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In Brief

Odorant receptors play a critical role in
the sensory map formation. Zamparo

et al. find that axonal odorant receptors
respond to cues expressed in the
olfactory bulb. Among these, PEBP1 acts
as a putative ligand of axonal receptors,
and its genetic ablation results in a
disrupted sensory map in vivo.
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SUMMARY

In mammals, odorant receptors not only detect odors
but also define the target in the olfactory bulb, where
sensory neurons project to give rise to the sensory
map. The odorant receptor is expressed at the cilia,
where it binds odorants, and at the axon terminal.
The mechanism of activation and function of the
odorant receptor at the axon terminal is, however, still
unknown. Here, we identify phosphatidylethanol-
amine-binding protein 1 as a putative ligand that acti-
vates the odorant receptor at the axon terminal and
affects the turning behavior of sensory axons. Genetic
ablation of phosphatidylethanolamine-binding pro-
tein 1 in mice results in a strongly disturbed olfactory
sensory map. Our data suggest that the odorant re-
ceptor at the axon terminal of olfactory neurons acts
as an axon guidance cue that responds to molecules
originating in the olfactory bulb. The dual function of
the odorant receptor links specificity of odor percep-
tion and axon targeting.

INTRODUCTION

Specificity of connections among neurons is essential to translate
sensory information in meaningful neuronal codes. In mammals,
sensory neurons in the peripheral sheets typically project their
axon to specific loci in the brain in a continuous pattern, such
that neighboring peripheral inputs are maintained in the brain.
The spatial segregation of sensory afferents provides topographic
maps that define the quality and location of sensory stimuli.

The topographic organization of the olfactory system differs
in several ways from this paradigm. Each olfactory sensory
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neuron (OSN) expresses only one type of odorant receptor
(OR) from a repertoire of more than one thousand OR genes
(Buck and Axel, 1991). In the olfactory epithelium, OSNs ex-
pressing a given OR are randomly distributed within overlap-
ping zones along the dorso-ventral axis. Spatial order is
achieved in the olfactory bulb (OB), the first retransmission
center of the olfactory system, where OSNs expressing the
same OR converge to form synapses with postsynaptic neu-
rons at specific loci (e.g., glomeruli) with one glomerulus on
the medial and one on the lateral side of each OB (Mombaerts
et al., 1996; Ressler et al., 1994; Vassar et al., 1994). This
spatial segregation of OSN axons creates a topographic
map on the OB, with each glomerulus representing a specific
OR. The instructive role of the OR in the convergence of sen-
sory neurons has been demonstrated by genetic experiments
in which alteration of the OR coding sequence resulted in an
altered sensory map (Feinstein et al., 2004; Wang et al,,
1998). The expression (Barnea et al., 2004; Strotmann et al.,
2004) and the local translation (Dubacq et al., 2009) of the
OR at the axon terminal of OSN suggested that the axonal re-
ceptor itself may act as an axon guidance molecule. However,
the mechanism of activation and the function of the OR ex-
pressed at the axon terminal remain unknown.

At the cilia, the OR binds odorants, resulting in the activation of
a specific G protein, Gg;, which stimulates adenylyl cyclase Il to
synthesize cyclic adenosine monophosphate (CAMP). This
cAMP binds cyclic nucleotide-gated (CNG) channels, allowing
Ca?* and Na* influx (Bradley et al., 2005; Menini, 1999). The
OR expressed at the axon terminal is also coupled to cAMP
and Ca%* signaling (Lodovichi and Belluscio, 2012; Maritan
et al., 2009; Pietrobon et al., 2011). These second messengers
play a critical role in axon elongation and turning (Song et al.,
1997; Zheng and Poo, 2007), and cAMP was shown to contribute
to the coalescence of sensory axons into glomeruli in the OB
(Chesler et al., 2007; Imai et al., 2006).
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Here, by studying Ca®* dynamics at the axon terminal of OSNs
and in HEK cells expressing a specific OR, we found evidence
that molecules expressed in the OB activate the ORs at the
axon terminal and modulate OSN axon turning. Among this
pool of molecules, we identified phosphatidylethanolamine-
binding protein 1 (PEBP1) (NP_058932.1) as a putative ligand
that activates ORs at the axon terminal and affects the turning
behavior of sensory axons. In mice carrying a null mutation of
PEBP1, the topographic organization of the OB is deeply per-
turbed. We suggest that the axonal ORs may act as axon guid-
ance molecules activated by cues expressed in the OB to direct
the formation of the sensory map.

RESULTS

Molecules Expressed in the Olfactory Bulb Activate the
Odorant Receptors Expressed at the Axon Terminal of
Olfactory Sensory Neurons

To identify molecules in the OB that could activate the axonal
OR, we generated an OB dialysate (from embryonic rat OBs;
see STAR Methods) and tested its effect on different ORs by
studying the dynamics of Ca®* at the axon terminal of embryonic
rat OSNs. We obtained several fractions of OB dialysate by size-
exclusion chromatography (SEC). The third peak of SEC (SEC-3)
was the only one that elicited Ca®* rises at the axon terminal in
OSNs (Figures 1A and 1C). We further fractionated SEC-3 by
ionic exchange chromatography (IEC) and found 2 peaks
(IEC-1 and IEC-2) that elicited Ca?* rise as shown (Figures 1B,
1C, and S1A).

To ascertain that this Ca®* rise was caused by OR activa-
tion, HEK293T cells were transfected with different ORs
(OREG, S8, and OIfr62) and loaded with the fura-2 Ca2* indi-
cator (see STAR Methods). HEK293T cells not expressing ORs
did not exhibit a rise in Ca* upon stimulation with IEC-2 or
with odor (Figure 1D). However, when expressing distinct
ORs, they respond promptly with a Ca®* rise upon challenge
with IEC-2 or with their corresponding odor ligands (Figures
1E-11). In contrast, IEC-1 exhibited a Ca®* rise, even in the
absence of OR expression (Figures S1B and S1C), and was
not further investigated.

IEC-2 also elicited Ca®" response when applied to
mouse OSN axon terminals (Figures 1J-1L), although buffer
solution alone did not elicit Ca?* responses neither in
sensory neurons nor in HEK293T cells expressing OR (Figures
S1D-S1G).

Ligand-dependent OR activation is coupled to CaZ* influx via
cyclic nucleotide-gated channel opening activated by cAMP
(Figure S1H). Upon IEC-2 application at the axon terminal, a
prompt cAMP rise was observed locally (Figures S1l and S1J).
To ascertain the origin of Ca?* influx upon stimulation with mol-
ecules from the OB, OSNs were stimulated with IEC-2 in pres-
ence of SQ22536, an inhibitor of adenylyl cyclase. Ca* rise
was practically abolished, indicating that Ca* influx at the
axon terminal depends on cyclic nucleotide-gated channel acti-
vation (Figures S1K-S1M). When denatured with heat, IEC-2 was
no longer capable of inducing a Ca2* rise (Figures STN and S10),
suggesting that the active pool of molecules from the OB is pro-
teinaceous in nature.

PEBP1, a Putative Ligand for the Odorant Receptor
Expressed at the Axon Terminal of Olfactory Sensory
Neurons

We further fractionated IEC-2 by reverse-phase chromatog-
raphy (RPC). All peaks were tested on OSNs. Peaks 23 and
35 of RPC elicited a prompt Ca®* rise in OSNs (Figures S2A-
S2C) and were used to stimulate HEK293T cells (Figures
S2D-S2F) expressing OREG, the most responsive OR to un-
fractionated IEC-2 (Figures 1E and 1l). The two peaks were
analyzed by mass spectrometry. Among the identified proteins,
PEBP1, also known as Raf kinase inhibitory protein 1 (RKIP-1),
was present in both peaks (Tables S1 and S2). PEBP1 is an
~21-kDa protein that belongs to a highly conserved family of
proteins that are expressed in numerous tissues and cell types
in a variety of species (Al-Mulla et al., 2013; Granovsky and
Rosner, 2008). In rodents, PEBP1 is expressed in several brain
areas, both in neurons and in non-neuronal cells (Frayne et al.,
1999; Theroux et al., 2007). The physiological function of
PEBP1 in the brain has remained elusive. Given its low molec-
ular weight, ability to be secreted, G-protein coupled receptor
modulating activity (Goumon et al., 2004; Granovsky and
Rosner, 2008), and the presence of olfactory deficits in mice
carrying a null mutation for PEBP1 (Theroux et al., 2007), we hy-
pothesized PEBP1 to be an OR ligand.

