BSA) (Sigma) in TBST [0.1 M
Tris buffer and 0.9% saline, pH 7.4 (TBS), with 0.3% Triton X-100 (Sigma)] for 30 min to
block nonspecific binding sites. Incubation in primary antibodies in blocking solution was
overnight at room temperature. Sections were washed three times in TBST for 5 min and
incubated in secondary antibodies or avidin (in the case of DBA) conjugated to Alexa Fluors
(Molecular Probes) diluted 1:1000 in blocking buffer for 1 hr at room temperature. Sections
were washed (as above), rinsed in TBS, mounted in Gel/Mount mounting medium (Biomeda
Corp, Foster City, CA), and coverslipped. Omission of the primary antibody was used to
establish the specificity of staining. Antibodies employed as tissue markers exhibited
staining patterns consistent with previous reports. Stained sections were analyzed using a
Bio-Rad MRC-600 laser scanning confocal microscope. Digital images were collected from
a single optical plane, ~1 μm thick.

Electron Microscopy
The general protocols we employ for preparing tissue for electron microscopy have been
previously described (Kasowski et al., 1999; Au et al., 2002). Briefly, adult CD1 mice (n =
2; Charles River, Wilmington, MA) were anesthetized with 80 mg/kg of sodium
pentobarbital (Nembutal) and perfused with PBS [0.1M phosphate buffer (PB), 0.9% NaCl,
pH 7.4] followed by 4% paraformaldehyde and 2% glutaraldehyde in PBS. The brains were
left in situ at 4°C for 1 hr after which the OBs were removed and post-fixed overnight at
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4°C. CD1 mice at P0 (n = 2) were decapitated and the brains immersion fixed in 2%
glutaraldehyde with 0.2% tannic acid in 0.1M PB. The OBs were cut coronally at 100μm in
a vibratome (Pelco series 1000) and then washed 3X for 10 min each in PBS prior to
osmication with 2% osmium tetrachloride for 1 hr. Following a series of graded alcohol
washes the sections from the adult mice were stained en bloc with 1% uranyl acetate in 70%
EtOH for 1 hr, while those from the P0 mice were stained en bloc with 1% uranyl acetate in
water. Following an overnight immersion in a 1:1 mix of propylene oxide and Epon 812
(Epon), the sections were infiltrated with fresh Epon for 2 hrs, flat embedded in fresh Epon
onto quick-release-coated slides (Hobby Time Mold Parting Compound; Electron
Microscopy Sciences, Ft. Washington, PA), coverslipped with quick-release-coated
coverslips, and polymerized in a 60°C oven. Slides were examined with a light microscope,
and areas of the Epon film containing OB tissue with intact ONL on the medial wall of the
OB were cut out and remounted on Epon blocks and polymerized for 48 hours prior to thin
sectioning. Silver sections (70-100nm) were cut with a Reichert-Jung Ultramicrotome,
mounted on slotted grids (2mm X 1mm) which were then post-stained with 1% lead citrate
for 1.5 min, and examined using a JEOL 1200 EXII 120kV transmission electron
microscope (Peabody, MA).

Electron micrographs were captured at a primary magnification of 3,000X and 6,000X, with
final working magnifications of 7,500X and 15,000X after printing. The individual electron
photomicrographs were combined to make a montage that spanned the entire thickness of
the ONL and proximal portions of the GL in cross section.

Measuring Axon Diameters
OSN axons are readily identified ultrastructurally in the ONL (Au et al., 2002). OSN axon
profiles randomly selected from electron micrographs from the ONLo and ONLi were
measured for cross-sectional diameter (56 in each sublamina and age; total of 224). Axons
cut obliquely were not included. Longitudinal axons were measured for their shortest
diameter at a randomly selected point along the axon. Because axons increase their diameter
around mitochondria and form a varicosity, axon profiles containing mitochondria were not
included in the analysis. A 2-way ANOVA (ONL lamina X age) was used to test for
differences in axon diameter.

