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ABSTRACT

Regulation of microtubule dynamics is crucial for axon growth and guidance as well as for the
establishment of synaptic connections. STOPs (Stable Tubule Only Polypeptides) are
microtubule-associated proteins that regulate microtubule stabilization but are also able to
interact with actin or Golgi membranes. Here, we have investigated the involvement of
STOPs during the development of the olfactory system. We first describe the spatio-temporal
expression patterns of N- and E-STOP, the two neuronal-specific isoforms of STOP. E-and N-
STOP are expressed in the axonal compartment of olfactory sensory neurons, but are
differentially regulated during development. Interestingly, each neuronal isoform displays a
specific gradient distribution within the olfactory nerve layer. Then, we have examined the
development of the olfactory system in absence of STOPs. Olfactory axons display a normal
outgrowth and targeting in STOP-null mice, but maturation of the synapses in the glomerular

neuropil is altered.
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INTRODUCTION

Axon growth and guidance rely on cytoskeleton dynamics, including proteins able to
regulate polymerization and stabilization of microtubules, actin and intermediate filaments
(Dent and Gertler, 2003). Among the microtubule-associated proteins, STOP proteins (Stable
Tubule Only Polypeptides) are reported to confer cold-stability to microtubules (Bosc et al.,
2003; Job et al., 1981). Two neuron-specific isoforms, E- and N-STOP, have been identified.
E-STOP is known as the early form since its expression is sustained both in the developing
brain and in adult, whereas N-STOP isoform appears only after birth (Guillaud et al., 1998).
STOP-null mice, deficient for all isoforms, have an apparent normal brain anatomy but
display neuroleptic-sensitive behavioral alterations and synaptic plasticity defects, strongly
suggesting that they are a valid animal model for the study of human schizophrenia (Andrieux
et al., 2002; Brun et al., 2005). Insertion of a LacZ reporter gene in the neuronal STOP locus
recently demonstrated expression of STOPs by numerous neuronal populations in the adult
and early postnatal brain (Couegnas et al., 2007). However, the precise in situ distribution and
function of each neuronal STOP isoform in the developing nervous system remain
undetermined. To analyze further the regulation of N- and E-STOP expression related to axon
outgrowth and microtubule dynamics, we chose the developing olfactory system as study
model.

Olfactory sensory neuron (OSN) axons contact the dendrites of mitral and tufted cells
in the glomerular neuropiles of the olfactory bulb. During embryonic development, olfactory
axons grow toward the rostral tip of the telencephalon, spread around it and form the olfactory
nerve layer (ONL) of the nascent olfactory bulb. Olfactory axons expressing the same
molecular odorant receptor converge on a limited number of glomeruli, thereby establishing a
precise receptotopic map in the olfactory bulb (Luo and Flanagan, 2007; Mombaerts, 2006;

Strotmann and Breer, 2006). Such targeting involves a rearrangement of olfactory axon
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fascicles within the ONL, which can be divided into two anatomical subregions, an outer
(oONL) and an inner part (iONL). Axons are randomly fasciculated in the oONL but are
sorted and become homotypically associated in the iONL before reaching their target
glomerulus (Treloar et al., 2002). The axonal morphology and the cytoskeleton composition
of the olfactory axons are highly regulated as they cross the outer and inner ONL and enter
the glomerular layer, suggesting the involvement of cytoskeleton regulation in the
establishment of the olfactory pathway (Akins and Greer, 2006a; Au et al., 2002; Pellier-
Monnin et al., 2001; Treloar et al., 2002). Thus, the olfactory system appeared a suitable
model to study the in situ distribution of neuronal STOP isoforms as well as their contribution
to morphogenetic and functional events.

Here, we identify STOP proteins as components of the olfactory axon cytoskeleton.
Interestingly, E- and N-STOP isoforms show a specific complementary gradient of
distribution in the postnatal olfactory nerve layer, suggesting a fine developmental regulation
of their localization within the axonal compartment. We further demonstrate the functional
involvement of STOP proteins in the establishment of the olfactory pathway by analyzing the
morphology of the olfactory system of STOP-null mice in situ and quantifying the outgrowth

ability of STOP™ olfactory axons in vitro.
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RESULTS

STOP isoforms expression in the developing rat olfactory system

Using immunohistochemistry, we processed a complete spatio-temporal analysis of
the expression of the two neuronal STOP isoforms in the developing rat olfactory system. We
therefore used the oE and 175 antibodies that are specific for E- and N-STOP respectively. At
embryonic day E13 (E13), the E-STOP protein was detected in the first olfactory axons
emerging from the olfactory epithelium. One day later (E14), the immunopositive olfactory
axons coalesced within the lamina propria and formed the presumptive olfactory nerve layer
(Fig.1A). At E16, individual stained axons were clearly visible in the lamina propria and the
presumptive olfactory nerve layer remained intensely labeled (Fig.1B). E-STOP expression
persisted postnatally in olfactory axon fascicles coursing through the lamina propria from
postnatal day 1 (P1) (Fig.1C) to adult (Fig.1D). Axons emerging from the vomeronasal organ
were also stained by the oE antibody at all studied developmental stages, as shown for P1
(Fig.1C’). From E18, the olfactory nerve layer (ONL) appeared completely apposed to the
olfactory bulb. At this stage, the ONL constituted the most E-STOP-immunoreactive region
of the olfactory bulb, while only a moderate staining was visible in the presumptive
glomerular layer, the internal plexiform layer and the granule cell layer (Fig.1E). From P1
onwards, immunoreactivity for E-STOP was restricted to the olfactory nerve layer, where it
displayed a heterogeneous distribution (Fig.1F). Indeed, the staining appeared more intense in
the outer part of the olfactory nerve layer (0ONL) compared to the inner part (iONL). Such
heterogeneous staining persisted within the ONL during the postnatal development. In the
adult olfactory bulb, the labeling intensity was still stronger in the oONL than in the iONL,
although the overall E-STOP-immunoreactivity had decreased (Fig.1G).

Our immunohistochemical study revealed that the N-STOP isoform was not expressed

in the olfactory system during embryonic development (stages E13-E20), as shown in Fig.2A
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at E14. N-STOP-immunoreactivity appeared at birth in olfactory axon fascicles coursing
through the lamina propria and increased at P6 (Fig.2B) and later postnatal stages. Staining
for N-STOP persisted in olfactory axon bundles until adulthood (Fig.2C). Background
labeling was observed in the connective tissue of the lamina propria and in adult control
sections in which primary antibody was omitted (Fig. 2C’). Vomeronasal axons were also N-
STOP-immunoreactive from birth to adulthood (data not shown). In the postnatal olfactory
bulb, N-STOP-immunoreactivity was confined to the olfactory nerve layer at P6, P15 and in
adult (Fig.2D-F). Starting at P6 (Fig.2D), but more evidently at the older stages P15 and adult
(Fig.2E and 2F), the olfactory nerve layer displayed a heterogeneous labeling profile,
characterized by a stronger immunoreactivity for N-STOP in the inner part of the olfactory
nerve layer than in the outer part. In addition, a few sparse immunoreactive fibers were also
seen reaching the glomeruli at these postnatal stages.

We further confirmed the heterogeneous and isoform-specific distributions of E- and
N-STOP in the olfactory nerve layer of the postnatal olfactory bulb by processing double
immunolabelings. For that purpose, we used the glial marker GFAP (glial fibrillary acidic
protein) which allows to distinguish the inner from the outer part of the olfactory nerve layer.
Indeed, glial cells (astrocytes and/or olfactory ensheathing cells) localized in the glomerular
layer and in the iONL are GFAP-immunoreactive, while the olfactory ensheathing cells
present in the oONL are known to be GFAP-immunonegative (Au et al., 2002). To optimize
the stainings, we chose the P6 stage because the expression of both E- and N-STOP isoforms
was sustained at this age. The combination of the anti-GFAP antibody with the 175 antibody
(N-STOP-specific) showed the preferential localization of N-STOP in the iONL (Fig.3A-C).
Double staining with anti-GFAP and oE antibodies (E-STOP-specific) confirmed the obvious

lack of E-STOP staining in the iONL (Fig.3D-F). Finally, combining the two specific anti-
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STOP antibodies (oE and 175) clearly showed that the E-STOP isoform was concentrated in
the oONL, while the N-STOP isoform was expressed robustly in the iONL (Fig.3G-I).