To assess the ability of PEBP1 to modulate Ca?* levels at the
OSN axon terminal, we applied PEBP1 locally to the axons of
OSNs loaded with the Ca®* indicator fura-2. Rat and mouse
OSNs exhibited a prompt Ca?* rise at the axon terminal (Fig-
ures 2A-2D). To ascertain that the Ca®* rise observed in
OSNs in response to PEBP1 was due to OR activation,
HEK293T cells transfected with specific ORs (OREG, P2, S6,
Olfr62, and M72) and loaded with fura-2 were challenged with
PEBP1 and the corresponding odor ligands or carbachol in
the case of P2 OR, whose corresponding odor is still unknown.
A prompt Ca?* rise was observed in response to PEBP1 only in
HEK293T cells expressing OR and not in HEK293T cells ex-
pressing the empty vector, chaperone proteins (Receptor
transporting protein family members, RTPs), and G,15 (Figures
2E-2G and 2I). HEK293T cells expressing the OR M72 did not
exhibit Ca2* rise in response to PEBP1, although they did
respond to the corresponding odor (Figures 2H and 2I). This in-
dicates that there are likely other ligands regulating sensory
afferent segregation in the OB of, e.g., M72-expressing neu-
rons, in line with previous speculations that a limited number
of different ligands could be involved in this guidance process
(Barnea et al., 2004; Wang et al., 1998). To ascertain the spec-
ificity of the response to PEBP1, HEK cells expressing specific
ORs were treated with PEBP1 in presence of Proteinase K in
order to inactivate proteins. In this condition, no Ca%* rise
was observed. When the same HEK cells were stimulated (after
washing away PEBP1+ ProtK) with PEBP1 followed by cognate
odor ligands, prompt Ca®* responses were observed in
response to all these stimuli (Figures S2G, S2H, and S2K). To
eliminate the possibility that substances introduced in the puri-
fication steps are activating the OR, we purified cyclin-depen-
dent kinase 2 (CDK2) using the same procedure used to purify
PEBP1. HEK cells expressing specific ORs and loaded with
fura-2 exhibited no Ca®* rise in response to CDK2. The same
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Figure 1. Ca?* Dynamics in Olfactory Sensory Neuron (OSN) Axon Terminals and HEK293T Cells in Response to Molecules from the Olfactory
Bulb (OB)

Fura-2 Ca?* imaging.

(A and B) Embryonic rat OSN axon terminals exhibit a prompt Ca®* rise upon stimulation with the third peak of size-exclusion chromatography (SEC-3) (A) and with
the second peak of ionic-exchange chromatography (IEC-2) (B).

(C) Summary of results (SEC-1, n = 21; SEC-2, n = 20; SEC-3, n = 31; IEC-1, n = 92; IEC-2, n = 97; IEC-3, n = 20; IEC-4, n = 20). Bars represent SEM.

(D) HEK293T cells not expressing odorant receptor (OR) (pCl = empty vector; n = 76) do not exhibit Ca®* response to IEC-2 or to odors (nonanedioic acid [NA]).
A prompt Ca®* rise is present in response to carbachol (CCH) (used as control).

(E, G, and H) HEK293T cells expressing ORs exhibit Ca* rise in response to IEC-2 and the corresponding odor. OREG-vanillic acid (VA) (E; n = 72), S6-non-
anedioic acid (NA) (G; n = 63), and Olfr62-2-coumaranone (CMR) (H; n = 122) are shown.

(F) Sequence of pseudocolor images of HEK293T cells expressing OREG, showing the changes in [Ca®*] before and upon stimulation with IEC-2 and with VA.
Scale bar, 20 pm.

() Summary of results of Ca®* dynamics in HEK cells. Bars represent SEM.

(J) Ca?* response to IEC-2 in a mouse OSN axon terminal.

(K) Pseudocolor images of the mouse OSN, showing changes in [Ca2*] before and after IEC-2 stimulation, locally at the axon terminal (arrowhead). Scale bar, 20 um.
(L) Summary of results (n = 18). Bar represents SEM.

HEK cells exhibited, after washing away CDK2, a prompt Ca?*  absence of a known ligand for this OR (Figures S2I-S2K).
transient when stimulated only with PEBP1. A Ca?* increase  Ringer’s solution did not elicit any Ca?* response in HEK cell
was observed in response to the subsequent stimulation with  transfected with specific ORs. The same HEK cells exhibited
the cognate odor ligand, vanillic acid, or with carbachol in a prompt Ca®* rise in response to the cognate odor ligand va-
cases with HEK cells expressing the P2 OR, due to the nillic acid (VA) and to PEBP1 (Figure S2L).
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Figure 2. Ca%* Dynamics in Rat and Mouse
OSN Axon Terminals and HEK293T Cells in
Response to Phosphatidylethanolamine-
Binding Protein 1 (PEBP1)

Fura-2 Ca®* imaging.

(A and B) Normalized fluorescence ratio changes
(340 nm/380 nm) at the OSN axon terminals of rat in
(A) and mouse in (B), upon stimulation with PEBP1.
(C) Pseudocolor images of the rat OSN, showing
changes in [Ca®*] at the axon terminal (arrowhead)
before and upon application of PEBP1. Scale bar,
10 pum.

(D) Summary of results. Embryonic rat OSN, n = 72;
mouse OSN, n = 57. Bars represent SEM.

(E) HEK293T cells not expressing odorant receptors
(ORs) (pCl = empty vector) do not exhibit Ca®*
response to odor, e.g., Vanillic acid (VA), or to
PEBP1. A prompt Ca* rise is observed in response
to CCH, used as control.

(F-H) Examples of Ca®* dynamics in HEK293Tcells
transfected with distinct ORs (F: OREG; G:P2;
H:M72) and stimulated with the corresponding odor
(VA; methyl salicylate [MS]) or carbachol (CCH) and
with PEBP1.

() Summary of results (pCl, n = 112; OREG, n = 47;
P2,n=70;S6, n=112; Olfr62, n = 45; M72, n=110).
Bars represent SEM.

See also Figures S2 and S6 and Tables S1 and S2.
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Figure 3. Turning Response of Rat OSN Axon Terminal in Presence of Chemical Gradients

(A-E) Examples of stop frames of time-lapse imaging of isolated embryonic rat OSN axon terminals at the beginning (left panel) and at the end (central panel) of
pulsatile application of chemicals from a glass pipette. Composite drawings (right panel) of the turning responses of neurites during the stimulation period were
made by superimposing traces to the video records of the microscopic images. White traces depict the position of the axon terminal at the beginning, although
black traces indicate the trajectory of the neurites at the end of the stimulation period (~1 h). Trajectories of the axon terminal at intermediate time points during the

(legend continued on next page)
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PEBP1 Modulates Axon Turning Behavior of Rat
Olfactory Sensory Neurons

Axon guidance signals steer the direction of growth cones. To
ascertain whether PEBP1 could regulate axon turning, we per-
formed time-lapse imaging of rat OSN axon terminals (Lohof
et al., 1992). Microscopic gradients are generated by pulsatile
ejections of molecules able to modulate cAMP and/or Ca2*
levels at the axon terminal. We found that neurite direction (see
STAR Methods for details) was affected by IEC-2 and PEBP1
(Figures 3 and S3), similar to the effects of pharmacological
agents, such as forskolin, a generic activator of adenylyl cyclase
11, and odors known to modulate cAMP and Ca?* at the olfactory
sensory neuron axon terminal (Maritan et al., 2009). All together,
our data suggest that PEBP1 can induce Ca?* rise at the OSN
axon terminal via OR activation and modulate neurite direction.

To investigate whether PEBP1 is expressed in locations suit-
able to modulate the targeting of incoming axons, in vivo, we
performed immunostaining using a PEBP1 antibody in coronal
sections of rat and mouse OBs (Figures 4 and 5).

PEBP1 is highly expressed in periglomerular cells that enwrap
each glomerulus and establish contacts with the incoming
axons. PEBP1-positive cells were detected mostly in the ante-
rior, medial, and lateral side of each OB, although in the posterior
side, PEBP1 expression is very low. This pattern of PEBP1
expression resulted in a global gradient of PEBP1 along the an-
tero-posterior axis (Figures 4B, 4H, 4K, 4N, 5A-5D, and 5K). At
the local level, however, glomeruli enwrapped by cells express-
ing high levels of PEBP1 were intermingled with glomeruli around
which PEBP1 could hardly be detected, giving rise to a patchy
distribution of PEBP1 in circumscribed areas (Figures 4C, 4E,
4F, 41-4L, and 5E-5G). PEBP1 expression was not found in the
OB of PEBP1~/~ mice (Figures 5J and 5K). The expression of
PEBP1 in the OB was confirmed by RT-PCR and western blot
(Figures S4U and S4V). PEBP1 was not expressed in OSNs, as
revealed by RT-PCR and immunostaining sections of the epithe-
lium (Figure S4). According to the latter results, PEBP1 expres-
sion was not detected in the axon terminals of OSNs that form
glomeruli (Figure S5).

The Olfactory Map Is Altered in PEBP1 Mutant Mice

If PEBP1 is involved in OSN axonal convergence to form
glomeruli in the OB, giving rise to the sensory map, mice carrying
a null mutation for PEBP1 should exhibit altered spatial segrega-
tion of sensory afferents. We obtained mice homozygous for a
null mutation in PEBP1 (PEBP1~/~ mice; Theroux et al., 2007)
and crossed them with homozygous lines of mice where OR
expression leads to expression of fluorescent proteins, allowing
for the visualization of the ORs corresponding glomeruli in the
OB. We choose the P2 OR because it exhibited a prompt Ca*
response to PEBP1 in our previous assays. The OR M72, which
was not responsive to PEBP1 in our previous experiments, was