Riboprobes
Riboprobe labeled with digoxigenin-11-UTP (Roche Diagnostics, Indianapolis, IN) against
α-internexin was made against the full length mouse sequence (Clone 4502421 from
Invitrogen, Carlsbad, CA) using a MEGAscript kit (Ambion Inc, Austin, TX) as per the
directions in the kit.

In situ Hybridization
1st day—Solutions used on the first day were made in water treated with diethyl
pyrocarbonate (DEPC). Sections were thawed and dried at 37° for 15 min. Tissue was then
immersed in phosphate buffered saline (DEPC-PBS; 0.1 M Phosphate buffer, 0.9% saline,
pH 7.4) for 1 min, followed by a 10 minute immersion in 0.2 M HCl. Tissue was immersed
in 1% Triton X-100 in DEPC-PBS for 2 min, followed by two 1 min washes in DEPC-PBS.
Tissue was treated with 50% formamide/5X SSC (1X SSC = 15 mM Sodium Citrate, 150
mM Sodium Chloride, pH 7.0) for 10 min. Sections were incubated in the appropriate probe
at 1 ng/μL in hybridization solution [50% formamide, 10mM Tris (pH 8.0), 200 μg/mL
yeast tRNA, 10% dextran sulfate, 1X Denhardt’s Solution, 600 mM sodium chloride, 0.25%
SDS, 1 mM EDTA] overnight at 65° C.
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2nd day—Tissue was washed twice in 0.1X SSC at 65° for 30 min each time. Following
steps take place at room temperature. Sections were incubated in block [1% blocking
reagent (Roche Diagnostics) in TBST] for 30 min, followed by a one hour incubation in a
polyclonal antibody against digoxigenin conjugated to alkaline phosphatase (Roche
Diagnostics) in block. Sections were washed three times for five min each in TBS + 0.1%
Triton X-100, followed by a rinse in AP buffer [100 mM Tris (pH 9.5), 100 mM Sodium
Chloride, 5 mM Magnesium Chloride]. Tissue was incubated in NBT/BCIP (Roche
Diagnostics) diluted 1:50 in AP buffer for one hr. Tissue was rinsed in AP buffer and
incubated in NBT/BCIP in AP buffer overnight.

3rd day—Tissue was rinsed in distilled water to stop the development reaction, before
soaking in methanol for ten min. Tissue was mounted with Crystal/Mount mounting medium
(Biomeda Corp). Digital images were collected using an Olympus Magnafire camera
attached to an Olympus BX51 microscope.

Camera Lucida
Sections processed for in situ hybridization were examined on an Olympus BH-2
microscope equipped with a camera lucida. Images were drawn at 4X. These images were
digitized by tracing on an Intuos Graphics Tablet (Wacom, Vancouver, WA) using Corel
Draw 12.0 (Corel, Ottawa, Ontario, Canada).

Image Preparation
All digital images were color balanced using Adobe Photoshop 6.0 (Adobe Systems, San
Jose, CA). The composition of the images was not altered in any way. Plates were
constructed using Corel Draw 12.0 (Corel).

RESULTS
Cytoskeletal Organization in the ONL

To assess the organization of the cytoskeleton in the ONL, we stained P0 OBs with
phalloidin (to visualize the localization of f-actin) and antibodies to α-tubulin (to assess
microtubule location) and the IFs vimentin, α-internexin, and peripherin (Figures 1,2). The
ONL can be divided into an ONLo (growth zone) and ONLi (sorting zone), based in part on
OSN axon expression of CDH2 and γ-catenin (Akins and Greer, 2005). Expression levels of
each are higher in the ONLo than in the ONLi at P0. To differentiate between the ONLo and
ONLi at P0, we double-labeled sections with γ-catenin; the border between the ONLo and
ONLi defined by γ-catenin is indicated with a dotted line (Figures 1, 2).