Our in situ analysis showed that STOP proteins are expressed by OSNs and targeted to
the olfactory axons. In order to gain more insight in the axonal distribution of STOP isoforms,
we used an in vitro model of olfactory epithelium explants. These explants were dissected out
of E13 mice embryos and developed a dense network of axons after several days in vitro.
STOP proteins were detected in growing olfactory axons by the 23C (Fig.4A) and oE
antibodies (data not shown), but not by the 175 antibody, indicating the presence of the E-
STOP isoform but not the N-STOP. These results were in concordance with our in sifu data
showing the appearance of N-STOP expression only after birth. In vitro, E-STOP-
immunoreactivity was detected along the whole axonal shaft of olfactory axons (Fig.4A) and
in axonal varicosities (Fig.4B). E-STOP protein was also present in the central domain of the
axonal growth cone, where it displayed a punctuate staining, and in the leading fringe of the
lamellipodium as well as in some filopodia, where it colocalized with actin (Fig.4C-E). Note
that the thinnest filopodia did not contain E-STOP but displayed only actin staining (asterisk

in Fig.4C-E).

In vitro outgrowth ability of STOP-null olfactory axons

In order to investigate the functional involvement of STOPs in the developing
olfactory system, we used the model of the STOP-null mice. These STOP” mice do not
express any of the STOP isoforms since the common exon (exon 1) was replaced by a Neo-
LacZ cassette (Andrieux et al., 2002).

We started our functional study by quantifying the in vitro outgrowth ability of
olfactory axons in absence of STOPs. We processed a modified Sholl analysis on olfactory

epithelium explants (see Methods section for details) : examples of the maps obtained by this
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analysis are shown in Fig.5A. The mean length of olfactory axons did not differ significantly
between wild type (688 + 52 um) and STOP™ explants (659 + 62 um) (Fig.5B), suggesting
that the absence of STOP proteins did not alter olfactory axon outgrowth in vitro. However,
the surface covered by the axons with respect to the surface of the explant was reduced for

STOP™ explants (3 + 0.7) compared to wild type (8.2 + 1.8, p=0.04) (Fig.5C).

Morphological analysis of the olfactory system of STOP-null mice

Although the outgrowth ability of STOP™ olfactory axons was not profoundly altered
in vitro, we further investigated whether the absence of STOPs may rather alter the
rearrangement of olfactory axon fascicles within the olfactory nerve layer and/or the
glomerular targeting in situ. Supporting this hypothesis was the specific and complementary
gradient distribution of the E- and N-STOP isoforms in the olfactory nerve layer, where
olfactory axon sorting occurs (Treloar et al., 2002). We focused our analysis on the olfactory
nerve layer and the glomerular layer, where olfactory axons end their course and establish
synaptic contact with their neuronal target.

At E15, the olfactory epithelium and bulb of STOP”" embryos do not display any
major morphological defects. At this stage, as at older postnatal stages, axons emerge from
the olfactory epithelium and course through the lamina propria to contact the olfactory bulb
without showing any obvious fasciculation or trajectory defects (Supplementary Fig.1).
Glomeruli can be identified in P6 STOP™ embryos as in wild type (WT) controls. However, a
morphological analysis of the diameter, the number and the total surface of glomeruli (see
Supplementary Fig.2 for details on the method) revealed specific and subtle modifications in
postnatal STOP™ mice. Statistical analysis by ANOVA and Bonferroni post-hoc test showed
a significant effect of age on the mean glomerular diameter, the number of glomeruli and the

total glomerular surface per um of EPL (Fig.6A-C). In WT mice, the mean glomerular
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diameter significantly increased during postnatal development, from 49.7um at P6 to 80.7um
in adult (ANOVA; F,¢=53,43; p=1,5.10'4). A similar effect of age was visible in STOP™
animals since glomeruli displayed a mean diameter of 45.4pm at P6 and 74.8um in adult
(ANOVA; F,6=144,03; p=8.10'6). However, while the increase of the mean glomerular
diameter occurred continuously from P6 until adulthood in WT mice, it stabilized
precociously in STOP” mice and did not increase further between P19 and adult age
(Fig.6A). The number of glomeruli also increased significantly with time in both groups
(Fig.6B) (ANOVA; F, 6= 8,4; p=0,018 for WT animals, and F,¢=33,2; p=5,7.10"* for STOP™"
mice), as well as the total glomerular surface (Fig.6C) (ANOVA; F;¢= 88,93; p<10'4 for WT
animals, and F, 6= 72,89; p<10'4 for STOP™” mice).

By comparing the two groups at each developmental stage, no significant difference
was observed at P6 and P19 in terms of diameter, number of glomeruli or total glomerular
surface (bilateral paired Student t test) (Fig.6D). However, the glomerular morphology
appeared altered in adult STOP”™ mice because glomeruli displayed a significantly reduced
mean diameter (p=0.007) and were more numerous (p=0.03). Since the total glomerular
surface was similar between genotypes (Fig.6D), the decrease of the glomerular diameter
appeared compensated for by an increase of the number of glomeruli in adults. This suggests
that the number of OSNs is maintained in the olfactory epithelium and that the decrease of the
glomerular diameter is not due to a loss of axon terminals. We tested this possibility by
measuring the olfactory epithelium thickness in the nasal cavity of P6 and adult animals. No
significant difference was observed between the two genotypes at either age (Fig.6D)
confirming the maintenance of the number of OSNs, although our results suggested a trend

toward a decrease of the olfactory epithelium thickness in adult STOP™ mice.

Regionalization of the olfactory nerve layer in STOP-null mice
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In light of the specific gradient distribution of STOP proteins in the olfactory nerve
layer, we investigated whether the subdivision of this layer in an outer and an inner part may
be altered in STOP-null mice. To address this question, we stained olfactory bulb sections for
peripherin, a component of the intermediate filaments which is known to be heterogeneously
distributed in the inner and outer parts of the olfactory nerve layer (Akins and Greer, 2006a).
In accordance with previous report, a sustained immunoreactivity for peripherin was detected
in the oOONL of WT mice at P6 (Fig.7 Al) and in adult (Fig.7 A3), while the iONL contained
a few immunoreactive fibers at P6 and was devoid of staining in adult. Similarly, a
heterogeneous distribution was also visible in the olfactory nerve layer of STOP™" mice at P6
(Fig.7 A2) and in adult (Fig.7 A4). We took advantage of the peripherin staining to measure
the relative thickness of the two subregions of the olfactory nerve layer (Fig.7B). The oONL
(peripherin-positive) constituted the majority of the olfactory nerve layer in young postnatal
and adult WT animals (72.2% at P6 and 64.2% in adult). In STOP”" mice, the percentage of
the ONL represented by the outer part did not differ from the WT controls at both ages
analyzed (68.8% at P6 and 66.4% in adult). These results showed that the subdivision of the

olfactory nerve layer was not altered in the absence of STOP proteins.

Olfactory axon targeting in STOP-null mice

Because the peripherin staining can only reveal large modifications of the
regionalization of the ONL, we next asked whether the absence of STOP proteins might
induce subtle alterations in the behavior of axons and thereby alter their convergence on a
target glomerulus. Therefore, we analyzed two distinct OSN subpopulations which express
either the mOR256-17 or mOR28 molecular odorant receptor. Each subpopulation of
olfactory axons has been shown to converge on two spatially defined glomeruli (Strotmann et

al., 2004; Tsuboi et al., 1999).