used as a negative control (Figures 2G-2I). To further corrobo-
rate the activation of P2 and M72 by PEBP1, a dose-response
curve was performed in HEK cells expressing P2 and M72 and
loaded with fura-2. The results confirmed P2 as a responsive re-
ceptor, with maximum response amplitude at 0.02 pg/ulL PEBP1
concentration (Figure S6), and M72 as a non-responsive recep-
tor to PEBP1. In fact, HEK cells expressing M72 exhibited no
Ca?* response at all tested concentrations of PEBP1 (Figure S6).
Consistent with these results, we found that P2 and M72
glomeruli are located in distinct areas of the OB with high (medial
side; P2) and low (posterior side; M72) expression of PEBP1,
respectively (Figure S7). In wild-type mice, mature glomeruli
are innervated exclusively by fibers expressing the same
OR (Mombaerts et al., 1996; Ressler et al., 1994; Vassar
et al., 1994). Convergence of OSN axons was analyzed in
horizontal bulb sections of mice obtained by crossing PEBP1~/~
and P2-GFP mice and PEBP1~~ and M72-YFP, using anti-
bodies against olfactory marker protein (OMP), a marker for
mature OSNs, to label the glomeruli of all ORs (Danciger et al.,
1989). In P2-GFP and in P2-GFP; PEBP1*~ mice, P2-GFP-pos-
itive neurites targeted glomeruli formed by fibers positive
for both OMP and GFP (e.g., expressing P2), resulting in a
“P2-homogeneous glomerulus.” However, in P2-GFP;
PEBP1*/~ mice, P2-GFP-expressing axons targeted additional
OMP-positive, GFP-negative glomeruli, indicating the formation
of heterogeneous glomeruli (Figure 6). In homozygous null
PEBP1 mice (e.g., P2-GFP; PEBP1 /= mice), P2 axons inner-
vated a significantly higher number of heterogeneous glomeruli
with respect to control and heterozygous mice (Figures 6 and
S8). The key feature of the olfactory map is the stereotyped po-
sition of each glomerulus in the OB. We analyzed whole-mount
(Figures 7A-7D) and biochemically cleared whole OBs (Figures
7F and 7G; Videos S1 and S2) for the 2D and 3D location of
the main P2 homogeneous glomeruli. The area of the lateral
and medial surface of the OB, where P2 glomeruli are located,
was similar in control, P2-GFP; PEBP1*/~, and P2-GFP;
PEBP1~'~ mice (Figure 7E). The position along the dorso-ventral
(D-V) axis of P2 glomeruli was unaffected in control mice with
respect to mutant mice. However, P2-GFP; PEBP1 ~/~ mice ex-
hibited a significant shift of both the primary lateral and medial P2
glomeruli along the antero-posterior (A-P) axis with the lateral
glomerulus shifted toward the posterior and the medial glomer-
ulus shifted toward the anterior in both whole mounts and
cleared whole bulbs of P2-GFP; PEBP1~~ mice when
compared with control animals (Figures 7H and 7I).

In M72-YFP; PEBP1*~ and in M72-YFP; PEBP1~/~ mice,
M72-YFP axons converge to form homogeneous glomeruli
(e.g., formed by fibers positive for OMP and YFP; Figures 6D-
6Z) in the proper location as in control M72-YFP mice (Figures
S8G-S8K). These results indicate that the interaction between
PEBP1 and the responsive OR, such as P2, is required for the

stimulation period are indicated by traces in shades of gray. Black arrows indicate the pipette position. OSNs were stimulated with pulsatile application of (A)
Ringer’s solution, (B) forskolin (FRSK), (C) odors mixture, (D) IEC-2, and (E) PEBP1. Scale bar, 20 um.

(F) Distribution of turning angles for all neurons in response to the tested stimuli

(G) Summary of results, reported as mean + SEM.

(H) Turning angles (°), in response to different stimuli, reported as mean + SEM. One-way ANOVA; Bonferroni corrected; *p < 0.05; **p < 0.01; **p < 0.001.

See also Figure S3.
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proper targeting of OSN axons to the specific target glomeruli in
the OB. PEBP1 does not affect the spatial location and the
convergence of M72-expressing fibers (Figure S8), in agreement
with our in vitro data (Figures 2H, 2I, and S6) that indicated
ORMT72 as non-responsive to PEBP1.

DISCUSSION

In the present study, we provide evidence that the ORs ex-
pressed at the axon terminal direct the targeting of sensory neu-
rons mediated by cues expressed in the OB. Among these cues,
we identified PEBP1 as one of the putative ligands. We identified
this unexpected ligand using an unbiased approach, character-
izing a protein extract from the OB that was able to stimulate a
local Ca®* response when applied to the axon terminal of OSN.
This classical readout of OR activation (Bozza and Kauer,
1998; Imai et al., 2006; Malnic et al., 1999) has previously only
been used to identify odor ligands for an OR. When adenylyl
cyclase is pharmacologically blocked, the Ca®* response is
abolished as one would expect for an OR-mediated response.
A further support that the Ca®* response was due to OR activa-
tion was obtained by transfecting HEK cells with specific ORs
and demonstrating response to stimulus in comparison to HEK
cells lacking the specific ORs did not exhibit Ca®* response to
the same stimulating molecules. The physiological relevance
was deduced from the fact that the OB molecules were able to
modulate the axon turning behavior of sensory axons in vitro,
corroborating their function as axon guidance molecules.
Notably, OSN axons exhibit attractive and repulsive behaviors
in response to a gradient of the same cue (Figure 3F). These re-
sults can be explained by the fact that the turning behavior was
performed on embryonic rat OSNs, whose OR identity was un-
known. Our data indicate that cues elaborated in the OB, such
as IEC-2 and PEBP1, can activate specific subsets of ORs.
Therefore, depending on the type of OR expressed on the
axon terminal, the same guidance molecule can elicit attractive
or repulsive behavior in different OSNs expressing different
ORs (see Figures 3 and S3).

Mass spectrometry of the active pool of molecules from the
OB identified PEBP1 as a putative ligand of the axonal OR.
PEBP1 is a highly conserved cytoplasmic protein of ~21 kDa
that can be secreted via a non-classic pathway. The small mo-
lecular weight of PEBP1, ability of it to be secreted, ability to
modulate G-protein coupled receptors (e.g., the adrenergic re-
ceptor; Goumon et al., 2004; Granovsky and Rosner, 2008),
and the presence of olfactory deficits in mice carrying a
PEBP1-null mutation (Theroux et al., 2007) make PEBP1 a prime
candidate for this role.

Our data support that PEBP1 activates a specific set of ORs
expressed at the OSN axon terminal to regulate axon turning
behavior of sensory neurons. Although these results suggest a
direct ligand-receptor interaction that leads to activation of the
axonal OR, we cannot rule out the possibility of indirect activa-
tion due to the absence of a reliable assay that demonstrates
the direct binding of PEBP1 to an OR. Among the ORs tested,
M72 was not responsive to PEBP1, suggesting the potential
for additional ligands for regulating the axon guidance of other
subsets of ORs.

The in vivo physiological relevance of our findings is corrobo-
rated by the fact that mice carrying a null mutation of PEBP1
exhibit a perturbed sensory map. In OBs devoid of PEBP1
(PEBP1~/7), the targeting of P2-expressing axons and the local-
ization of the corresponding glomeruli were altered. P2-express-
ing OSN axons form not only the main P2 homogeneous
glomeruli but also innervate non-target glomeruli, leading to
the formation of heterogeneous glomeruli that violate the canon-
ical one-OR one glomerulus rule. The locations of the main P2
glomeruli were also significantly shifted along the A-P axis in
mice deficient in PEBP1 in respect to controls. Together, these
findings suggest that molecules residing in the OB, such as
PEBP1, activate the axonal OR and provide neurons with guid-
ance cues critical for reaching the proper target area.

In contrast to P2 axons, the convergence of M72 axons and
the location of the corresponding glomeruli were unaltered in
PEBP1-deficient mice. This finding is in concordance with the
M72 receptors lack of responsiveness to PEBP1 in in vitro

Figure 4. Expression of PEBP1 in Rat OB
(A) Schematic representation of embryonic rat OB.

(B) Low-magnification image of a coronal section of the rat OB labeled for PEBP1 (red). Nuclear marker DAPI (blue) is shown. High expression of PEBP1 is
detected in periglomerular cells in the anterior, medial, and lateral side of embryonic rat OB. Low expression is present in the posterior side. Rat embryos, n =5,

from 4 pregnant rats. Scale bar, 50 pm.

(C-F) Higher magnification images of the anterior (C), posterior (D), medial (E), and lateral (F) areas related to the section shown in (B). Scale bar, 100 um.

(G) Schematic representation of postnatal rat OB.

(H) Low-magnification image of the antero-medial portion of the OB in postnatal rat (postnatal day 2 [P2]), labeled for PEBP1 (red) and DAPI (blue). Scale bar,

50 um.

(I and J) Higher magnification of the anterior (I) and medial (J) sides of the section in (H), where high expression of PEBP1 can be observed in periglomerular cells.

Scale bar, 100 um.

(K) Image of the lateral and posterior side of the OB of postnatal rat (P2), labeled for PEBP1 (red) and DAPI (blue). Scale bar, 50 pm.

(L and M) Higher magnification of the lateral and posterior areas of the section in (K). PEBP1 labeling is observed around the glomeruli, in the periglomerular cells,
and in the lateral aspect of the OB in (L). Low expression of PEBP1 is detected in the posterior side in (M). Postnatal rat pups, P0-P4, n = 5, from 5 litters. Scale bar,
100 pm.

(N) Quantification of PEBP1 expression in the OB in embryonic and postnatal rats. Bars represent SEM. One-way ANOVA; Bonferroni corrected; *p < 0.05;
**p < 0.01; ***p < 0.001.

Arrows indicate PEBP1-positive cells. Yellow arrowheads and dashed green circles indicate glomeruli surrounded by low expression of PEBP1. Solid circles
indicate glomeruli surrounded by high expression of PEBP1. White arrows indicate periglomerular cells expressing high level of PEBP1. A, anterior; EPL, external
plexiform layer; GL, glomerular layer; L, lateral; M, medial; p, posterior.