To assess localization of the f-actin cytoskeleton at P0, phalloidin (green; Figure 1A,B)
staining was combined with immunofluorescence for γ-catenin (red; Figure 1B,C).
Phalloidin did not exhibit any differential expression across the ONLo and ONLi border
established by the γ-catenin staining. The most intense staining for phalloidin was present in
glomeruli, possibly reflecting the density of synapses in this neuropil (Toh et al., 1978;
Kasowski et al., 1999; Rossler et al., 2002).

To assess the distribution of the microtubule cytoskeleton, we double-labeled P0 sections for
α-tubulin (green; Figure 1D,E) and γ-catenin (red; Figure 1E,F). Staining was widespread
and did not show specificity for any of the OB laminae. In particular, expression intensity
was uniform across the ONL. Equivalent results were obtained for β-tubulin (data not
shown).
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To visualize vimentin localization, we double-labeled P0 sections for vimentin (green;
Figure 1E,F) and γ-catenin (red; Figure 1F). Staining was widespread and included
nonneuronal tissue, including blood vessels (arrow in Figure 1E,F). Expression was uniform
across the ONLo, ONLi, and glomerular layer.

To localize the IF α-internexin at P0, we double-labeled sections with α-internexin (green;
Figure 2A,B) and γ-catenin (red; Figure 2B,C). At P0, α-internexin was expressed by
subsets of OSN axons in the ONLo (Figure 2A,B) as well as dendrites of OB neurons
(arrow, Figure 2A,B) and some blood vessels. The selective expression of α-internexin in a
subset of fascicles of the ON as it entered the ONL was of particular interest. As shown in
Figure 2A-C the fascicle indicated by the arrowhead did not express α-internexin, although
it was positive for the OSN axon marker γ-catenin (Fig. 2B,C) (and NCAM; data not
shown). Expression at E15 and P7 was similar to that described for P0. In the adult there
was no evidence of α-internexin expression in OSN axons (data not shown).

To localize the IF peripherin we double-labeled sections with peripherin (green; Figure
2D,E,G,H) and γ-catenin (red; Figure 2E,F,H,I). At P0, peripherin was expressed by OSN
axons within the ONLo while it down-regulated or was absent from the ONLi. Unlike α-
internexin, peripherin was expressed uniformly around the OB and was present in all
fascicles examined. CDH2 and γ-catenin are expressed more strongly by OSN axons in the
ONLo at P0, but are uniformly expressed across the ONL surrounding the majority of the
OB at P7 (Akins and Greer, 2005). Peripherin expression was evident across the ONL at P7,
albeit more strongly in the ONLo than ONLi (Figure 2G,H). Furthermore, peripherin was
expressed heterogeneously within the ONLi, perhaps reflecting expression by only a subset
of OSN axons (Figure 2G,H; inset from 2H shown in 2I) (Gorham et al., 1991). Peripherin
relocalization appeared to lag behind that seen for CDH2 and γ-catenin; at P7 the peripherin
ONLo/ONLi border was still evident across much of the OB while γ-catenin staining was
uniform across the ONL. In the adult mouse peripherin expression was uniform across the
ONL with no evident border between the ONLo and ONLi (data not shown).

α-Internexin Expression by Spatially Restricted Sensory Neurons
Because α-internexin antibody staining was restricted to the axons of OSNs, in situ
hybridizations were used to assess the distribution of α-internexin+ cells in the OE. Sections
from both E15 and P0 mice demonstrated similar staining patterns. α-Internexin was
expressed by OSNs within the supralateral and ventromedial nasal cavity (Figure 3A,B).
Regions reactive for α-internexin are highlighted in black on the right half of Figure 3A.
Closer examination of the dorsolateral portion of the OE shows a sharp border of α-
internexin expression (arrows in Figure 3B). The α-internexin positive OSNs were typically
restricted to the basal portion of OE (Figure 3C).