10
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Serial sections were immunostained for mOR28 along the entire anteroposterior axis
of the olfactory bulb and only two immunopositive glomeruli were detected in adult STOP™"
mice as in wild type (Supplementary Fig.3). As previously reported (Tsuboi et al., 1999), one
mOR28 glomerulus was detected in the ventrolateral region and the other on the ventromedial
side of the most posterior part of the olfactory bulb in wild type mice (Fig.8A and C). mOR28
immunoreactive glomeruli were located at similar positions in the STOP™" mice (Fig.8B and
D). Similarly, mOR256-17 glomeruli were detected at the previously reported positions in
both wild type and STOP™ mice (data not shown): on the dorsolateral side of the anterior
olfactory bulb and on the medial side of the posterior olfactory bulb (Strotmann et al., 2004).
The margin of error of the position of the mOR256-17 and mOR28 glomeruli did not appear
higher than the inter-individual variability already described for several glomeruli (Schaefer et
al., 2001; Strotmann et al., 2000). At high magnification, convergence of mOR28
immunoreactive axons within a single glomerulus was evident in adult wild type (Fig.8A’ and
C’) and in STOP” mice olfactory bulbs (Fig.8B’ and D’) as was the convergence of
mOR256-17 immunoreactive axons (Fig.8E and 8F). Our results thus showed that the axon
convergence and targeting of the mOR256-17 and mOR28 expressing OSN subpopulations

are preserved in absence of STOP proteins.

Compartmental organization of the glomeruli in the olfactory bulb of STOP-null mice
Our analysis of the STOP™" olfactory system did not provide any evidence of defects in
the ONL regionalization, of olfactory axons mistargeting or of their failure to converge.
However, the specific reduction of the glomerular diameter in adult mutant mice led us to ask
whether cytoskeleton modifications induced by STOP-deficiency might alter the morphology
of the olfactory axon terminal and thereby perturb the organization of the glomerular neuropil.

Indeed, the different components of the glomerulus are precisely organized and

11
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compartmentalized (Kasowski et al., 1999). The axons of the olfactory sensory neurons and
the dendrites of projection neurons (mitral and tufted cells) establish synaptic contacts in the
glomerulus, but are well segregated. Some earlier studies reported that defects of the
glomerular compartmentalization might occur in mutant mice, even without alterations of the
olfactory bulb morphology or of axonal convergence. This was the case for OCAM™™ mice
that showed a diffuse intermingling of axons and dendrites within glomeruli (Walz et al.,
2006). We thus undertook a more detailed quantitative analysis of STOP-null mice by
focusing on the compartmental organization of the glomeruli at P6, P19 and adult. We stained
olfactory bulb sections with markers specific for the axonal and dendritic compartments of the
glomerulus. GAP43 and OMP were the respective markers of the immature and mature
olfactory axons, MAP2 was chosen to stain the dendritic compartment and synaptophysin was
used as a ubiquitous marker of presynaptic terminals (Kasowski et al., 1999; Kim and Greer,
2000). We quantified the stained glomerular surface as described in Methods. All results and
statistical significance are summarized in Table 1. Since results obtained at P19 were similar
to those obtained in adult, only the P6 and adult stages are presented here.

At P6 (Fig.9A), the GAP43-positive glomerular surface was wider in the olfactory
bulb of STOP™ pups (70.2 = 0.4 %) than in WT littermates (55.2 £ 2.5 %) (p=0.004). At the
same time, a higher percentage of the glomerular surface displayed OMP-immunoreactivity in
mutant animals (46.3 = 1.5 % versus wild type 39.9 + 1.7 %) (p=0.05). Neither the MAP2-
nor the synaptophysin-immunoreactive glomerular surfaces differed between genotypes
(Fig.9A).

In adult STOP” animals (Fig.9B), the percentage of the glomerular surface occupied
by the axonal markers GAP43 and OMP was restored to the level of the WT controls and the
MAP2-immunoreactive surface was equivalent between genotypes. However, the

synaptophysin-immunoreactive surface represented a higher percentage of the glomerular

12
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surface in adult STOP” mice (56.2 + 1.7 %) compared to WT littermates (48.7 = 2.2 %)
(p=0.05). Since synaptophysin is a ubiquitous presynaptic marker, we used two other
presynaptic markers, VGIuT1 and VGIuT2 (vesicular glutamate transporter 1 and 2), to
specifically stain presynaptic specializations in mitral/tufted cells dendrites and OSN axon
terminals respectively (Gabellec et al., 2007; Nakamura et al., 2005). Both the VGIuT1 and
VGIuT2 immunoreactive surfaces represented an equivalent percentage of the glomerular
surface in adult wild type and STOP”" mice (VGIuT1: WT 60.9 + 4.5 % versus STOP™ 70.1 +
4.4 %; VGIuT2: WT 42.9 + 3.8 % versus STOP" 46.1 + 8.9 %).

In conclusion, our results showed that STOP-null mice displayed a transient expansion
of the axonal compartment in young postnatal glomeruli and modifications of the

synaptophysin-immunoreactive presynaptic terminals in adult glomeruli.

13



inserm-00410222, version 1 - 25 Aug 2009

DISCUSSION

Preferential distribution of STOP proteins in the axonal compartment of OSNs

We used the olfactory system as a study model to investigate the in situ expression of
neuronal STOP isoforms in relation to axon outgrowth and microtubule dynamics during
development. Our data show that E- and N-STOP are both expressed by olfactory sensory
neurons, thus confirming previous data reporting STOP expression in the adult and postnatal
olfactory system of a [-galactosidase transgenic reporter line (Couegnas et al., 2007).
However, our study provides more precise evidence about the localization of each STOP
isoform by using isoform-specific antibodies and about the developmental regulation of their
expression since we processed our study from embryonic day E13 until adulthood. While E-
STOP is expressed as the first axons grow toward the olfactory bulb at E13 in rat, N-STOP is
not detected in the olfactory axons before young postnatal stages. In agreement with these
data, N-STOP has only been detected in postnatal brain extracts and appears in differentiated
DRG and hippocampal neurons only after 10 to 12 days in culture (Baratier et al., 2006;
Guillaud et al., 1998). It is not known yet whether neurons switch from expressing E- to N-
STOP during their maturation, or whether mature neurons express both isoforms. In the rat
olfactory system, mature OMP" OSNGs are detected as soon as E16 (Farbman and Margolis,
1980), well before the postnatal appearance of N-STOP in olfactory axons. Thus our
immunohistochemical data favor the hypothesis of E- and N-STOP postnatal coexpression in
OSN s rather than a restriction of N-STOP expression to mature OSNs.

Moreover, our in situ and in vitro results both show that STOPs are specifically
targeted to the axon and absent from the dendritic compartment in OSNs. Thus, among the
MAPs that are expressed in situ in the olfactory system, E- and N-STOP display a distribution
similar to MAP1B, which is exclusively present in OSN axons (Schoenfeld et al., 1989;

Viereck et al., 1989). Axonal localization of STOPs has also been reported in vitro in DRG

14
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and hippocampal neurons and reflects the well described interaction of STOPs with
microtubules (Bosc et al., 2003; Guillaud et al., 1998). However, the subcellular distribution
of STOPs may vary depending upon neuronal cell type since electron microscopy revealed the
presence of STOPs in both dendritic spines and axons of adult hippocampal neurons in sifu,

although the axonal concentration was more abundant (Andrieux et al., 2002).

Differential distribution of STOP isoforms within the olfactory axons in vitro and in situ
Our data provide the first demonstration of an isoform-specific and heterogeneous in
situ distribution of STOPs in axons. Indeed, each neuronal isoform displays a specific
gradient distribution in the olfactory nerve layer: E-STOP is the main isoform present in the
outer ONL whereas N-STOP is concentrated in the inner ONL. Furthermore, the olfactory
axon terminal localized in the glomerular layer appears devoid of STOP proteins in situ. This
is slightly different from our in vitro data showing that E-STOP is homogeneously present
along the shaft of olfactory axons including the growth cone. The subcellular distribution of
STOPs is known to be modulated by its interaction with Calmodulin and by posttranslational
modifications such as phosphorylation by CamKII or palmitoylation (Baratier et al., 2006;
Gory-Faure et al., 2006). In particular, CamKII-phosphorylated STOPs have recently been
reported to bind actin in primary hippocampal neurons (Baratier et al., 2006). Since CamKII
is expressed by OSNs (Wei et al., 1998), the colocalization of E-STOP with actin in olfactory
axon filopodia is likely to result from the phosphorylation of STOP by CamKII. Calmodulin
is present in OSNs too (Biffo et al., 1991) and may contribute to the regulation of STOP
subcellular distribution. Therefore, one can speculate that the in situ and in vitro environments
would differentially modulate CamKII and Calmodulin activities in olfactory sensory neurons
and thereby modify the distribution of STOPs within the axonal compartment. It should be

noted that the discordance between a heterogeneous in situ distribution and a homogenous in

15
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vitro staining within olfactory axons is not restricted to STOP proteins. Indeed, other
microtubule-associated proteins and microtubules components such as MAP1B and B-tubulin
share this characteristics (Pellier-Monnin et al., 2001; Richard et al., 2005). Collectively,
these results suggest that cytoskeleton composition and dynamics may be regulated by the
interaction of the olfactory axon with its in sifu environment, notably with its synaptic target
and the olfactory ensheathing cells. Indeed, these glial cells display a differential expression
pattern of signaling and adhesion molecules within the inner and the outer parts of the
olfactory nerve layer in situ (Hisaoka et al., 2004; Ubink et al., 1994; Ubink and Hokfelt,
2000) and might thereby influence the compartmentalization of proteins within the olfactory

axon.