See also Figures S4, S5, and S7.
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Figure 5. Expression of PEBP1 in Mouse OB
Coronal sections of the mouse OB (>P40) labeled for PEBP1 (red), OMP (green), and nuclear marker DAPI (blue).
(A-D) PEBP1 is highly expressed in periglomerular cells along the anterior (A), lateral (B), and medial (C) side of the OB. PEBP1 expression is barely detected in the
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experiments and suggests that other ligands for the axonal ORs
remain unidentified.

The different impact of PEBP1 on P2 and M72 glomeruli is re-
flected by the different distribution of PEBP1 in the OB. The ligand
is highly expressed in the periglomerular cells in the antero-lateral
and the antero-medial wall, where P2 glomeruli are located, but it
is hardly detected in the posterior part of the OB, where M72 fi-
bers converge to form glomeruli. This expression pattern results
in a global gradient of PEBP1 along the A-P axis. However, at the
local level, glomeruli surrounded by high PEBP1 expression are
intermingled to glomeruli with very low PEBP1 labeling. In a
similar way, neuropilin-1, a molecule involved in modulating the

Figure 6. Organization of Glomeruli in Con-
trol and PEBP1 Mutant Mice

(A-Y) Organization of P2 and M72 glomeruli (GFP/
YFP, green, A-F) revealed by immunolabeling
sections of the OB with antibodies against OMP
(red, G-L) and the nuclear marker DAPI (blue, M-R).
Merged images are shown (S-Y). P2 axons positive
for GFP and OMP coalesce to form a main homo-
geneous glomerulus in control P2-GFP (A and S;
mice, n = 6; bulb, n = 7), in P2-GFP; PEBP1*/~ (B
and T; mice, n = 4; bulb, n = 8), and in P2-GFP;
PEBP1 '~ mice (C and U; mice, n = 6; bulb, n = 9).
P2 axons innervate also adjacent glomeruli that
result to be formed by fibers positive for GFP and
OMP (e.g., expressing P2) but also by fibers posi-
tive only for OMP (e.g., expressing a different OR,
heterogeneous glomeruli) in P2-GFP; PEPB1*/~ (B
and T) and in P2-GFP; PEPB1~~ mice (C and U).
M72 glomeruli (D-F) are formed by OSN axons
expressing YFP and positive for OMP (e.g., homo-
geneous glomeruli) in control M72-YFP (mice, n=5;
bulb, n = 5; D and V) and also in M72-YFP;
PEPB1*/~ (mice, n = 6; bulb, n = 9; E and W) and in
M72-YFP; PEPB1~/~ mice (mice, n =6; bulb, n=9;
F and Y). Scale bar, 100 pm. White arrows indicate
homogeneous glomeruli. Yellow arrowheads indi-
cate heterogeneous glomeruli.

(2) Summary of results. One-way ANOVA; Bonfer-
roni corrected; ***p < 0.001.

See also Figure S8.

location of olfactory glomeruli along the
A-P axis, exhibits a global gradient along
the A-P axis and a patchy distribution at
the glomerular level (Assens et al., 2016;
Col et al., 2007; Zapiec et al., 2016).
Periglomerular cells are a highly suitable
location for the expression of guidance
cues that direct the incoming axons, such
as PEBP1. The role of postsynaptic cells
in the formation of the sensory map is corroborated by previous
works (Cutforth et al., 2003; Scolnick et al., 2008), in which the
interaction between cues elaborated in periglomerular and mitral
cells (such as Eph and IGF1) and in OSNs (ephrin and IGF1 R)
was reported to direct OSN axons to their final target. On the other
hand, previous data indicated that the postsynaptic cells are
dispensable for the coalescence of like fibers to form glomeruli.
Indeed, in the double knockout (KO) of DIx1/DI2, in which periglo-
merular cells are absent, and of Tbr1/Tbr2, devoid of most of
mitral and tufted cells (Bulfone et al., 1998), the convergence of
like axons to form the main glomeruli seems to occur. However,
it has to be considered that the double DIx1/2 KO die within a

E-H) Higher magnification of the areas in the dashed rectangles in (A)—(D), respectively. (E) is the higher magnification of (A), (F) of (B), (G) of (C), and (H) of
D).White arrows indicate PEBP1-positive periglomerular cells. Dashed circles indicate glomeruli surrounded by low expression of PEBP1. Scale bars, 100 um.

) Staining for PEBP1 in coronal sections of the OB of PEBP1~/~ mice. PEBP1-positive cells are not present in the OB of PEBP1~/~ mice. Scale bar, 100 pm.

(
(
(I) Schematic of mouse OB. Dashed rectangles indicate the position of the area included in dashed rectangles in (A)—(D) in the whole OB.
W
(

K) Quantification of PEBP1 expression in the OB of wild-type (WT) (n = 8) and PEBP1~/~ (n = 4) mice. Bars represent SEM. One-way ANOVA; Bonferroni

corrected; one-way *p < 0.05; **p < 0.01; ***p < 0.001.
See also Figures S4, S5, and S7.
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Figure 7. Altered Location of P2-GFP Glomeruli in PEBP1 Mutant Mice

(A-D) Whole mount view of the lateral (A and C) and medial (B and D) aspect of the OB in control P2-GFP mice (A and B) and in P2-GFP; PEBP1~/~ mice (C and D).
P2-GFP-expressing fibers converge to form the main glomerulus on the lateral and on the medial surface of the OB. Scale bar, 1 mm.

(E) Areas of the lateral and the medial aspects of the OB in control P2-GFP, in P2-GFP; PEBP1*/~, and in P2-GFP; PEBP1~/~ mice, respectively. Bars represent SEM.
(F) Images of cleared whole bulbs of P2-GFP control (left) and in P2-GFP; PEBP1~/~ (right) mice. The position of the medial and lateral glomeruli is represented by

yellow and red dots in P2 -GFP and in P2-GFP; PEBP1 ~/~ mice, respectively. Scale bars, 500 pm.
(G) Visualization of the average position of the glomeruli displayed in relation to a representative cleared whole bulb. Pink and black dots indicate the mean
location of the medial and the lateral glomeruli, respectively, in P2-GFP (pink) and in P2-GFP; PEBP1 =/~ (black) mice. Relative positions in the bulb are shown

(normalized values without scale).

(legend continued on next page)
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few hours after birth and exhibit striking hypoplastic bulbs. In this
context, the exact location of the glomeruli, a key feature of the
topographic map, cannot be ascertained, and it could be
extremely challenging, if not impossible, to detect mistargeted
fibers. All together, these data appear to indicate that the coales-
cence of like fibers to form glomeruli does not require postsyn-
aptic cells, which are important for directing axon targeting and
the unique location of glomeruli in the OB. This model recapitu-
lates the mechanism underlying the formation of the topographic
map in other sensory modalities, such as the visual system. The
paired axon guidance cues neuropilin1-Sema3A, which are
thought to contribute to defining the position of glomeruli along
the A-P axis, appear as an exception to this model, because
both are reported to be expressed by OSNs (Imai et al., 2009).

We observed that the position of P2 and M72 glomeruli along
the D-V axis remains unaffected in PEBP1-deficient mice with
respect to controls. This is consistent with the fact that the distri-
bution along the D-V axis does not rely on the OR identity but re-
flects the location of OSNs in overlapping zones along the D-V
axis of the epithelium instead (Miyamichi et al., 2005; Ressler
et al.,, 1994; Vassar et al., 1994). Molecules such as Slit1,
Robo2 (Cloutier et al., 2002, 2004; Nguyen-Ba-Charvet et al.,
2008), neuropilin-2, and Sema3F (Cloutier et al., 2002; Takeuchi
etal.,2010; Walz et al., 2002) contribute to the spatial distribution
of sensory afferents along the D-V axis.

The observation that at least one OR (M72) is not responsive to
PEBP1 suggests, as mentioned earlier, the presence of additional
molecules, whose number and identity remain to be clarified. Two
possibilities can be envisioned. First, the number of cues elabo-
rated in the OB is the same as the OR number, such that there
is a specific cue for each OR. This model would imply around
eleven hundred possible cues with very specific and localized
expression patterns. Second, there is a limited number of mole-
cules that guide OSN axons to the right position. The data we ob-
tained here with the putative ligand, PEBP1, are in accordance
with the second model. Indeed, PEBP1 appears to be rather
broadly expressed, suggesting that this putative ligand can
interact with different subsets of ORs. This was confirmed by
demonstrating that, in addition to P2, PEBP1 was also able to acti-
vate EG, OIlfr62, and S6 receptors. Each receptor type exhibits,
however, a different degree of response, suggesting different af-
finities for PEBP1. Thus, we favor a model where a small number
of molecules expressed in gradients in the OB recognizes, with a
different affinity, distinct subset of ORs, driving the OSN axons to
a given OB area. At the local level, characterized by a patchy
pattern of PEBP1 expression in nearby glomeruli, the distinct affin-
ity of a given OR for PEBP1 will determine the location of the OSN
axons convergence. The presence of a global, but not a contin-
uous, gradient of PEBP1 along the A-P axis, along with the patchy
expression of PEBP1 at the local glomerular level, could explain
the shift in opposite directions of the medial and lateral glomeruli

expressing P2 in PEBP1~/~ mice. It is worth noting that, in wild-
type control mice, the location of the medial and lateral glomeruli
is not the same along the A-P axis. Therefore, each glomerulus is
likely to be differentially affected by the patchy local distribution of
PEBP1 along with other guidance cues and to shift in different di-
rections in the absence of PEBP1. Alternatively, in the absence of
PEBP1, glomeruli location could shift in a stochastic manner. The
consistent anterior shift of the medial glomeruli and posterior shift
of the later glomeruli seem to favor the former model.