In addition to expression in the main OE, α-internexin expression was also observed in two
other olfactory organs—the septal organ (SO) of Masera (Figure 3A,D) and the vomeronasal
organ (VNO) (Figure 3E). Expression in the SO was evident in the basal portion of the
epithelium (Figure 3D), as was seen for the main OE. α-Internexin was also expressed in a
subset of sensory neurons in the basal portion of the VNO epithelium (Figure 3E).

The in situ hybridization localization at E15 and P0, as well as the complementary protein
expression at E15, P0, and P7, led us to conclude that α-internexin was expressed by a
similar cohort of cells at all perinatal ages. We thus focused further study on P0, when the
structure of the OE is defined and α-internexin expression is still widespread. To determine
if α-internexin was expressed in patches or continuously along the OE, we performed in situ
hybridization for α-internexin on serial sections from a P0 mouse. Camera lucida drawings
of these sections are summarized in Figure 4 and suggest that clusters of OSNs in the OE
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express α-internexin, but that these do not necessarily occur in a contiguous pattern.
Beginning at the rostral portion of the OE, α-internexin expression was first observed
ventrally on the nasal septum. As lateral turbinates appeared, expression was also observed
dorsolaterally. Caudally, these medial and lateral regions merged into ventral expression. By
comparing the total length of OE in these sections with the length that contain OSNs
expressing α-internexin, we estimate that ~35% of the OE contained α-internexin positive
OSNs. In sections from 400 to 700 μms caudal to the rostral pole of the OE, the SO
expressed α-internexin along its entire rostrocaudal axis. Finally, α-internexin was
expressed throughout the rostrocaudal axis of the VNO.

OSN Axon Diameters
Because cytoskeletal organization can be an important determinant of cell shape, we next
examined whether the diameters of OSN axons exhibited any variation across the ONLo and
ONLi. Using electron micrographs of the ONL from P0 and adult animals (Figure 5), we
quantified axon diameters in 56 randomly selected axons from each of the ONL sublaminae
at each age. Axons within the ONLo (Figure 5A,C,E) at both ages were the smallest,
approximately 0.2 μm, consistent with earlier characterizations of the mouse olfactory nerve
(Cuschieri and Bannister, 1975). Within the ONLi, axon diameter increased, with a greater
difference seen at P0 (Figure 5B,D) than in the adult (Figure 5F). Longitudinal views of P0
axons in the ONLo (Figure 5C) and ONLi (Figure 5D) demonstrate that these diameters are
consistent for long portions of the axons and do not arise from an increase in axonal
varicosities within the ONLi. Axon diameters (± SEM) were as follows: P0 ONLo—0.2438
± 0.01 μm; P0 ONLi—0.4439 ± 0.02 μm; adult ONLo—0.2355 ± 0.01 μm; adult ONLi—
0.343 ± 0.02 μm. A two way ANOVA confirmed a statistically significant age effect
(p<0.01), laminae effect (p<0.01), as well as an interaction between age and laminae
(p<0.01).

DISCUSSION
The data reported here provide several lines of evidence consistent with the hypothesis that
IFs contribute to the organization of OSN axons during olfactory development. First, the IFs
peripherin and α-internexin localize within the mouse ONL in distinct spatio-temporal
patterns that correlate with the spatial organization of OSN axons, their expression of
cytoskeletal-linked cell surface adhesion molecules and with glomerulogenesis. Second,
spatio-temporal expression patterns of cytoskeletal elements is not ubiquitous; vimentin and
elements of the microtubule cytoskeletal network in OSN axons were homogeneously
expressed. Phalloidin staining was evident, in contrast to earlier reports (Rossler et al.,
2002), although no differences were found in ONL expression. Third, paralleling the
molecular changes in OSN axons is a significant increase in cross-sectional diameter of
OSN axons in the ONLi versus the ONLo.