Dynamics of the axonal cytoskeleton within the olfactory nerve layer and glomeruli

E- and N-STOP extend the increasing list of proteins associated with the axonal
cytoskeleton that exhibit a heterogeneous distribution pattern within the olfactory nerve layer
in situ. Indeed, peripherin and a-internexin, two constituents of the intermediate filaments, as
well as SCG10 and stathmin, two microtubule-associated proteins, and y-catenin, which links
plasma membrane cadherins to the cytoskeleton, are enriched in the outer ONL compared to
its inner part (Akins and Greer, 2006a, 2006b; Pellier-Monnin et al., 2001). However, to our
knowledge, N-STOP is the first cytoskeleton associated protein to be reported as enriched in
the inner ONL. Interestingly, concomitant to the regulated distribution of some cytoskeleton
components, the subdivision of the ONL also reflects modifications of the axonal morphology
and behavior. Indeed, olfactory axons are randomly fasciculated when they enter the cONL
but are sorted according to their molecular odorant receptor and display an increased diameter
within the iONL, once they have reached the broad region of their target glomerulus (Akins

and Greer, 2006a, 2006b; Treloar et al., 2002). Generally, proteins interacting with
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microtubules, intermediate filaments and actin regulate their polymerization, stabilization or
disassembly and thereby determine both the rate and the direction of neurite outgrowth as
well as the axonal diameter and ramification process. In the olfactory system, the
complementary gradient distributions of STOPs may contribute to controlling the axonal
diameter within the ONL (Akins and Greer, 2006a) through a specific function of each
isoform, notably because N-STOP may interact with an unknown partner via its unique C-
terminal sequence that is absent in E-STOP (Bosc et al., 2003). In the glomeruli, the olfactory
axon terminals, similar to most presynaptic specializations (Dillon and Goda, 2005), appear
devoid of microtubules, intermediate filaments, and microtubule-stabilizing proteins such as
MAPIB and STOPs, but are enriched in actin. This dynamic cytoskeleton composition could
favor the ramification of olfactory axon terminals that occurs specifically within their target
glomerulus (Akins and Greer, 2006a; Chien et al., 1998; Gorham et al., 1991; Klenoff and
Greer, 1998; Pellier-Monnin et al., 2001).

Numerous data show that the cytoskeleton composition is highly regulated within the
axonal compartment as olfactory axons cross the ONL and enter their target glomerulus in the
olfactory bulb. However, the hypothesis of a functional involvement of cytoskeleton
components in the establishment of the primary olfactory pathway has never been tested.
Because of their isoform-specific and complementary gradient distributions within the ONL,
E- and N-STOP might be promising cytoskeleton candidates involved in olfactory axon
sorting and glomerular targeting. We investigated such a potential implication of STOPs by

analyzing the olfactory system of STOP-null mice in vitro and in situ.
Functional implication of STOP proteins in the development of the olfactory pathway

STOP™~ embryonic olfactory epithelium explants displayed no significant alteration of

the axonal length, suggesting that STOPs are not necessary to OSN axon outgrowth in vitro.
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In accord with this data, STOP” primary hippocampal neurons do not show any axon
outgrowth defect after 3 days in vitro (Andrieux unpublished observations). In contrast,
depletion of STOPs by microinjecting antibodies or transfecting anti-sense oligonucleotides
has been previously shown to reduce the formation of neurites in PC12 cells (Guillaud et al.,
1998). Thus, the absence of STOPs may be more or less deleterious depending on the
neuronal population and the method of inactivating STOPs. The decrease of the ratio axonal
surface/explant surface observed in STOP™ olfactory epithelium explants might reflect a
reduction of the number of axons due to a decrease of the OSNs population or a reduction of
their ramification ability. We favor the second hypothesis because the olfactory epithelium
thickness is preserved in situ in STOP™ animals, suggesting no modification of the OSNs
number. Alteration of the axonal ramification ability without reduction of the axonal length
has already been described for MAP1B™" adult DRG neurons in vitro, suggesting that some
MAPs could be specifically involved in neurite ramification rather than straight outgrowth
(Bouquet et al., 2004).

Consistent with our in vitro results, the gross morphology of embryonic and postnatal
STOP™ olfactory system appears normal in sifu and defects were mainly detected in adult
animals. The integrity of the olfactory pathway was preserved, as assessed by the ONL
regionalization or the targeting and convergence of mOR28 and mOR256-17 immunoreactive
axons. However, STOP™ olfactory bulbs show a precocious stabilization of the glomerular
diameter during development, resulting in smaller glomeruli in adult mutant mice compared
to wild type. Moreover, the increase of the number of glomeruli in the adult STOP-null mice
suggests a duplication of some glomeruli. However, we were not able to detect this kind of
duplication for the two OSN subpopulations expressing mOR256-17 or mOR28. This result
suggests that if this duplication occurs, it does not affect all the glomeruli, although caution

should be used when extrapolating the results obtained with two OSN subpopulations to the
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thousand of existing molecular odorant receptors. A previous study did not report any
difference in the number of glomeruli or in their diameter in adult STOP™ mice (Andrieux et
al., 2002) but such discrepancy may rely on methodological considerations since the diameter
reduction was very slight (only 6um). Moreover, the decrease of the glomerular diameter is
consistent with the overall trend toward a brain reduction reported in STOP-null mice but
affecting significantly only discrete regions (Powell et al., 2007). In accordance with the
expression patterns of E- and N-STOP, examination of the glomerular compartmentalization
in STOP™" mice showed that modifications are restricted to OSNs axons while mitral cell
dendrites appear normal at P6. Several other brain regions are reported to display intact
dendritic shafts and arborization as well as a normal expression of MAP2 mRNA in adult
STOP-null mice (Andricux et al., 2002; Eastwood et al., 2007). The limited defects of the
STOP™" olfactory system are likely explained by the redundancy of microtubule-associated
proteins expressed by OSNs and especially those present in the ONL, such as MAPIB,
stathmin and SCG10 (Camoletto et al., 2001; Pellier-Monnin et al., 2001; Schoenfeld et al.,
1989). Among the proteins able to compensate the absence of STOPs, SL21, a recently
identified STOP like protein of 21kDa, might be an interesting candidate if it occurs in the
olfactory system (Gory-Faure et al., 2006).