Although the OR plays an instructive role in determining the
glomerular location, it is not the only determinant (Wang et al,,
1998). Noteworthy, the identity of the OR is highly correlated
and can modulate the expression of other guidance and adhesion
molecules, such as the level of ephrin-A proteins (Cutforth et al.,
2003), Kirrel2 and 3 (Serizawa et al., 2006), Big 2 (Kaneko-Goto
et al., 2008), and neuropilin-1, whose expression is regulated by
OR-derived cAMP levels (Imai et al., 2006). The mechanism un-
derlying the OR-derived cAMP rise remains elusive. Our data
seem to complement these findings, suggesting that activation
of the axonal OR by cues originating from the OB leads to a local
increase of cAMP that, in turn, can regulate the expression of
other guidance cues involved in olfactory map formation (Maritan
et al., 2009; Pietrobon et al., 2011). Considering all of these ele-
ments, we favor a model in which the OR is expressed at the
axon terminal along with other guidance cues. A unique combina-
tion of axon guidance molecules expressed at the axon terminal
along with the OR will provide the OSN with information to reach
aunique glomerular target in the OB. Adhesion molecules, such as
Kirrel2 and 3 (Serizawa et al., 2006), Big2 (Kaneko-Goto et al.,
2008), and cadherins (Mountoufaris et al., 2017), could refine the
coalescence of sensory fibers once they reach the target area.

Our data resolve along-standing paradox in the field. Although
the olfactory map hinges on OR identity, several studies indi-
cated that odor-evoked activity does not significantly affect the
convergence of sensory axons (Belluscio et al., 1998; Lin et al.,
2000; Zheng et al., 2000). On the other hand, spontaneous
afferent activity was demonstrated to be required for the refined
wiring and maintenance of the topographic map, although it
does not instruct the spatial targeting of axons (Lorenzon et al.,
2015; Yu et al., 2004). It is worth noticing that the OR identity reg-
ulates not only odor-evoked activity but also spontaneous firing
in sensory neurons (Connelly et al., 2013; Reisert, 2010). It was
therefore hypothesized that ligand-independent activation was
the origin of the OR-derived cAMP, which is required to target
sensory neurons to their glomeruli (Nakashima et al., 2013).
The considerable variation of basal activity, even among OSNs
expressing the same OR, makes it unclear how specificity of tar-
geting could be achieved in this context. Our work here, after
more than 20 years from the identification of the OR’s role in
the formation of the sensory map, unveils the identity of a puta-
tive ligand of the axonal ORs. The distinct activation mechanisms

(H and I) Localization of P2-GFP medial (H) and lateral (l) glomeruli along the ventro-dorsal (V-D) and the postero-anterior (P-A) axis of the OB in P2-GFP control
(mice, n = 10; bulb, n = 18), P2-GFP; PEBP1 *~ mice (mice, n = 5; bulb, n = 9), and in P2-GFP; PEBP1 ~/~ mice (mice, n = 8; bulb, n = 14). P2 glomeruli location
along the A-P axis of the OB is significantly shifted in P2-GFP; PEBP1 ~/~ mice in respect to controls. Bars represent SEM. Analysis of P2-GFP glomeruli location

along the A-P axis; one-way ANOVA; Bonferroni corrected; *p < 0.05; **p < 0.01.

Arrowheads indicate glomeruli. V, ventral.
See also Figure S8 and Videos S1 and S2.
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for ORs expressed at the opposite poles of OSNs, by odors at
the dendrite and by OB-originating cues at the axon terminal,
explain the dual function of these receptors, linking specificity
of odor perception to its internal representation as a topographic
sensory map. Our model proposes that the sensory axons “sniff”
their way through the OB to reach their target glomerulus.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit-polyclonal anti-RKIP (PEBP1) Millipore Cat#07-137; RRID: AB_310389

Goat anti-Olfactory Marker Protein (OMP)

Alexa 488-conjugated Donkey anti-goat IgG (H+L)
Cy3-conjugated Donkey anti-rabbit IgG(H+L)

Cy3 conjugated Donkey anti-goat IgG (H+L)
Mouse-monoclonal anti-B-actin

Donkey Anti-Rabbit IgG ECL ™ Antibody, HRP Conjugated
Sheep anti-mouse IgG ECL ™ Antibody, HRP Conjugated

Wako Chemicals
Jacksonlmmuno
Jacksonlmmuno
Jacksonlmmuno
Life Technologies
GE Healthcare
GE Healthcare

Cat#544-10001; RRID: AB_664696
Cat#705-545-147; RRID:AB_2336933
Cat#711-165-152; RRID:AB_2307443
Cat#705-165-147; RRID:AB_2307351
Cat#MA1-140; RRID:AB_2536844
Cat#NA9340; RRID:AB_772191
Cat#NA931; RRID:AB_772210

Chemicals, Peptides, and Recombinant Proteins

(+) Citronellal

(R)-(-) Carvone

(S)-(+) Carvone

2-coumaranone
2-isobutyl-3-Methoxypyrazine (IBMP)
3,7-Dimethyl-2,6-Octadienenitrile (Citralva)
Acetophenone

Amersham Hybond P.045 PVDF

BCA protein concentration assay kit
Benzaldehyde

Benzyl alcohol

Carbamoylcholine chrolide (Carbachol)
Corning Nu Serum IV Culture Supplement
Cytosine B-D-arabinofuranoside (Ara C)
DMEM high glucose

D-Valine

Eugenol

Fetal Bovine Serum (FBS)

Forskolin

Fura-2,AM

Geraniol

HEPES

Hank’s balanced Salt solution (HBSS)
High capacity cDNA Reverse Transcription kits
Heptanoic acid

Hexanal

L- glutathione reduced

Lipofectamine 2000

MEM alpha medium

Menthone

Methyl salicylate

Nerve growth factor (NGF)

Nonanedioci acid

NuPAGE4-12%Bis -Tris gel 1.0mm x 12 gel

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Fluka

GE healthcare
Thermo Scientific
Sigma Aldrich
Fluka

Sigma Aldrich
Life technologies
Sigma Aldrich
Life technologies
Sigma Aldrich
Sigma Aldrich
Life technologies
Sigma Aldrich
Life technologies
Fluka

Sigma Aldrich
Life technologies
Applied Biosystems
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Thermo Fisher
Life technologies
Fluka

Sigma Aldrich
Corning

Sigma Aldrich
Life technologies

Cat#C25-13
Cat#12,493-1
Cat#435759
Cat#12,459-1
Cat#297666
Cat#15,767-8
Cat#00790
Cat#10600023
Cat #23225
Cat#41,809-9
Cat#13170
Cat#4382
Cat# CB51000
Cat# C1768
Cat#21969035
Cat#1255
Cat#E51791
Cat#10270-106
Cat#F6886
Cat#F1201
Cat#48799
Cat# H4034
Cat#4180-046
Cat# 4368813
Cat# 111-14-8
Cat#11,560-6
Cat#G4251
Cat#11668027
Cat#32561-029
Cat#63680
Cat#M6752
Cat#354009
Cat# 246379
Cat#NP0322BOX
(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

10% Pluronic acid
Pen Strep Glutamine (10X)

Life technologies
Life technologies

Cat# 24040-032
Cat#10378-96

Poly-L-Lysine solution Sigma Aldrich Cat#P8920
Propionic acid Fluka Cat#81912
Proteinase K Life technologies Cat#EO0491
Proteasi inhibitor cocktail Sigma Aldrich Cat#P8465
RIPA Thermo Fisher Cat#89901
SuperSignal ®West Pico Chemiluminescent substrate Thermo Scientific Cat#34040
Sulfinpyrazone Sigma Aldrich Cat# S9509
Tetrodotoxin (TTX) Latoxan Cat#L8503
Thrombin Sigma Aldrich Cat#T76884
TransFectin Lipid Reagent Biorad Cat#170-3350
Trizol Life technologies Cat#15596026
Vanillic acid Sigma Aldrich Cat#94770
Experimental Models: cell lines

Human: HEK293T cells ATCC ATCC® CRL-3216; RRID:CVCL_0063

Experimental Models: Organisms/Strains

Mouse: wild type C57BL/6J

Mouse: wild type C57BL/6-Tyr ©-Bd

Mouse: RKIP1 Gt(pGTO1xrBetageo) 1JkI (PEBP1 —/—)

Mouse: P2-IRES-GFP (P2-GFP)

Mouse: Olfr160 tM!-1(COPAEYFRITRz / § (\M72_ChR2-YFP)
Rat:Sprague Dawley

Jackson Laboratory
Charles River

Evan Keller

J.A Gogos

Charles River
Charles River

Stock num#000664
Strain code 493
Michigan University
Columbia University
Cat#021206

Strain code 001

Recombinant DNA

pCl H. Matsunami Duke University
OREG (MOR174-9) (Olfr73) H. Matsunami Duke University
P2 (MOR263-5)(Olfr17) H. Matsunami Duke University
S6 (MOR42-3) (Olfr544) H. Matsunami Duke University
Olfr62 (MOR 258-5) H. Matsunami Duke University
M72 (MOR171-3)(Olfr160) H. Matsunami Duke University
G.15 H. Matsunami Duke University
RTP1S H. Matsunami Duke University
RTP2 H. Matsunami Duke University
pPGEX2T-rat-RKIPcDNA MR Rosner Chicago University
mKate Thermo Fisher N/A
Epac-based sensor for cAMP Ponsioen et al., 2004 N/A