Sublaminar Expression of Intermediate Filaments
IFs within OSNs are differentially distributed among subcellular compartments. In the adult,
vimentin is found throughout the cell, though largely excluded from glomerular processes
(Schwob et al., 1986; Gorham et al., 1991), while peripherin is excluded from dendrites,
somata, and glomerular terminals (Gorham et al., 1991). Our new findings show that
peripherin and α-internexin are excluded from the ONLi during a pivotal perinatal period.
At least two possibilities could explain this restricted expression within axons. First, IFs may
be expressed only by immature axons and downregulated as the growth cone enters a new
lamina. Alternatively, IF proteins may be maintained within axonal subcompartments with
local expression changing as axons pass through different extracellular environments.
Expression exclusively by immature OSNs, seems less likely since the ONL is a matrix of
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both immature and mature OSN axons throughout life (Graziadei and Graziadei, 1979;
Verhaagen et al., 1989). We favor the interpretation that peripherin and α-internexin are
restricted within an axonal subcompartment. Such a restriction has been seen for adhesion
molecules (Bastiani et al, 1987; Dodd et al, 1988), which may arise from local protein
synthesis (Brittis et al, 2002). Further, as noted above, IFs are restricted from OSN axons in
glomeruli (Schwob et al., 1986; Gorham et al., 1991).

Potential Roles of Intermediate Filaments
IFs can provide structural integrity to a cell (Lloyd et al., 1995; Wong et al., 2000; Fuchs
and Cleveland, 1998; Yamasaki et al., 1991; Ohara et al., 1993; Eyer and Peterson, 1994;
Zhu et al., 1997) due at least in part to the relative physical strength of IFs in comparison to
microfilaments and microtubules (Beil et al., 2003; Janmey et al., 1991; Ma et al., 2001;
Yamada et al., 2002). However, a role in maintaining cellular integrity is not consistent with
the developmental changes seen in subcellular localization of peripherin or with zonal
expression of α-internexin during a restricted developmental window. Another role for IFs
more consistent with the expression patterns seen in the developing olfactory system is
regulation of the subcellular localization of other proteins, and thereby affecting cellular
signaling (Runembert et al., 2002; Sin et al., 1998; Tzivion et al., 2000; Gilbert et al., 2001;
Inada et al., 2001; Ameen et al., 2001; Toivola et al., 2004). While peripherin and α-
internexin have not had such roles ascribed specifically to them, it seems likely that IFs in
general play a role in protein localization.

The differential expression of IFs within OSN axons effectively produces two distinct
subcellular compartments. These two compartments could underlie differing axonal
responses within the two sublaminae in the ONL. Within the ONLo, the receptors and
effectors that guide gross targeting could be held in close proximity, while the receptors and
effectors that guide sorting would be kept apart. Within the ONLi, in the absence of IFs, the
situation would be reversed, and receptor/effector combinations that are responsible for
axonal sorting would be allowed to interact. One possibility is that the OR proteins
themselves, which are known to have a role in axonal sorting into glomeruli (Feinstein et al.,
2004; Feinstein and Mombaerts, 2004), would be sequestered from their effectors within the
ONLo. This would be consistent with evidence that the ORs are important for fine targeting
and the proposal that ORs interact with other proteins during targeting (Mombaerts et al.,
1996; Wang et al., 1998; Feinstein et al., 2004; Feinstein and Mombaerts, 2004).

Axons within the ONLo and ONLi are structurally different. Axons in the ONLi have a
larger diameter than those in the ONLo, particularly in the P0 mice. Our data are consistent
with and extend evidence from Golgi stains in the rabbit and electron microscopy in frog
(Burton, 1987) that individual axons increase in diameter as they approach their target
glomeruli (Yilmazer-Hanke et al., 2000). The current report is the first, however, to
recognize that the change in diameter occurs in conjunction with a shift in axons from the
ONLo to the ONLi. Peripherin expression correlates with small axonal diameter elsewhere,
such as spinal cord dorsal roots (Goldstein et al., 1991). Our results are consistent with these
reports and suggest that peripherin may serve to limit axonal caliber in the ONLo as axons
exhibit rapid growth. When axons enter the ONLo to sort, peripherin is downregulated and
axonal caliber increases. This increase in diameter may provide for a greater surface area for
receptor insertion and increased interaction with and sampling of the environment by the
axon.