The maintenance of the total glomerular surface and of the olfactory epithelium
thickness suggests that the reduction of the glomerular diameter in adult STOP-null mice is
not due to a loss of OSNs. Interestingly, the smaller glomerular diameter observed in situ
could thus be a consequence of the decreased ramification ability of STOP” OSN axons
reported in vitro. The in situ effect might be only visible in adult and not earlier during
development because axonal ramification is known to progressively increase within the
postnatal olfactory glomeruli (Klenoff and Greer, 1998). Thus, the limited in vitro defects and

the late apparition of deficits during in situ development in STOP-null mice suggest that
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neuronal STOP proteins may be necessary to the maturation of the olfactory system rather
than to its initial development. A recent study reported post-pubertal emergence of behavioral
deficits in STOP-null mice. The adult mutant mice had higher levels of locomotor activity in
open field tests and a greater increase in locomotor activity when exposed to a mild stress,
relative to controls (Begou et al., 2007). These results and ours both show progressive
developmental alterations occurring in the mouse model, which are similar to the symptoms
emergence during adolescence and early adulthood in human schizophrenia. Moreover,
defects in the STOP™" olfactory system are reminiscent of the olfactory bulb and cortex size-
reduction observed in schizophrenic patients (Turetsky et al., 2003; Turetsky et al., 2000;
Wright et al., 2000). Together, these results, associated to the report of a genetic association
between STOP and schizophrenia (Shimizu et al., 2006) and the dopaminergic deficits of
STOP”" mice (Bouvrais-Veret et al., 2008), provide strong support to STOP-null mice
candidacy as a model of human schizophrenia. Interestingly, schizophrenic patients display
alterations of olfactory sensory neuron turnover in the olfactory epithelium (Arnold et al.,
2001; Feron et al., 1999; McCurdy et al., 2006; Smutzer et al., 1998) and modifications of the
dendritic compartment in the olfactory bulb (Rioux et al., 2005; Rioux et al., 2004).
Discrepancy in histological defects between the mouse model and the human pathology may
be due to the post mortem origin of human tissue as well as the antipsychotic drugs taken by
most of the patients. Indeed, long-term treatments with neuroleptics or Epothilone D not only
alleviate behavioral and synaptic plasticity deficits but also partially restore histological

defects in STOP-null mice (Andrieux et al., 2006).
Involvement of STOP proteins in synaptic maturation in the olfactory system

Synaptic defects have been reported in restricted brain regions of adult STOP™ mice,

such as modifications of synaptophysin mRNA expression, reduction of the pool of synaptic
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vesicles as well as synaptic transmission dysfunctions (Andrieux et al., 2002; Brun et al.,
2005; Eastwood et al., 2007). The absence of STOPs might alter the microtubule-based
transport and thereby impair the synaptic vesicle trafficking through either the disorganization
of the microtubule tracks or the disregulation of the association of the motor proteins kinesin
and dynein as recently demonstrated for Tau (Dixit et al., 2008; Vershinin et al., 2007). This
effect might be particularly important at branching points and to switch cargoes from
microtubules- to actin-based transport at axon terminals. STOPs, which are able to bind both
microtubules and actin (Baratier et al., 2006), would be particularly interesting candidates for
assuming such function.

In the olfactory system, modification of the synaptophysin staining suggests that the
absence of STOPs leads to synaptic defects within the olfactory glomeruli. However, since
neither VGIuT1 nor VGIuT2 staining displays similar alterations, additional experiments are
needed to localize and characterize the exact nature of the presynaptic modifications
occurring in the adult STOP” glomeruli. Interestingly, synaptophysin-immunoreactivity is
modified upon maturation in the developing olfactory system of wild type mice, with
immature glomeruli of young postnatal animals displaying a more uniform staining than
mature glomeruli in adults (Johnson et al., 1996; Kim and Greer, 2000). Thus, our observation
of a wider synaptophysin-immunoreactive surface in adult STOP™ glomeruli further confirms
the alteration of the final glomerular maturation, as suggested above by their reduced
diameter.

How could the presynaptic structural modifications within glomeruli explain the
olfactory dysfunction observed in STOP” mice? Limited histological deficits are consistent
with the success of mutants in the buried food test, which rules out the possibility of anosmia
(Powell et al., 2007) but it would also be interesting to investigate STOP™" mice olfactory

detection thresholds. Modifications of the synaptic vesicles pool may alter synaptic plasticity
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such as long term potentiation which occurs in the olfactory system at the level of the
glutamatergic synapse from OSN axons to mitral cell dendrites (Ennis et al., 1998). Long-
term potentiation and depression are decreased in STOP™ hippocampus (Andrieux et al.,
2002) and could also be affected at the primary olfactory synapse. Alteration of synaptic
plasticity may contribute to the learning deficits in odor-reward association and long term
memory assessed by olfactory discrimination displayed by adult STOP™" mice (Powell et al.,
2007). In addition, since the olfactory memory deficits reported in STOP” mice are
reminiscent of those described in schizophrenic patients (Moberg et al., 1999), they are likely
to result from cortical histological defects like human symptoms (Arnold et al., 1991;

Turetsky et al., 2003).

In conclusion, our data report an isoform-specific distribution of neuronal STOP
proteins within the olfactory sensory neuron axons. The olfactory bulb of adult STOP-null
mice displays presynaptic defects concordant with an involvement of STOPs in synaptic
maturation, as occurs in other adult brain regions. Our results are concordant with STOP-null
mice candidacy as a mouse model of human schizophrenia, which is currently considered as

resulting from developmental alterations affecting synaptic function (Owen et al., 2005).
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EXPERIMENTAL METHODS

Animals

Wistar-SPF rat embryos from the 13" to the 20™ day of gestation (day of conception =
El) and rats aged of 1, 6, 15 and 40 postnatal days (day of birth = P1) were purchased from
Charles River (St Germain sur I’ Arbresle, France). For each developmental stage, at least two
different litters were used. Homozygous STOP-null mice (STOP'/') and their wild type
littermates (WT, STOP" ") were generated as previously described (Andrieux et al., 2002).
The phenotype of STOP-null animals was analyzed at embryonic day (E) E15, postnatal
stages (P) P1, P6, P19 and in adult (8 weeks). All animals used in this study arose from the
same colony (BALBc/129 Sv background). All experiments were done blind to genotype.
Animals were kept in a 12-hours light/dark cycle and provided with food and water ad
libidum. The handling of animals was conducted according to European Community Council
Directive (86/609/EEC) and French Ethical Committee for the care and use of laboratory

animals.

Antibodies

Different antibodies directed against STOP proteins were used in this study. The rabbit
polyclonal 23C antibody targets a peptide in the COOH-terminal domain of the rat brain
STOP central repeat motif and thus recognizes all STOP isoforms (Bosc et al., 1996; Guillaud
et al., 1998). The mouse monoclonal 175 antibody specifically recognizes N-STOP by
binding to its unique COOH-terminal repeats (Pirollet et al., 1992). The rabbit polyclonal
antibody oE was raised by Eurogentec (Seraing, Belgium), against peptide C-
EQSKEMNNKLAEAKE. The peptide corresponds to the C-terminus of mouse E-STOP (aa
554-568, according to NCBI’s RefSeq accession number NP 001041632). The cysteine

residue was introduced for the coupling to the protein carrier. The specificity of each STOP
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antibody was assessed by western blot analysis on protein extracts from adult wild type and
STOP-null mouse olfactory bulb (see Supplementary Fig.4).

The primary and secondary antibodies used in this study, as well as their working
dilution, are summarized in Table 2. In addition to the different anti-STOP antibodies (23C,
aE, 175), we used antibodies raised against the astrocytic marker glial fibrillary acidic protein
(GFAP) or two OSN markers, the growth-associated protein of 43kDa (GAP43) and the
olfactory marker protein (OMP). The dendritic marker microtubule-associated protein 2
(MAP2), the synaptic vesicle marker synaptophysin, the vesicular glutamate transporters
VGIuT1 and 2, the intermediate filament protein peripherin, and the molecular olfactory
receptors mOR256-17 or mOR28 were also targeted with specific antibodies. In addition, we
used a PIII-tubulin antibody and TRITC-conjugated phalloidin to stain respectively axonal

tubulin and actin.

Preparation of tissues

Time-pregnant dams were deeply anesthetized with Equithesin (0.5 ml per 100 g body
weight) and embryos obtained by cesarean section. Embryos were quickly decapitated and
heads were immersed in cold fixative during 4 hours for younger embryos and overnight for
the others. The fixative was periodate-lysine-paraformaldehyde (PLP), consisting of 2%
paraformaldehyde, 75 mM lysine, 10 mM sodium m-periodate in 50 mM phosphate-buffered
saline (PBS) (McLean and Nakane, 1974). Postnatal and adult animals were deeply
anesthetized with Equithesin and transcardially perfused with a Ringer’s solution followed by
the same fixative. The nasal cavity and the olfactory bulbs were carefully dissected out and
post-fixed overnight at 4°C. All tissues were then cryoprotected in sucrose (20% in PB 100

mM), frozen at -55°C in nitrogen-cooled isopentane and stored at -75°C until use. Coronal
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sections (14 pum-thick) were cut serially on a Leitz cryostat at -20°C and thaw-mounted on

gelatin-coated glass slides for immunohistochemistry (stored at -20°C until use).