Software and Algorithms

MassLynx 4.1 Waters Corporation N/A
MassHunter Qualitative Analysis Software B.03.01 Agilent Technologies N/A

Mascot Search Engine 2.2.4 Matrix Science N/A

ImagedJ

Prism 7.0

Cell R

NRecon software
Imaris

MATLAB

NIH Software
GraphPad Software
Olympus BioSystems
Bruker

Bitplane

Mathworks

RRID:nif-000030467
RRID: SCR_002798
N/A
N/A
N/A
N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other

Slide-A-Lyzer Dialysis cassette Thermo Scientific Cat#66330

HiTrap™ Benzamidine FF (High Sub)
Glutathione Agarose

GE Healthcare
Jena Bioscience

Cat#17-5143-01
Cat#AC-210-10

Superdex 200-prep-grade 300/10 column GE Healthcare Cat#S6782
HiTrap Capto Q column GE Healthcare Cat#11-0013-02
ImageQuant LAS 4000mini GE healthcare N/A

AKTA Fast protein Liquid Chromatography System GE Healthcare N/A

Jupiter C4 Column Phenomenex N/A
Electrospray ionization mass spectrometry with Q-TOF analyzer Waters Corporation N/A

Q-TOF mass spectrometer Agilent Technologies N/A

PV80 pneumatic PicoPump WPI Cat#SYS-PV820
Single Channel Pulse Generator (A310 Accupulser) WPI Cat#SYS-A310
Thermostatic chamber Warner Instruments N/A

Tissues lyzer Il Quiagen N/A

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Claudia
Lodovichi (claudia.lodovichi@unipd.it). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Animals were housed in filtered cages in a temperature-controlled room, with 12/12 hour dark/light cycle with ad libitum access to
water and food.

All procedures conformed to the EU Directive 2010/63/EU for animal experiments and to the ARRIVE guidelines. Experimental pro-
tocols were approved by the Italian Ministry of Health. All analyses were performed blind to genotype and treatment.

Experiments were performed on embryonic rat E18-19, on postnatal rats (P0-P4) (Sprague Dawley, Charles River), and on mice at
age P0-P4 or P40-P50, according to the type of experiment, specified in the main text, both in males and females. The following lines
of genetically modified mice were employed: P2-IRES-GFP mice (P2-GFP mice), generously provided by J.A. Gogos (Columbia Uni-
versity, New York, NY) and previously described in detail (Gogos et al., 2000); M72-ChR2-YFP mice (M72-YFP mice, Charles River);
and PEBP1~/~ mice (also known as RKIP1 GiPGT0xrBetageo) 1) - ganaroysly provided by Evan Keller, University of Michigan, and
described in Theroux et al., 2007. We used C57BL/6 wild-type (WT) mice (Charles River) and C57BL/6-Tyr*®¥ mice (Charles River)
as controls for PEBP1~/~ mice.

Primary culture of rat and mouse olfactory sensory neurons

Primary cultures of rat and mouse OSNs were performed as described in Maritan et al. (2009) and Pietrobon et al. (2011). Briefly, the
olfactory epithelium was harvested from embryonic rats (E18 - E19) in ice-cold Hank’s balanced salt solution (HBSS) (Invitrogen).
Then, the tissue was enzymatically dissociated (Maritan et al., 2009; Pietrobon et al., 2011). Cell suspension was plated onto
24mm coverslips coated with poly-L lysine (Sigma Aldrich) and maintained for 24 hours in culture medium D-Val MEM, 10% fetal
bovine serum (FBS), 5% Nu Serum, Penstrep L-glutamine, 100 U/ml (Invitrogen), 10 uM Cytosine B-D-arabinofuranoside (Ara C,
Sigma Aldrich), and 25 ng/ml nerve growth factor (NGF, Corning) before calcium imaging experiments or transfection with Epac-1
based sensor for cAMP (Ponsioen et al., 2004).

HEK293T cell culture

HEK293T cells were maintained in MEM (Invitrogen) containing 10% FBS and 1% Penstrep (Invitrogen) in a 37°C incubator with
5% CO,. The cells were seeded on a 24 mm coverslip (Falcon) coated with poly-L-lysine (Sigma Aldrich) 24 hours prior to trans-
fection. Lipofectamine 2000 (Invitrogen) was used for the transfection of 0.8 ug plasmid driving Rho-tagged OR expression (i.e.,
OREG, P2, S6, OIfr62, M72) and 0.4 ng of RTP1S, 0.4 ng of RTP2 and 0.8 pg of G,15. HEK293T cells not expressing any OR trans-
fected with the empty vector pCl, along with RTPs and G,,15, were used as controls and indicated as HEK cells transfected with pCl
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or HEK cells not expressing OR in text and figures. The Rho-tagged OR and all the accessory plasmid DNA are described in detail
in Zhuang and Matsunami (2007). mKate fluorescent protein (0.3 ng) (Thermo Fisher) was used as a control for transfection
efficiency.

METHOD DETAILS

Isolation of olfactory bulb products

Olfactory bulbs (OB) were collected from rat embryos (E18 — E19) and frozen in liquid nitrogen. Frozen rat olfactory bulbs were
powdered by pestle and mortar and lysed in a buffer containing 20 mM HEPES pH 7.4, 140 mM NaCl, 5 mM KClI, 5 mM NaHCOs,,
1.2 mM Na,HPO4, 1 mM MgCl,, 20 mM HEPES pH 7.4, 10 mM dextrose, 1.8 mM CaCl,, Roche Complete Protease Inhibitor Cocktail,
1 mM PMSF, 1 mM NaVO3, 5 mM NaF and 3 mM B-glycerophosphate. The lysate was centrifuged to remove cell debris and
membranes at 4°C for 30 minutes at 13000 rpm. Then, the supernatant was purified with a slide-A-lyzer dialysis cassette (cut off
350MW, Thermo Scientific) in 20mM HEPES and 100mM NacCl.

The dialyzed olfactory bulb extract was applied onto a HiTrap Desalting column (GE Healthcare), equilibrated with the elution buffer
(20mM Tris pH 7.4 and 100mM NaCl). The proteins were eluted in a single peak and concentrated. They were purified by a Superdex
200 prep-grade 300/10 column (GE Healthcare), equilibrated with the elution buffer, and the resulting three peaks were separately
collected (Size Exclusion Chromatography, SEC). The third peak (SEC-3), which elicited Ca* rises at the axon terminal in OSN, was
adjusted to the composition of buffer A (20mM Tris, pH 8) and was loaded onto a HiTrap Capto Q column (GE Healthcare), equili-
brated with buffer A (ionic exchange chromatography, IEC). The proteins that did not bind to the column were collected in fraction
1 (IEC-1). After washing the column with 10ml buffer A, a linear gradient (0%—-30%) of buffer B (20mM Tris, 1M NaCl, pH 8) was applied
and three peaks were collected (IEC- 2, —3 and —4). These chromatographic runs were performed with an AKTA Fast Protein Liquid
Chromatography (FPLC) system (GE Healthcare).

Further High-Performance Liquid Cromatography (HPLC) analyses of the active fraction IEC-2 were conducted using reversed
phase chromatography (RPC) using a Jupiter C4 column (4.6 mm x 150 mm; Phenomenex, CA, USA). Elution was done with a
gradient of acetonitrile/0.085% TFA versus water/0.1% TFA from 5% to 38% in 5 minutes, from 38% to 43% in 15 minutes. The
effluent was monitored by recording the absorbance at 226 nm. The products obtained in every step were concentrated and tested
functionally as described above, peaks 23 and 35 were active.

Proteins were quantified using the Bradford assay. IEC-2 was heated at 99°C for 30 minutes to denature proteins in the sample
(heated-IEC-2).

Identification of the eluted material from HPLC

The identity of active peaks 23 and 35 was assessed by mass spectrometry. Mass determinations were carried out with an electro-
spray ionization (ESI) mass spectrometer with a Q-TOF analyzer (Micro) from Waters Corporation (Manchester, UK). The measure-
ments were conducted at a capillary voltage of 2.5 kV and a cone voltage of 30-35 V. The molecular masses of protein samples were
estimated using the Mass-Lynx software 4.1 (Waters).

To identify the protein species, a fingerprinting analysis by trypsin was performed. Proteolysis with trypsin was conducted using an
E/S ratio of 1:25 (by weight), in ammonium bicarbonate, pH 8, after reduction of disulfide bridges and carbamidomethylation of
cysteine residues, and the reaction was quenched by acidification with TFA in water (4%, v/v). The tryptic digest mixture was
analyzed by LC-MS/MS on a 6520 Q-TOF mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) coupled to a chip-based
chromatographic interface. A Large Capacity Chip (C18, 150 um x 75 um) with an enrichment column (C18, 9 mm, 160 nL volume)
was used to separate peptides at a flow rate of 0.3 pl/min. Water/formic acid 0.1% and acetonitrile/formic acid 0.1% were used as
eluents A and B, respectively. The chromatographic separation was achieved with a gradient of B from 5% to 50% in 20 minutes. Raw
data files were converted into Mascot Generic Format (MGF) with MassHunter Qualitative Analysis Software version B.03.01 (Agilent
Technologies) and analyzed with Mascot Search Engine version 2.2.4 (Matrix Science). MS/MS spectra were searched against the
SwissProt database (version 2011-05, 528048 sequences). Enzyme specificity was set to trypsin/P with 1 missed cleavage, using a
mass tolerance window of 1.2 Da for peptides and 0.6 Da for fragment ion matches. Carbamidomethylation of cysteine was set as
fixed modification and methionine oxidation as variable modification. Proteins were considered as positive hits if at least 2 peptides
per protein were identified with high confidence (p < 0.05).

