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Summary

In many sensory organs, specialized receptors are strategically arranged to enhance detection
sensitivity and acuity. It is unclear whether the olfactory system utilizes a similar organizational
scheme to facilitate odor detection. Curiously, olfactory sensory neurons (OSNSs) in the mouse
nose are differentially stimulated depending on the cell location. We therefore asked whether
OSNss in different locations evolve unique structural and/or functional features to optimize odor
detection and discrimination. Using immunohistochemistry, computational fluid dynamics
modeling, and patch clamp recording, we discovered that OSNs situated in highly stimulated
regions have much longer cilia and are more sensitive to odorants than those in weakly stimulated
regions. Surprisingly, reduction in neuronal excitability or ablation of the olfactory G protein in
OSNs does not alter the cilia length pattern, indicating that neither spontaneous nor odor-evoked
activity is required for its establishment. Furthermore, the pattern is evident at birth, maintained
into adulthood, and restored following pharmacologically induced degeneration of the olfactory

"Correspondence to: Dr. Minghong Ma, Department of Neuroscience, University of Pennsylvania Perelman School of Medicine, 415
Curie Blvd, CRB Suite 211, Philadelphia, PA 19104-6074. Tel: (215) 746-2790; Fax: (215) 573-9050;
minghong@mail.med.upenn.edu.

Author Contributions: Conceptualization, R.C.C., H.T., K.Z., and M.M.; Investigation, R.C.C., H.T., JW., J.H., JJ., X.C, W.Y.,
T.C.,K.Z., and M.M.; Resources, X.C., L.M,, C.R.Y., J.L.P., D.R.S., and L.H.; Writing — Original draft, R.C.C., K.Z., M.M.; Writing
- Review & Editing, R.C.C., C.R.Y., L.H., K.Z., and M.M.

See Supplemental Experimental Procedures for details regarding animals and qRT-PCR.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Challis et al. Page 2

epithelium, suggesting that it is intrinsically programmed. Intriguingly, type 111 adenylyl cyclase
(ACIII), a key protein in olfactory signal transduction and ubiquitous marker for primary cilia,
exhibits location-dependent gene expression levels, and genetic ablation of ACIII dramatically
alters the cilia pattern. These findings reveal an intrinsically programmed configuration in the nose
to ensure high sensitivity to odors.
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Introduction

In order to detect and discriminate a wide variety of stimuli in the environment, sensory
organs have developed specialized structures to optimize their functional performance. For
example, cone photoreceptors are densely packed in the fovea of the retina to achieve visual
acuity, and most sensitive mechanoreceptors with small receptive fields are concentrated in
the fingertips for fine touch. However, it is unclear whether the olfactory system uses a
similar scheme to facilitate odor detection.

The mouse main olfactory epithelium contains several million olfactory sensory neurons
(OSNSs), each of which expresses one G protein-coupled odorant receptor (OR) type from a
repertoire of ~1200 [1]. A few thousand OSNs expressing the same OR are scattered within
one broad zone, while their axons coalesce typically onto two discrete glomeruli (one medial
and one lateral) in each olfactory bulb [2, 3]. Odor detection begins when odorants are
absorbed into the mucus layer covering the epithelium and bind to ORs on the cilia of OSNs.
Odorant binding leads to increased intraciliary cAMP levels via sequential activation of
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olfactory G protein (Ggf) and type |11 adenylyl cyclase (ACIII). Subsequent opening of a
cyclic nucleotide-gated channel and a Ca?*-activated CI~ channel depolarizes OSNs, which
fire action potentials and transmit odor information to the brain [4].

Olfactory cilia, a hallmark of OSN maturation [5, 6], are essential for OSNSs to convert
external chemical stimuli into intracellular electrical responses [7, 8]. Each OSN possesses a
single dendrite that extends apically and ends in a “knob” at the epithelial surface near the
nasal air-mucus interface. From each dendritic knob emanate multiple cilia, which contain
the key proteins involved in olfactory signal transduction. Structural and/or functional
disruption of olfactory cilia leads to anosmia [9-13], which highlights the importance of
these organelles for smell perception.

It has recently become clear that microtubule-based cilia are present in nearly all
mammalian cell types and play critical roles in many developmental and physiological
processes [14-16]. Defects in cilia formation and/or function lead to ciliopathies, human
diseases characterized by symptoms ranging from anosmia and blindness to cystic kidney
disorder, brain malformation, obesity, and cognitive deficits [17-20]. Interestingly, cilia in
different cell types show distinct morphologies with specific numbers and lengths,
suggesting that cilia morphology is under tight biological regulation [21]. The factors that
sculpt cilia morphology have begun to emerge in recent years, but it remains unclear how
the length of a cilium impacts its function.