Immunohistochemistry

Sections were air-dried for 10 min at room temperature and rehydrated in PBS (pH
7.4). They were then permeabilized in PBS-triton X100 (0.1%) solution and preincubated in
blocking buffer (5% bovine serum albumin and 5% normal serum from the species of origin
for the appropriate secondary antibodies, in PBS-triton X100) for 90 min at room temperature
to block non-specific binding. Primary antibodies were diluted in the blocking solution and
applied on the sections overnight at 4°C. Simultaneous double-staining experiments were
processed by mixing both primary antibodies. After rinsing with PBS, secondary antibodies
(see Table 2) were diluted in a blocking solution devoid of triton X100 and applied on the
sections for 90 min at room temperature. The immunostaining protocol was slightly modified
for mOR28, VGlutl and VGIuT2 by using a blocking solution composed of PBS 0.3% triton
X100 and 5% bovine serum albumin. At the end of the staining procedure, sections were
mounted using Vectashield (Vector Lab) that occasionally contained DAPI. Sections were
examined with either a Zeiss or Olympus BX51 fluorescence microscope. Digitized images
were processed for adjustment of brightness and contrast with an image-editing software

(Adobe Photoshop 7.0).

Explants

Dissection and culture

Olfactory epithelium explants were dissected as previously described (Richard et al.,
2005). The procedure was adjusted for the mouse by using E13 embryos. Briefly, explants

were plated on cover-slips coated with 100 pg/mL poly-L-lysine (Sigma-Aldrich) and 20
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pg/mL laminin (Roche Diagnostics). Culture medium contained gentamycin (100 pg/mL),
glucose (6 mg/mL), insulin (5 pg/mL), glutamin (2 mM), bovine serum albumin (1%), holo-
transferrin (10 pg/mL), putrescin (0.1 mM), ascorbic acid (40 uM) and sodium selenite (30
nM) diluted in DMEM and HAM F12 media (1:1 mixture). Products were from Eurobio and
Sigma-Aldrich Company. Methylcellulose (0.4%, Fluka, Sigma-Aldrich) was added to the
culture medium in order to ensure better adherence of the tissue on the cover-slip. Explants
were maintained at 37 °C and 5% CO..

Immunocytochemistry

The distribution of STOP proteins was revealed in explants by fluorescent
immunocytochemistry, whereas chromogenic immunocytochemistry was preferred to stain for
BIII-tubulin in order to perform the neurite outgrowth quantification.

Briefly, explants were fixed after 4 days in vitro, by overnight immersion in
paraformaldehyde (4% in PBS) at 4°C. They were incubated during 2 h in a blocking solution
(0.2% triton X100, 5% bovine serum albumin and 5% normal horse serum, in PBS) and then
overnight at 4°C with the primary antibody. After rinsing in PBS, the appropriate secondary
antibody (see Table 2) was applied to the sections during 2 h (in blocking buffer without
triton X100). For BIII-tubulin chromogenic staining, explants were further incubated with the
ABC complex (Avidin Biotin Complex) for 90 min following manufacturer indications
(Vectastein Elite kit, Vector Labs). Peroxydase enzymatic activity was revealed by incubation
with a developing solution containing 0.05% DAB (3,3’-diaminobenzidine
tetrahydrochloride), 0.5% ammonium nickel sulfate and 0.003% H,O; in 0.05M Tris buffer
(pH 7.6).

Axon outgrowth quantification

To quantify axon outgrowth, we processed a semi-quantitative analysis derived from

Scholl analyses, that has already been successfully applied to olfactory epithelium explants
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(Giacobini et al., 2004). Explants were stained for BIlI-tubulin, as described above, to
visualize the whole axon length. Using morphometric software developed by Explora Nova
(France), we drew concentric arcs centered on the explant and separated by 100pum (as shown
in Supplementary Fig.2A). Axonal length (um) was defined as the distance reached by the
five longest axons emerging from the explant. This procedure was used because the dense
network of axons emerging from the explant did not allow us to systematically follow
individual axons along their whole length. In addition, we measured the surface occupied by
the network of axons and expressed this parameter according to the surface of the explant
(ratio axonal surface/explant surface). The results are obtained from three experiments, using
a total of 11 WT and 8 STOP™ embryos from four different litters. When several explants
were obtained from the same embryo, the value for this embryo corresponds to the mean of
these explants. Statistical analyses of the results were processed by paired bilateral Student t-

tests.

Quantitative histological analysis

We studied the organization of the olfactory bulb in STOP™ mice by conducting a
morphometric analysis of the glomerular and the olfactory nerve layers, completed with a
focus on the glomerular compartmentalization. This analysis was done at postnatal stages P6,
P19 and in adult animals (8 weeks), with 3 animals per age and per genotype.

Morphometric analysis

Using the morphometric software from the Explora Nova company (France), we
determined the number and diameter of the glomeruli in olfactory bulb sections as well as the
total glomerular surface (20X magnification) stained with Crezyl Violet (0.5%o in water and
0.3% glacial acetic acid) (see Supplementary Fig.2B). All glomeruli in the section were

analyzed (about 70 glomeruli per section for an adult olfactory bulb and 40 for P6 bulb). The
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perimeter of the External Plexiform Layer (EPL) was also measured and used to normalize
the number of glomeruli and the total glomerular surface such that both were expressed as a
ratio per pm of EPL. Using the same software, we also determined the relative thickness of
the inner and the outer parts of the olfactory nerve layer on sections immunostained for
peripherin (20X magnification), a component of the intermediate filament which is restricted
to the oONL (Akins and Greer, 2006a). The value presented for each animal is the mean
obtained from the left and right olfactory bulbs, each one analyzed on four sections separated
by 56um (total of 8 sections) and chosen at a similar position on the anteroposterior axis.

The epithelial thickness was measured on coronal sections of the nasal cavity stained
with Crezyl Violet by drawing lines perpendicular to the basal lamina on the olfactory
epithelium lining the nasal septum. This was done on both sides of the septum (20X
magnification), 4 lines per side and on 4 sections per animal, such that the value given for
each animal is the mean of 32 measurements.

Axonal convergence analysis

In order to analyze the convergence of subpopulations of olfactory axons expressing
the same molecular odorant receptor, we immunostained serial sections of adult olfactory bulb
with the anti-mOR256-17 and anti-mOR28 antibodies (3 animals per genotype). Sections
were sampled every 56um (1 out of every 4 14um-thick sections). For mOR256-17, stained
sections spanned 200um before and after the presumed position of the target glomerulus. For
mOR28, we stained the whole olfactory bulb along its entire anteroposterior axis.

Glomerular organization analysis

In order to analyze the intraglomerular compartmentalization, we quantified the
distribution of several markers specific for each compartment in the glomeruli. For the axonal
compartment, we used GAP43 and OMP, the respective markers of the immature and mature

olfactory axons. For the dendritic compartment, the specific marker MAP2 was chosen. We
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also stained for synaptophysin, a ubiquitous presynaptic vesicle marker, and for VGIuT1 and
VGIuT2 which are the vesicular glutamate transporters specifically expressed in the
presynaptic specializations of mitral/tufted cells dendrites and OSN axon terminals
respectively. Sections from animals of the same age (three animals per genotype) were
processed for immunohistochemistry in the same experimental set. Two pictures were
randomly taken in each of the four quadrants of the olfactory bulb (dorsal, ventral, medial and
lateral) using the same exposure parameters (40X magnification and same exposure timing).
A detection threshold was set for each marker with an image analysis software
(MorphoExpert or MetaMorph Offline v6.3) and kept identical throughout the analysis for
animals of the same age. Using this software, we measured the labeled surface which is
expressed as a percentage of the glomerular surface. The value presented for each group is a
mean from several sections that were sampled as described above for the morphological
analysis.

Statistical analysis of the results was done by ANOVA and Bonferroni post-hoc test to
study the effect of age in each genotype and by bilateral paired Student t-test in order to
compare wild type and STOP-null mice at each developmental stage. The use of one or the

other methodology is specified in the figure legends.
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FIGURE LEGENDS

Figure 1: E-STOP protein expression in the developing rat olfactory system.