Ca?* imaging in olfactory sensory neurons and HEK293T cells

Ca?* imaging was performed on OSNs of embryonic (E18-E19) rat and of postnatal day (P) PO-P4 mice and on HEK293T cells. The
day of the experiment (~10 —12 hours after plating), neurons or HEK293T cells were loaded with 5 uM Fura 2 — AM (Life Technolo-
gies), 500 uM sulfinpyrazone (Sigma Aldrich) and 0.01% pluronic acid (Life Technologies) in medium at 37°C for 30 minutes. Cover-
slips were mounted in a thermostatic chamber at 37°C (Warner Instruments) and maintained in Ringer’s solution (140mM NaCl, 5mM
KCI, 1mM CaCl2 *2H,0, 1mM MgCl,, 10mM HEPES, 10mM glucose, 1mM sodium pyruvate, pH 7.2). OSNs and HEK293T cells were
continuously perfused with the Ringer’s Solution (3 ml/min) except during stimulus presentation. Experiments on OSNs were per-
formed in the presence of 4 uM TTX (Latoxan) in order to avoid action potential contribution to the measured Ca®* signal.
The Ca?* imaging experiments were performed on an inverted microscope IX 81 (Olympus) equipped with a UPlanFL 60X NA
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1.25 oil immersion objective (Olympus), a xenon light source (150 W) for epifluorescence illumination, a 12-bit CCD camera (SIS F-
View) and an illumination system MT20 (Olympus). Images were acquired every second (s) (for OSN) and every 3 s (for HEK293T cells)
using 380/15 nm and 340/15 nm excitation filters and collected through a 510/40 nm emission filter (Olympus). Data were acquired
with a Cell'R software and analyzed offline with the Imaged software (NIH). Changes in fluorescence (340nm/380nm) were expressed
as R/Rp where Ris the ratio at time t and Ry is the ratio at time = 0 s. Amplitude of response was computed as AR/Rnin (%), where AR =
Rmax- Rmin Calcium responses with amplitude < 10% were excluded from the analysis. Ca®* responses were computed at the axon
terminal of each single OSN and on single HEK293T cells, identified by ROls.

Percentage of responsive HEK293T cells was calculated as: number of HEK293T cells responsive to the corresponding-odor or
carbachol and to molecules from the OB/ tot number of HEK293T cells responsive to the corresponding-odor or carbachol X 100.
In case of HEK293T cells transfected with the P2 OR, carbachol (CCH) was employed as a vitality test, since P2 cognate-odor ligand
is still unknown. For HEK293T cells transfected with empty vector pCl, i.e., not expressing any OR, only cells responsive to carbachol,
used as cell vitality test, were considered for statistics. Percentage of responsive OSN was calculated as: number of OSN responsive
to molecules from the OB/ tot number of OSN tested X 100.

Cyclic AMP imaging in olfactory sensory neurons
Cells were transiently transfected with the Epac — based sensor for cAMP (Ponsioen et al., 2004), using Transfectin transfection re-
agent (Biorad). After transfection, neurons were maintained in culture for an additional 10 - 12 h before FRET imaging experiments to
allow the genetically encoded sensor to be expressed. Imaging experiments were performed on an inverted microscope Olympus IX
70 with PlanApo 60X NA 1.4 oil-immersion objective. Excitation at 430 nm was performed with a Polychrome IV monochromator
(Till Photonics GmbH, Germany) equipped with a 150 W xenon lamp. Images were captured every 3 s with a 16-bit SCMOS pco.edge
camera (pco imaging), and the emission wavelengths were separated with a dual - emission beam splitter (Multispec Microimager;
Optical Insights) with a 505 nm dichroic filter and 480 + 15 and 545 + 20 nm emission filters for CFP and YFP, respectively. All
filters and dichroics were from Chroma Technology. The system is controlled by a custom-made software. Exposure time was
set to 200-300 ms. Data were processed offline with Imaged software (National Institutes of Health).

FRET changes were measured as changes in the background - subtracted 480/545 nm fluorescence emission intensities on exci-
tation at 430 nm and expressed as R/Ry, where R is the ratio at time t and Ry is the ratio at time = 0 s.

Stimuli

Olfactory bulb products; size exclusion chromatography (SEC) peaks 1-3; ionic exchange chromatography (IEC) peaks 1-4,
0.6-0.8 ng /ul; and reverse phase chromatography (RPC) peaks, 0.1-0.3 pg /ul, were focally applied to the growth cone of OSNs
in culture and on HEK293T cells by a single-puff pressure ejection (Pneumatic pico-pump, WPI) with a glass micropipette
(3-5 um tip diameter, puff duration = 1 s, amplitude = 5 psi). PEBP1 (0.8 ug /ul) was focally applied at the axon terminal of OSN
by a glass pipette. For HEK293Tcells, PEBP1 was diluted to a final concentration of 0.02 pg /ul in the bath solution. PEBP1 was di-
gested with proteinase K (Life Technologies) 10 mg/ml (PEBP1+Prot.K) for 1 hour and 30 minutes at 57°C with Tris-HCI 1M pH =7.5.
Cyclin-dependent kinase 2 (CDK2) was purified with the same procedure used to purify PEBP1. CDK2 was diluted to the final con-
centration of 0.02 ng /ul in the bath solution.

Odors were prepared as 1mM stock in Ringer’s solution and diluted to a final concentration of 100 uM in the bath solution. Odors:
vanillic acid (VA), nonanedioic acid (NA), 2-coumaranone (CMR), and methyl salicylate (MS). Other stimuli: Carbachol (CCH) 100 uM.
Forskolin (FRSK) 25 uM. All chemicals were from Sigma. Stimuli, i.e., odors and molecules from the bulb, were presented in random
order.

Time-lapse imaging of axon turning of rat olfactory sensory neurons

The day after plating, embryonic rat neurons (see methods for primary culture above) were stimulated with microscopic gradients of
chemicals, produced as described in Lohof et al. (1992). Briefly, repetitive pulsatile ejection of picoliter volumes of solutions contain-
ing the chemical was applied through a micropipette (tip diameter = 1-2 um). The pressure was applied with an electrically gated
pressure application system (PV820 pneumatic PicoPump, WPI). Pulses of pressure level 4 psi, duration 20 ms were applied to
the pipette at a frequency of 2 Hz using a pulse generator (A310 Accupulser, WPI). The micropipette was placed at a distance of about
100 um from the center of the growth cone and at an angle of ~45° from the direction of axon extension.

The images were acquired every 10 s on an inverted microscope Olympus IX 70 equipped with a 16-bit SCMOS PCO.edge camera
(PCO imaging) and a modified LWD NeoSPlan 50X/0.60 air objective (Olympus). The objective was modified applying a ring of LEDs in
order to produce a source of light below the sample and to increase the resolution of the growth cone contours. To quantify the
turning response, the angle between the position of the center of the growth cone at the onset and the position of the center of
the growth cone at the end of the stimulation period (~1 h) period was computed in polar coordinates.

Stimulus concentrations in the glass pipette were: forskolin 5mM, odor mixture (citralva, citronellal, menthone, carvone, eugenol,
geraniol, acetophenone, hexanal, benzyl alcohol, heptanoic acid, propionic acid, benzaldehyde, and IBMP (all from Sigma) 1mM in
Ringer’s solution, ionic exchange chromatography fraction 2 (IEC-2) 5 ug/ul, PEBP1 1 pg/ul. Ringer’s solution was used as control.
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Expression and purification of pGEX-RKIP-1 fusion protein

pGEX2T-rat-RKIP cDNA (Raf Kinase Inhibitor protein, RKIP also known as Phosphatidylethanolamine-binding protein 1, PEBP1) was
kindly provided by MR Rosner, Department of Biol. Science, University of Chicago. The purification of RKIP-GST fusion protein was
performed following the standard procedures according to Harper and Speicher (2011).

The purification of the glutathione S-transferase (GST)-tagged protein (pGEX-RKIP-1) was performed by Glutathione Affinity pu-
rification. E. coli BL21(DE3) cells were transformed with a pGEX-2T vector enclosing the RKIP-1 coding sequence. Cells were grown
for 2-3 h at 37°C, then the temperature was decreased to 20°C prior to induction. Expression was induced with 1 mM IPTG at
OD600 = 0.6 over-night at 20°C. Cells were harvested by centrifugation for 20 min at 4000 g at 4°C. Bacteria were suspended in
50 mm Tris-HCI pH 8.0, 500 mm NaCl, and 1 mm DTT (buffer A) supplemented with EDTA-free Complete Mini Protease Inhibitor
Cocktail (Roche) and were lysed using a French pressure cell press. The lysate was centrifuged for 45 min at 12000 rpm (15500
g, on a Beckman Coulter TA-14-50 rotor) at 4°C, and the supernatant was filtered and applied to a GST-affinity column (GE Health-
care) equilibrated with buffer A. GST-RKIP1 was eluted using buffer A supplemented with 10 mm reduced glutathione. The fusion
protein was cut over-night with thrombin (Sigma Aldrich), then the cleaved GST tag was removed by a second GST-affinity chroma-
tography. Finally, thrombin was removed from the purified RKIP1 exploiting a HiTrap Benzamidine FF (GE Healthcare) column. The
final protein was concentrated at ~2 mg/mL, aliquoted, flash frozen in liquid nitrogen, and stored at —80°C. In each step, samples
were collected for 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to test the GST-tagged protein
expression.