A Link between Intermediate Filaments and Cadherins?
We previously described the cadherin CDH2 and its associated protein, γ-catenin, as heavily
localized to the ONLo during perinatal development before becoming uniform across the
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ONL as development proceeds (Akins and Greer, 2005). In this paper, we demonstrate that
peripherin and α-internexin expression is limited to the ONLo during development. These
data suggest that IFs and cadherin-mediated adhesion may work in concert to affect OSN
axon targeting.

Are cadherins and IFs interacting or merely influencing the same process? Cadherins
normally interact with the actin cytoskeleton through α-catenin. However, we have
previously shown that CDH2 and γ-catenin, but not α-catenin, are localized in the same
pattern as peripherin. Interestingly CDH5 (VE-cadherin) associates with the IF vimentin
through γ-catenin and desmoplakin, a member of the plakin family of cytoskeletal linkers
(Valiron et al., 1996; Kowalczyk et al., 1998). Whether a member of the plakin family, or a
related molecule, that could serve as a bridge between γ-catenin and the IFs is expressed
within OSN axons remains to be determined.

Expression of α-Internexin by Immature Neurons
α-Internexin is expressed early in neuronal differentiation (Kaplan et al., 1990; Fliegner et
al., 1994) and is generally replaced by other neurofilaments in mature neurons. Within OSN
axons, however, no other neurofilaments are expressed (Chien et al., 1998). α-Internexin
may instead give way to a peripherin/vimentin IF cytoskeleton, as is seen in OSNs
originating from other portions of the OE. α-Internexin protein within OSNs is restricted
from the somatodendritic compartment into the axon. It thus seems unlikely that it is playing
a role strictly in epithelial development. Rather, α-internexin is more likely regulating axon
elongation or guidance. While axonal elongation is unperturbed in mice lacking α-
internexin (Levavasseur et al., 1999), studies using antisense oligonucleotides or blocking
antibodies demonstrate a role for α-internexin in cellular polarization, neurite outgrowth,
and stabilization of the microtubule cytoskeleton (Shea and Beermann, 1999). α-Internexin
may thus be conferring a specific response within immature OSNs originating from a
spatially restricted portion of the OE. It seems plausible that this may include events such as
axon guidance and/or extension cues, by changing the organization of the IF cytoskeleton
and thereby altering cellular responses, perhaps by regulating cadherin based adhesion.

In the VNO the apical and basal sensory neurons are differentiated based on expression of
different families of vomeronasal receptors, adhesion molecules, and signal transduction
elements. In parallel with these molecular differences, apical VNO sensory neurons project
to the rostral AOB while basal VNO neurons project to the caudal AOB (Dulac and Axel,
1995; Halpern et al., 1995; Berghard and Buck, 1996; Herrada and Dulac, 1997; Matsunami
and Buck, 1997; Ryba and Tirindelli, 1997; von Campenhausen et al., 1997). The selective
expression of α-internexin in the basal VNO could reflect expression by the subset of
neurons that project selectively to the caudal AOB. Alternatively, since immature neurons
first appear deep in the epithelium and then migrate to their final positions as they
differentiate and mature (Cappello et al, 1999; Giacobini et al, 2000; Martinez-Marcos et al,
2005), the selective expression of α-internexin in the deep or basal VNO epithelium could
suggest a selective expression by immature neurons that have not yet differentiated into
basal versus apical subpopulations. The restriction of α-internexin to the outer vomeronasal
nerve layer (our unpublished observations) precluded distinguishing between these
possibilities. However, we did not note a segregation of α-internexin expressing axons in the
vomeronasal nerve (our unpublished observations), which would seem to favor the former
interpretation.