(A-B) During early embryonic development, E-STOP-immunoreactive olfactory sensory
neuron axons (arrows) emerge from the olfactory epithelium (OE) and aggregate into the
presumptive olfactory nerve layer (pONL), as shown at E14 (A) and E16 (B). (C-C’) At birth,
both olfactory (arrow in C) and vomeronasal axon fascicles (arrowhead in C’) display a
sustained labeling while coursing through the lamina propria. (D) A moderate E-STOP
staining persisted in olfactory axon bundles in adult (arrow). (E-G) The olfactory nerve layer
is the most immunoreactive layer of the olfactory bulb during late embryonic development, as
shown at E18 (E). After birth, the olfactory nerve layer displays a heterogeneous staining,
since the labeling intensity is stronger in the outer part (0ONL) than in the inner part (1IONL)

in newborn pups (F) as well as in adult animals (G).

Gr: Granule cell layer, IPL: Internal Plexiform Layer, (p)Gl: (presumptive) Glomerular layer, Mi: Mitral cell
layer, Tel: Telencephalon, VNO: Vomeronasal Organ.

Scale bar = 50um in A-C and G; 100pm in C* and D-F.

Figure 2: N-STOP protein expression in the developing rat olfactory system.

(A) N-STOP protein is not detected at embryonic stage E14. (B-C) At P6 and in adult,
olfactory sensory neuron axons coursing through the lamina propria (LP) display N-STOP-
immunoreactivity. Non-specific staining in the connective tissue is also detected when the
primary antibody is omitted on adjacent control sections (C’). (D-F) In the postnatal olfactory
bulb (P6, P15 and adult), N-STOP is heterogeneously distributed in the olfactory nerve layer
(ONL), since the staining appears stronger in the inner part (iIONL) than in the outer part
(oONL).

EPL: External Plexiform Layer, Gr: Granule cell layer, Gl: Glomerular Layer, Mi: Mitral cell layer, OE:

Olfactory Epithelium, (p)ONL: (presumptive) Olfactory Nerve Layer, Tel: Telencephalon.
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Scale bar = 50um in A-C; 100pum in D; 200pum in E and F.

Figure 3: Isoform specific gradient distribution of STOP proteins in the olfactory nerve
layer at P6

(A-F) GFAP" glial processes are restricted to the glomerular layer (Gl) and the inner part of
the olfactory nerve layer (1IONL). Their presence allows to clearly delimit the iONL from the
outer part of the olfactory nerve layer (0ONL). (A-C) Immunoreactivity for N-STOP is more
intense in the iONL than in the oONL. (D-F) E-STOP-immunolabelling is absent from the
iONL, while the oONL is strongly stained. Note that variations in the intensity of GFAP
staining are due to the use of two different antibodies (one monoclonal and one polyclonal) to
allow simultaneous staining with alphaE (E-STOP) and 175 (N-STOP) antibodies
respectively. (G-I) Immunoreactivity for N-STOP is more intense in the iONL than in the
oONL. Since the iONL is devoid of E-STOP-staining, it appears clearly green-colored on the
merged image.

Scale bar = 100pum

Figure 4: Subcellular localization of STOP protein in the olfactory axons in vitro.

(A) Olfactory epithelium explants develop a dense network of STOP-immunoreactive axons
after 4 days in vitro (23C antibody). (B) STOP-immunoreactivity is distributed along the
axonal shaft and present in axonal varicosities (arrows). (C-E) STOP protein is enriched in the
central domain of the axonal growth cone, (arrows). It is also detected in some filopodia
(arrowheads) and in the leading fringe of the lamelipodium, where it colocalizes with actin.
Note that the thinnest filopodium displays actin staining but is devoid of STOP-labeling

(asterisk).

Scale bar = 50um in A, 20pm in B, Spm in C-E.
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Figure 5: In vitro outgrowth ability of STOP™ olfactory axons.

(A) Examples of the maps used to quantify axon outgrowth from wild type (+/+) and STOP-
null (-/-) embryonic olfactory epithelium explants. (B) No significant difference in axonal
length is detected between genotypes. (C) The ratio axonal surface/explant surface is higher in
wild type compared to STOP-null explants. Results are expressed as mean + s.e.m, n=11 for
STOP"* explants and n=7 for STOP” explants. Paired bilateral t-test was used to compare

genotypes.

* p<0.05.

Figure 6: In situ morphometrical analysis of STOP” mice olfactory system

The mean glomerular diameter (A), the number of glomeruli (B) and the total glomerular
surface (C) increase during postnatal development for both wild type (+/+) and STOP-null (-/-
) animals. Statistical analysis was done by ANOVA and Bonferroni post-hoc test which
significance is represented by asterisks (*) for STOP-null mice and by pound signs (#) for
wild type animals. (D) Comparison of wild type and STOP-null mice at P6 and in adult, two
key developmental stages. Statistical analysis was done by paired bilateral Student t-test.
Adult STOP™ glomeruli are smaller (p=0.007) but more numerous than wild type glomeruli
(p=0.03). No significant difference was detected for the total glomerular surface, as well as
the olfactory epithelium thickness at any stage. Results are presented as mean + s.e.m, n=3

animals per genotype and per age.

5% or #HH# p<0.005, ** or ## p<0.01, * or # p<0.05

ad: adult; EPL: External Plexiform Layer.

Figure 7: Regionalization of the olfactory nerve layer in the developing STOP™ olfactory

bulb.
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(A) Peripherin is distributed in WT controls (+/+) following a decreasing gradient in the
olfactory nerve layer (ONL) at P6 (A1) and in adult (A3). The subdivision of the ONL in
outer (0OONL) and inner (iONL) regions is maintained in STOP-null olfactory bulbs (A2 and
A4, -/-). (B) Quantitative analysis of the relative thickness of the inner and outer parts of the
olfactory nerve layer. Results are expressed in percent of the thickness of the total olfactory
nerve layer + s.e.m, n=3 animals per genotype and per age. No significant difference was

detected by Student t-test between genotypes, whatever the developmental stage considered.

Gl: Glomerular layer, VN: Vomeronasal Nerve.

Scale bar = 50um.

Figure 8: Olfactory axon convergence in the olfactory bulb of adult STOP” mice.

mOR28 immunoreactive axons converge on two glomeruli located in the same ventrolateral
and ventromedial positions in adult wild type (A, C, +/+) and STOP-null mice olfactory bulbs
(B, D, -/-). Convergence on a single locus is visible at higher magnification for both
genotypes (A’-D’). mOR256-17 immunoreactive axons also converge on a glomerulus
located at a similar position in the medial region of the posterior olfactory bulb in adult wild
type (E) and STOP-null mice (F).

Scale bar = 400pm in A-D, 50um in A’-D’ and 25pm in E-F.

Figure 9: Glomerular compartmentalization in the developing olfactory bulb of STOP™
mice.

(A) At P6, the GAP43- and OMP-immunoreactive surfaces are wider in STOP-null mice (-/-)
than in wild type animals (+/+). An example of the glomerular GAP43-staining at P6 is shown
in A’. (B) In adults, only the synaptophysin-positive surface is higher in mutants compared to
wild type. An example of the glomerular synaptophysin-staining in adult is shown in B’.

Results are expressed as the percent of the glomerular surface that is immunoreactive and
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presented in mean + s.e.m, n=3 animals per genotype and per age. Paired bilateral t-test was
used to compare genotypes at each age. Note that because of the thickness of the sections (it is
not a confocal picture), the sum of the percentage represented by axonal and dendritic

compartments may be superior to 100%.

**% p<0.005, ** p<0.01, * p<0.05.

Scale bar = 50um.

Supplementary Figure 1: Gross morphology of STOP” mice olfactory system

(A) At embryonic stage E15, GAP43-staining does not reveal any large alterations of the
morphology of the olfactory system in STOP-null mice (-/-), compared to wild type (+/+).
GAP43-immunopositive axons emerge from the olfactory epithelium (OE), fascicle in the
lamina propria (arrowhead) and contact the developing olfactory bulb (OB), forming the
olfactory nerve layer (ONL). (B) At postnatal day 6 (P6), the different layers of the olfactory
bulb have developed in both genotypes. At higher magnification, GAP43 and OMP stainings

reveal the formation of glomeruli (arrows) in the olfactory bulb of both genotypes.