RT-PCR
Total RNA was extracted with Trizol reagent (Invitrogen) and isolated from embryonic and postnatal rat, WT mice and PEBP1 ~~ OSN
and from WT and PEBP1 ~/~ mice olfactory bulb (OB). Expression of PEBP1 was analyzed by reverse transcription polymerase chain
reaction (RT-PCR). Total RNA was reverse-transcribed into single-stranded cDNA using the transcriptor high capacity cDNA Reverse
Transcription kits (Applied Biosystems), following the manufacturer’s instructions. f -actin was used as a control.

The following primers were used: PEBP1: 5'-TCATGAATAGACCAAGCAGCAT-3’; 5 - CATGCTTTATACGACTTGACTG -3'.
B-actin: 5-CCCTGTGCTGCTCACC-3’ and 5'-GCACGATTTCC CTCTCAG-3'.

Western blot

Proteins from olfactory bulb of embryonic and postnatal rat, and wild-type (WT) and PEBP1 mice were dissected and solubilized
in RIPA lysis buffer (Invitrogen) + protease inhibitor cocktail (Sigma Aldrich). Heart and skin tissues were taken from WT and
PEBP1 ~/~ mice as a positive and negative control, respectively. Tissues were fractioned by tissues lyzer Il (Quiagen) for 2 cycles
of 30 s each. Then, a centrifugation at 14000rpm at 4°C for 30minutes was performed. Protein concentration was determined using
BCA protein concentration assay kit (Thermo Scientific), following the manufacturers’ instructions. The primary antibodies used were
rabbit anti-RKIP (1:800, Millipore) and mouse anti-B-Actin (1:5000, Life Technologies ). The secondary antibodies used were horse-
radish peroxidase-conjugated anti-rabbit IgG (1:5000, GE Healthcare), horseradish peroxidase-conjugated anti-mouse IgG (1:5000,
GE Healthcare) in PBS Tween-20 0.05% + 5% not fat dry milk (Sigma Aldrich) for 1.5 hours at RT. Then, the membranes (Amersham
Hybond P.045 520 PVDF, GE healthcare) were incubated with a chemiluminescent substrate (Thermo Scientific), and the signals
were digitally detected by ImageQuant LAS 4000mini (GE healthcare). The band intensities were quantified using ImagedJ software
(RRID: nif-000030467). Protein levels were normalized with B-actin (Sigma Aldrich).

—/—

Immunohistochemistry

Immunohistochemistry was performed on olfactory bulb (OB) sections (horizontal or coronal) of: C57BL/6 wild-type mice (WT, used
as control), PEBP1 ~/~ mice, P2-GFP mice, M72-GFP mice, PEBP1 ~/~ X M72-GFP mice and PEBP1 ~/~ X P2-GFP mice, at postnatal
day (P) > 40. Immunohistochemistry was also performed on coronal OB sections of rat embryos (E18) and of postnatal rats, postnatal
day P0-P4, in control and PEBP1~/~ mice. Animals were euthanized and then perfused with 0.9% saline followed by 4% paraformal-
dehyde in 1X PBS. Brains were dissected and olfactory bulb promptly removed, post-fixed overnight in 4% paraformaldehyde.
Olfactory bulbs were sectioned at 40um-60um at the vibratome (Leica, VT 1000S) or at 25 um at cryostat (Leica1860). Expression
of PEBP1 was analyzed in C57BL/6 mice (Charles River) and C57BL/6-Tyr°¥ (Charles River) as a control for PEBP1 ~/~ mice.
No differences in PEBP1 expression were observed between C57BL/6 wild-type and C57BL/6-Tyr°"5®, therefore the results were
pooled together.

The primary antibodies used were goat anti-OMP (1:500, Wako Chemicals), rabbit anti-RKIP, also known as PEBP1 (1:200, Milli-
pore). The primary antibodies were revealed with CY3-conjugated donkey anti-goat (1:500, Jackson ImmunoResearch), Alexa Fluor
488-conjugated donkey anti-goat (1:500, Jackson ImmunoResearch), and CY3-conjugated donkey anti-rabbit (1:500, Jackson
ImmunoResearch). DAPI (1:50000, Invitrogen) was used as a nuclear counterstaining. Sections were mounted with Aqua-Poly/Mount
(Polysciences), and images were acquired at the Zeiss LSM700 or Leica MZ16 microscopes. The signal intensity of PEBP1, back-
ground subtracted, were performed on the anterior, medial, lateral and posterior side of the olfactory bulb sections from embryonic
and postnatal rats and WT and PEBP1~/~ mice, using ImageJ software (RRID: nif-000030467).
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Measurements of glomeruli position in the olfactory bulb

Whole mount olfactory bulb analysis

P2-GFP, P2-GFP; PEBP1 */~, P2-GFP; PEBP1 ~/~, M72-YFP, M72-YFP; PEBP1 */~, M72-YFP; PEBP1 ~~ mice were transcardially
perfused with 0.9% saline followed by 4%paraformaldehyde in 1 X PBS. Brains were promptly removed, and whole mount images of
olfactory bulbs were taken at a stereo microscope (Leica MZ 16F). Lateral and medial views of the olfactory bulb, in P2-GFP,

P2-GFP; PEBP1 *~ and P2-GFP; PEBP1 /= mice, and dorsal views of the olfactory bulb of M72-YFP, M72-YFP; PEBP1 *+~ and
M72-YFP; PEBP1 /= mice, were taken to calculate medial, lateral and dorsal surface areas, computed off line using ImageJ
software.

The same images were used to measure the position of the main glomeruli (glom) along the postero- anterior (P-A) and dorso-
ventro-dorsal (V-D) axis, following cartesian coordinates y axis = a line parallel to the coronal plane that separates the olfactory
bulb from the brain. The perpendicular to y axis correspond to the x axis. The dorso-ventral position of glomeruli was calculated along
the y axis, while the antero-posterior position was computed along the X axis (see Figure S9). No differences were observed between
the projections to the right and the left bulb. Therefore, glomeruli position data were pooled between right and left bulb.
3D reconstruction of cleared olfactory bulbs
Cubic cleared olfactory bulbs (Susaki et al., 2015) were imaged on an optical projection tomography (Sharpe et al., 2002) device like
previously published (Kerstens et al., 2019). For the imaging a Nikon PlanApo 0.1 NA 2x lens was used together with a GFP filtersets.
To separate specific signal in the glomeruli from the background, we used ilastik (employing a machine learning procedure) to
segment each bulb. The background signal was used to visualize the bulb, and the specific GFP signal was used for the glomeruli.
Consequently, we reconstructed the data using NRecon software (Bruker). We oriented the bulbs in Fiji/imagej (Schindelin et al.,
2012) and employed Imaris (Bitplane) for visualization and measurements of the data. The glomeruli were segmented as spheres.
For normalization and measurement of the glomeruli position, we manually added six landmarks (as spots) that define the most ante-
rior point, the most posterior point, the most dorsal point, the most ventral point, the most medial point, and the most lateral point.
These points were used to define the Anterior-posterior, the dorsal-ventral and the medial-lateral axes. The extracted coordinates of
the glomeruli and the landmarks were analyzed in MATLAB (Mathworks) using a custom-made script to describe the relative position
of the glomeruli in 3D. The results were put in graphs using Excel (Microsoft).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests, sample size, and P values are listed in each figure legend

Data are presented as mean + SEM. Normal distribution of the variables of interest was checked using the Shapiro-Wilk test. Sta-
tistical comparisons of pooled data were performed using two-tailed Student’s t test. A P value of < 0.05 was considered statistically
significant. For experiments in which more than 2 groups were compared, one-way ANOVA followed by post hoc Bonferroni correc-
tion was performed using Prism software.

DATA AND CODE AVAILABILITY

This study did not generate /analyze [datasets/code]

Cell Reports 29, 4334-4348.e1-e7, December 24, 2019 e7

OPEN

ACCESS
CellPress




	Axonal Odorant Receptors Mediate Axon Targeting
	Introduction
	Results
	Molecules Expressed in the Olfactory Bulb Activate the Odorant Receptors Expressed at the Axon Terminal of Olfactory Sensor ...
	PEBP1, a Putative Ligand for the Odorant Receptor Expressed at the Axon Terminal of Olfactory Sensory Neurons
	PEBP1 Modulates Axon Turning Behavior of Rat Olfactory Sensory Neurons
	The Olfactory Map Is Altered in PEBP1 Mutant Mice

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Lead Contact and Materials Availability
	Experimental Model and Subject Details
	Animals
	Primary culture of rat and mouse olfactory sensory neurons
	HEK293T cell culture

	Method Details
	Isolation of olfactory bulb products
	Identification of the eluted material from HPLC
	Ca2+ imaging in olfactory sensory neurons and HEK293T cells
	Cyclic AMP imaging in olfactory sensory neurons
	Stimuli
	Time-lapse imaging of axon turning of rat olfactory sensory neurons
	Expression and purification of pGEX-RKIP-1 fusion protein
	RT-PCR
	Western blot
	Immunohistochemistry
	Measurements of glomeruli position in the olfactory bulb
	Whole mount olfactory bulb analysis
	3D reconstruction of cleared olfactory bulbs


	Quantification and Statistical Analysis
	Statistical tests, sample size, and P values are listed in each figure legend

	Data and Code Availability