By combining fluorescence and electron microscopy, computational fluid dynamics
modeling, mouse genetics, and electrophysiology, we report a novel spatial organization of
OSNs regarding their cilia length and cell function. OSNs situated in highly stimulated
regions have longer cilia and are more sensitive to odorants than those in weakly stimulated
regions. Sensory experience and neuronal activity are not required for the establishment and
maintenance of the cilia length pattern, but ACIII, a ubiquitous marker for primary cilia,
plays a role in this process. These findings have significant implications for both sensory
information processing and cilia biology.

Olfactory Cilia Length Depends on the Cell Location in the Olfactory Epithelium

Given the size and geometry of the nasal cavity, OSNs are differentially stimulated
depending on the cell location. Cells along the dorsal recess, for example, continuously
experience higher airflow rates and odor concentrations than those within the turbinates [22—
24]. This prompted us to ask whether cells in different locations evolve unique structural
and/or functional features to optimize sensory detection and discrimination. We first
examined the morphology of distinct subtypes of OSNs in two different zones: the dorsal
zone and the ventral zone from whole-mount olfactory epithelial preparations. We only
included cells with sensory cilia, presumably mature OSNSs, in our analysis. Using an
antibody specific to the MOR28 receptor (OIfr1507 or MOR244-1) [25], we found no
systematic difference in the cilia morphology of OSNs in the ventral zone (Figure S1).
However, antibody staining against the mOR-EG receptor (OIfr73 or MOR174-9) in the
dorsal zone [26] reveals that the cilia length of mMOR-EG cells changes systematically with
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the cell location (Figures 1A-1C and Table S1); cilia in the anterior septum (Ant) are up to
five times longer than those in the posterior septum (Pos). The middle region (Mid) contains
cells with intermediate cilia lengths, and the longest cilia are found in the dorsal recess (DR)
(Figures 1B and S2). The number of cilia per cell also varies among different regions; for
instance, a single cell in the anterior septum has 14.0 + 2.9 cilia (mean £ SD, n = 43 cells)
with similar lengths, versus 5.6 + 1.8 cilia (n = 47 cells) in the posterior septum, where cells
may have more cilia that are too short to be counted. Control experiments indicate that the
short cilia are not due to failure of MOR-EG protein transport to the distal cilia (Figure S2).
Interestingly, mOR-EG cells along the surface of endoturbinates I1-1V do not exhibit
dramatic regional differences in cilia length, and most cilia resemble those found in the
middle region along the septum (Figure S1).

To test whether the location-dependent cilia length pattern along the septum and dorsal
recess applies to OSNs expressing other dorsal zone ORs, we utilized an antibody specific to
MOR18-2 (OIfr78) [27], as well as a plant lectin, Dolichos biflorus agglutinin (DBA) [28],
which labels subsets of OSNs from tens of different OR types [29]. The cilia lengths of
MORZ18-2 and DBA cells display the same location-dependent pattern as observed with
mMOR-EG cells (Figure 2 and Table S1). Furthermore, under scanning electron microscopy
(SEM), the dorsal recess and anterior septum exhibit the characteristic meshwork of
olfactory cilia [8], while the posterior septum reveals much shorter cilia (Figure 1D; see also
Figure S2).

Because OSNs in the ventral zone do not display substantial regional differences in cilia
length (Figure S1), our subsequent analysis focuses on the cilia pattern within the dorsal
zone, specifically along the medial aspect where we observed robust location-dependent
changes in cilia length.

The Cilia Pattern Is Positively Correlated With Odorant Absorption

We next asked whether cilia length is correlated with sensory stimulation (e.g., odorant
absorption), which also shows location dependence. Because both odorant absorption and
cilia length show little regional variation throughout the ventral zone (Figure S1) [24], we
restricted our correlation analysis to the dorsal zone where significant regional differences in
cilia length are observed. To quantify the cilia pattern, we measured the cilia length of
mOR-EG cells along the medial (dorsal recess and septum) and lateral (endoturbinates)
aspects of the nasal cavity and generated heatmaps (Figure 3A). To assess odorant
absorption in the nasal cavity, we built a 3D computational fluid dynamics model of the
mouse nose based on microCT scans from a young adult animal. We simulated a series of
parameters under physiological conditions of sniffing and, based on the physicochemical
properties of eugenol, a ligand of the mOR-EG receptor, generated a steady state odorant
absorption map throughout the nose (Figure 3B). We found a significant positive correlation
between the simulated eugenol absorption pattern and the mOR-EG cilia length heatmaps
(Figure 3C). Eugenol absorption is highest in the dorsal recess and decreases from the
anterior to the posterior nasal cavity due to the gradual reduction of local airflow rates and
depletion of odor molecules remaining in the air phase. Odorants with moderate to high
mucosal solubility exhibit comparable absorption gradients [24], and because the cilia
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pattern applies to multiple OR types (Figures 1 and 2), the correlation suggests that in the
dorsal zone OSNs with longer cilia are concentrated in highly stimulated regions of the nose.