Scale bar = 200pm.

VNO: Vomeronasal Organ.

Supplementary Figure 2: Quantitative morphometry methods

(A) Quantification of in vitro axon outgrowth using a method modified from Sholl analysis.
100pm-spaced concentric arc are drawn and centered on the explant. The length of the five
longest axons is considered as the axonal length for an explant (in um). The surface covered
by the axons is also measured and expressed according to the surface of the explant (ratio
axonal surface/explant surface). (B) Method of the morphometrical analysis of olfactory bulb

sections. Example of a map used to count the number of glomeruli and measure their mean
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diameter as well as the perimeter of the External Plexiform Layer (EPL) in an adult olfactory

bulb section (drawn with Explora Nova software).

Supplementary Figure 3: Convergence of mOR28 olfactory axons in adult STOP™ mice

Serial sections along the entire anteroposterior axis of the whole olfactory bulb were
stained for mOR28 (see material and methods for details about the sampling of the sections).
Only sections near the position of the target glomeruli are shown in this figure. The distance
from the first section is indicated in the bottom left corner. Only two glomeruli were found in
each whole olfactory bulb of adult wild type (+/+) and STOP-null (-/-) mice. (A and B) The
first mOR28 glomerulus is located in the ventrolateral region. (C and D) The second
glomerulus is positioned in the ventromedial side of the most posterior region of the olfactory
bulb. Arrows mark the position of a mOR28-immunoreactive glomerulus and arrowheads

point out immunopositive axons traveling in the olfactory nerve layer.

Scale bar = 400um.

Supplementary Figure 4: STOP antibodies specificity

Proteins were extracted from adult mouse olfactory bulb tissues (WT and STOP™) in
lysis buffer (50mM Tris-HCI pH7.9, 120mM NaCl, 0.5% NP-40, ImM EDTA, 0.1mM NaF,
0.ImM Na orthovanadate, ImM PMSF, 1mM benzamidine, 1X Roche protease inhibitor
cocktail). 20ug of proteins were loaded and separated on a 7.5% polyacrylamide gel (0.1%
SDS) and then transferred to a PVDF membrane. Membranes were probed overnight at 4°C
with one of the different primary antibodies diluted in PBS-tween 0.15% containing 5% dry
milk: 23C (rabbit, 1:5000), alphaE (rabbit, 1:3000), 175 (mouse, 1:2000), actin (mouse,
Chemicon MAB1501R, 1:6000). The appropriate secondary antibody was chosen between
sheep anti-mouse HRP (1:20000; Amersham) or goat anti-rabbit HRP (1:20000, Amersham)

and incubated for 90 min at room temperature. HRP enzymatic activity was revealed using the
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Millipore chemioluminescent kit following the manufacturer’s protocol. The same membrane
was successively probed with oE, actin, 175 and 23C antibodies, by processing a stripping
step between each antibody (antibody stripping buffer from Gene-Bio Application Ltd,
following manufacturer’s recommendations).

(A) The 23C antibody reveals that all the STOP isoforms are present in olfactory bulb
extracts. The expected molecular weights of the mouse isoforms are 145kDa for N-STOP and
79kDa for E-STOP, but the apparent molecular weight may vary upon SDS-PAGE
conditions (Bosc et al., 2003). Non neuronal isoforms, F-STOP (fibroblastic), A-STOP
(astrocytic) and O-STOP (oligodendrocytic) are also detected but to a lesser extend, in
accordance with the presence of these cell populations in the mouse olfactory bulb. (B) The
oE antibody revealed a single band corresponding to the reported molecular weight of E-
STOP in mouse brain extracts (Galiano et al., 2004). The 175 antibody revealed a single band
corresponding to the well-described molecular weight of N-STOP (Bosc et al., 1996; Pirollet
et al., 1989). Neither of the STOP antibodies revealed any staining in extracts from STOP”"
mouse olfactory bulb, further confirming their specificity. (D) Actin is probed to verify the

equal amount of protein loaded.
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ABBREVIATIONS

BIII-tubulin: B-tubulin isotype III ; E1: Embryonic day 1 ; GAP43: Growth-Associated Protein
of 43kDa ; GFAP: Glial Fibrillary Acidic Protein ; MAP: Microtubule-Associated Protein ;
OB: Olfactory Bulb ; OE: Olfactory Epithelium ; OMP: Olfactory Marker Protein ; ONL:
Olfactory Nerve Layer ; iONL and oONL: inner and outer Olfactory Nerve Layer ; OSN:
Olfactory Sensory Neuron ; P1: Postnatal day 1 ; SCG10: Superior Cervical Ganglion protein
; STOP: Stable-Tubule Only Polypeptide ; VGIuT: Vesicular Glutamate Transporter ; WT:

wild type.
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Table 1
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P6 Adult
WT STOP "~  P-value WT STOP "~  P-value

GAP43 552+25% 702+04% p=0.004 | 493+13% 486+0.7% p=0.64
OMP 399+1.7% 463+15% p=0.05 205+1.7% 198+2.4% p=0.81
MAP2 507+£13% 48+3.1% p=0.48 289+33% 288+2.6% p=0.30
Synaptophysin | 64.1+7.7% 623+72% p=0.86 |48.7+22% 562+1.7% p=0.05
VGIuTl1 609+45% 70.1+44 p=0.21
VGluT2 429+38%  46.1+£8.9 p=0.76

Table 1: Quantification of the glomerular compartmentalization

Results are presented as mean + s.e.m, n=3 animals per genotype and per age.




Table 2
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Primary antibody

Secondary antibody

Name (host) Dilution Provider Name Dilution Provider
- 23C (rabbit) Swine anti-rabbit FITC or
a5 . 1:200 Dr A. Andrieux, Swine anti-rabbit TRITC | 1:100 | D2K© ?gbvemr
E 2 oE (rabbit) Cytoskeleton Lab, or Goat anti-rabbit FITC
»n e i-
= 175 (mouse) 1:300 Grenoble, France Horse anti mouge FITC 1:100 Vector Lab
(pre-absorbed in rat)
an(trlrlglfic))“ 3 1:600 | Sigma (clone GAP-7B10) | Horse anti-mouse FITC 1:200 Vector Lab
gift from Dr F. Margolis,
anti-OMP (goat) 1:800 University of Maryland, Rabbit anti-goat TRITC 1:100 Sigma
USA.
anti-MAP2 1:400 Sigma (clone HM-2) Goat anti-mouse TRITC 1:100 AbCys
(mouse)
anti-synaptophysin | .5, Sigma (SVP38) Goat anti-mouse TRITC | 1:100 AbCys
(mouse)

] . Lo . Jackson

= anti-VGIuT1 1:2500 Chemicon (AB5905) Donkey anti-guinea pig 1:200 | Immunoresearch

é (guinea pig) Cy2 lab

E Anti-VGIuT2 1:1000 Synaptic Systems Donkey anti-rabbit 1:1000 Molecular

= (rabbit) ) (135403) Alexa488 ) Probes

: . . .

S a““zfgllapige“n 1:200 Chemicon (AB1530) Swine anti-rabbit FITC 1:100 Dako
anti-GFAP (rabbit) 1:200 Dako (Z334) Swine anti-rabbit TRITC 1:100 Dako
anti-GFAP (mouse) 1:200 }ill?)rll)ehsaﬁlln 1ge;1 B(Zogl](gtil ;1 Goat anti-mouse TRITC 1:100 AbCys

anti-Blll-tubulin |y .05 | gioma (clone SDL.3D10) Horse anti-mouse 1:200 Vector Lab
(mouse) biotinylated
. ) gift from Dr H. Breer
anti mOR256 17 1:400 | University of Hohenheim, Goat anti-rabbit FITC 1:200 Vector Lab
(rabbit) Germany.
anti-mOR28 gift from Dr R Ax.el, Donkey anti-rabbit Molecular
. 1:5000 Columbia University, 1:1000
(rabbit) USA Alexa488 Probes
5 5
g = Phalloidin-TRITC 1:200 Sigma (P1951)
5]
1

Table 2: Summary of the different antibodies used in this study