Zonal Expression of α-Internexin
The expression of α-internexin in a spatio-temporally restricted fashion suggests that it is
involved in establishment of the olfactory map, but not its maintenance. Indeed, α-
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internexin expression correlates with zone 4 of the OE (Mori et al., 1999), indicating a
potential role in map establishment. α-Internexin might, as discussed above, serve to
localize a receptor or effector in a different manner than that seen in OSNs in the remainder
of the OE. This differential interaction could underlie the targeting of zone 4 axons to the
ventral OB during the period of glomerulogenesis. At the conclusion of initial glomerular
formation, when α-internexin expression is lost, different cues, such as homophilic adhesion
of axons expressing the same OR, would be responsible for axon targeting. This is
consistent with the hypothesis that axonal targeting in the developing olfactory system is
fundamentally different from that seen in the adult, as seen by the failure of the olfactory
system to properly regenerate after lesion (Schwob et al., 1999; St.John and Key, 2003).

OSNs residing in three different regions express α-internexin—zone 4 of the main OE, the
SO, and the VNO. The SO axons target the main OB (Ma et al., 2003; Tian and Ma, 2004)
while the sensory neurons of the VNO target the AOB. Zone 4 and the SO project axons to
similar locations (Astic and Saucier, 1988; Astic et al., 1987; Astic and Saucier, 1986;
Giannetti et al., 1992; Saucier and Astic, 1986) and appear developmentally related (Astic
and Saucier, 1988; Giannetti et al., 1995). Furthermore, they express a similar cohort of ORs
(Tian and Ma, 2004). Thus, the SO appears to be a highly specialized derivative of zone 4;
their coexpression of α-internexin is consistent with this view. The proximity of their
projection sites is also consistent with the proposal that α-internexin plays a spatio-
temporally defined role in targeting axons to the OB.
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Figure 1.
Localization of microfilaments, microtubules, and vimentin in the P0 ONL. γ-Catenin
expression was enriched in the ONLo, allowing identification of the border between ONLo
and ONLi (indicated by dotted line). (A-C) F-actin localization. Coronal sections were
stained for phalloidin (green; A,B) and immunostained for γ-catenin (red; B,C). F-actin was
seen uniformly across the ONL and most strongly in glomeruli. (D-F) Microtubule
localization. Coronal sections were immunostained for α-tubulin (green; D,E) and γ-catenin
(red; E,F). α-Tubulin was present ubiquitously within the OB. No difference in expression
was seen between the ONLo and ONLi. (G-I) Vimentin localization. Coronal sections were
immunostained for vimentin (green; G,H) and γ-catenin (red; H,I). Vimentin was expressed
by OSN axons as well as non-neuronal tissue (e.g., blood vessel indicated by arrow in G,H).
Within OSN axons, expression was uniform across the ONL. Scale bar = 100 μm.
Abbreviations: ONLo, outer olfactory nerve layer; ONLi, inner olfactory nerve layer; Ctn,
catenin; OSN, olfactory sensory neuron.
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Figure 2.
Localization of α-internexin and peripherin. γ-Catenin expression was used to identify the
border between ONLo and ONLi as in Figure 1 for panels A-F. Peripherin expression
allowed this distinction in G-I. (A-C) α-Internexin localization. Sagittal P0 sections were
immunostained for α-internexin (green; A,B) and γ-catenin (red; B,C). α-Internexin was
expressed by OSN axons within the ventral ONLo and dendrites within glomeruli in all
regions of the OB (arrow in A,B). Expression was seen in only a subset of fascicles within
the ONL (e.g., the fascicle indicated by an arrowhead in A,B is negative for α-internexin).
(D-I) Peripherin localization. P0 (D-F) and P7 (G-I) coronal sections were immunostained
for peripherin (green; D,E,G,H) and γ-catenin (red; E,F,H,I). At P0 (D-F), peripherin was
found within OSN axons within the ONLo. Expression was observed in all fascicles. By P7
(G-I), peripherin expression had spread to the ONLi, although staining was more intense
within the ONLo. Within the ONLi, staining was heterogeneous (box in H magnified as
inset in I). Scale bar = 100 μm. Abbreviations: ONLo, outer olfactory nerve layer; ONLi,
inner olfactory nerve layer; Ctn, catenin; OSN, olfactory sensory neuron.
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Figure 3.
Localization of cells expressing α-internexin. P0 sections were treated with a probe specific
for α-internexin. (A) Expression was found in dorsolateral and ventromedial OE as well as
in the SO (arrow). Expression is indicated with black lines in the right half of the section.
(B) An enlargement of the dorsolateral region indicated in A. A sharp border of α-internexin
expression was seen (indicated by the arrows). (C) An enlargement of the region indicated
in B. α-Internexin was expressed by a subset of cells within the basal portion of the OE. (D)
An expansion of the SO as indicated in A. Expression was seen in a subset of cells in the
basal portion of the epithelium. (E) Expression within the VNO. α-Internexin was observed
by a subset of cells located basally within the epithelium. Scale bar (shown in B) = 500 μm
in A; 100 μm in B; 50 μm in C, D, E. Abbreviations: OE, olfactory epithelium; SO, septal
organ; VNO, vomeronasal organ.
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Figure 4.
Summary of α-internexin expression. In situ hybridization of coronal P0 sections with a
probe specific for α-internexin. Hemisections approximately every 100 μm are summarized
in this figure. Presence of expression is indicated by a red line. Expression was seen within
the VNO and SO. Additionally, expression was seen within the ventromedial and
dorsolateral OE. Caudally, expression was seen ventrally. Scale bar = 1 mm. Abbreviations:
OE, olfactory epithelium; SO, septal organ; VNO, vomeronasal organ.
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Figure 5.
Electron micrographs of axons in the P0 and adult ONL. (A,C) Axons within the P0 ONLo
are of roughly uniform diameter. (B,D) Axons within the P0 ONLi are larger than those seen
in the P0 ONLo. (E) Axons within the adult ONLo are approximately the same size seen in
the P0 ONLo. (F) Axons within the adult ONLi are larger than those in the adult ONLo, but
smaller than those in the P0 ONLi. Scale bar = 500 nm in A,B,E,F; 1 μm in C,D.
Abbreviations: ONLo, outer olfactory nerve layer; ONLi, inner olfactory nerve layer.
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Table 1

Antibodies

Primary
antibody

Source, catalog No. Dilution Secondary
antibody

Dilution

Mouse anti
α-internexin

Source: Invitrogen, 32–3600 1:300 Goat anti
mouse

1:1,000

Clone: 2E3 lgG1, Alexa

Immunogen: full-length rat α-internexin 488/568

Specificity: recognizes α-internexin by immunoblot

Mouse anti
γ-catenin

Source: BD Biosciences, 610254 1:100 w/o antigen retrieval,
1:1000 w/ antigen retrieval

Goat anti-
mouse

1:1,000

Clone: 15 lgG2a, Alexa
488/568

Immunogen: human γ-catenin, peptides 553–738

Specificity: recognizes γ-catenin by immunoblot

Mouse anti
α-tubulin

Source: Sigma, T5168 1:500 Goat anti-
mouse

1:1,000

Clone: B-5-1-2 lgG1, Alexa

Immunogen: sarkosyl-resistant filaments from Strongylcentrotus
purpuratus (sea urchin) sperm axonemes

488/568

Specificity: recognizes α-tubulin by immunoblot

Rabbit anti
peripherin

Source: Chemicon, AB1530 1:300 Donkey anti-
rabbit, Alexa

1:1,000

Immunogen: electrophoretically pure trp-E-peripherin fusion
protein, containing all but the 4 N terminal aa of rat peripherin

488/568

Specificity: recognizes peripherin by immunoblot

Mouse anti
vimentin

Source: Sigma, V6630 1:3,000 Goat anti-
mouse

1:1,000

Clone: V9 lgG1-Alexa

Immunogen: vimentin purified from pig eye lens. 488/568

Specificity: recognizes vimentin by immunoblot
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