The Cilia Pattern Is Established by an Activity-Independent Mechanism

Because of the positive correlation between the cilia pattern and odorant absorption map, we
considered whether OSN activation influences cilia length. Cyclic AMP signaling has been
reported to positively regulate cilia length in several cell types including OSNs [13, 30, 31].
We therefore asked whether odor-induced cAMP signaling is required for establishing the
cilia pattern. We first examined olfactory epithelia from Gy13~/~ mice, in which Cre-
mediated ablation of Gy13 prevents proper formation and ciliary targeting of G in OSNs
and eliminates odor-induced electroolfactogram (EOG) signals [32]. Surprisingly, the cilia
pattern remains completely intact in these animals (Figure 4A—C and Table S2), suggesting
that Ggje-mediated activity is not required for the formation and maintenance of the cilia
pattern. We also tested the effects of sensory deprivation and dampened neuronal
excitability on the cilia pattern by examining the olfactory epithelia from animals that
underwent unilateral neonatal naris closure or overexpressed the inward rectifying K*
channel Kir2.1 [33], respectively. In both cases, the cilia length gradient is preserved; cells
in the dorsal recess and anterior septum have much longer cilia than those in the posterior
septum (Figure 4D-G and Table S2). Together, these results imply that the cilia pattern is
established by an activity-independent mechanism. Moreover, the cilia pattern is established
at birth (Figure 5 and Table S2), maintained into adulthood, and restored following
regeneration of the olfactory epithelium (Figure S3), suggesting that the pattern is
intrinsically programmed.

Genetic Ablation of ACIII Disrupts the Cilia Pattern

Since ACIII is a ubiquitous marker for neuronal cilia [34] and cAMP may regulate olfactory
cilia length [13], we considered whether G s-independent, ACIII-mediated signaling
impacts the cilia length of OSNs and examined the cilia pattern in ACII~/~ mice.
Remarkably, the pattern is significantly disrupted in these animals (Figure 6A-C and Table
S2). Consistent with the notion that ablation of ACIII delays terminal differentiation of
OSNs [35], we found that ~30% of labeled cells in knockout mice do not possess cilia.
These “bare knobs” are rarely encountered in wild-type mice, especially in regions with long
cilia. To minimize the potential developmental effects of ACIII ablation, we only examined
cells with cilia, which are presumably mature. The differences in cilia length between the
dorsal recess, anterior, and posterior septum are considerably reduced, and cells in these
regions are nearly indistinguishable from one another. OSNs in the dorsal recess and
anterior septum possess much shorter cilia compared to controls, suggesting that ACIII-
mediated signaling plays a role in regulating cilia growth. We then asked whether wild-type
animals would have higher Adcy3 expression levels in areas with longer cilia versus shorter
cilia. Using gRT-PCR, we found that the Adcy3 expression level in the dorsal recess and
anterior septum is ~40% higher than that in the posterior septum (Figure 6D). Together,
these results reveal that Adcy3 is correlated with cilia length and may be a required
component for the establishment of the cilia pattern, independent of odor-induced activity.
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OSNs with Longer Cilia Are More Sensitive to Odorants

To determine if cilia length impacts the function of OSNs, we performed patch clamp
recordings on individual OSNs in the intact olfactory epithelium [36] and measured
eugenol-induced responses from genetically labeled mOR-EG cells [37]. We first recorded
from cells in the dorsal recess and posterior septum since these regions contain OSNs with
the longest and shortest cilia, respectively. Compared to posterior cells, OSNs in the dorsal
recess showed a lower threshold to eugenol and a larger maximum response at all pulse
durations (Figure 7A and B). To test whether OSNs expressing ORs other than mOR-EG
exhibit location-dependent differences in odorant sensitivity, we measured odorant-induced
responses from randomly selected, unlabeled cells in the dorsal recess and anterior and
posterior septum of wild-type mice. As expected, cells in both the dorsal recess and anterior
regions showed larger responses to odorants at all pulse lengths compared to those in the
posterior region (Figure 7C and D; see also Figure S4). Together, these data support that in
the dorsal zone longer cilia render OSNs with higher sensitivity and stronger responses to
odor stimulation.

Discussion

This study reveals a novel spatial organization of OSNs in the mouse nose, i.e., OSNs with
longer cilia and higher sensitivity have better access to odor molecules. Sensory experience
and neuronal activity are not required for establishing the cilia length gradient, which is
determined by intrinsic mechanisms. Intriguingly, ACIII exhibits location-dependent gene
expression levels, and genetic ablation of ACIII dramatically alters the cilia pattern,
independent of odor-induced signaling. These findings offer new insights into peripheral
coding and processing of odor information and regulation of cilia morphology and function.
Moreover, this work has broad implications for how sensory receptors optimize detection
sensitivity in various physiological contexts.

Spatial Organization in the Main Olfactory Epithelium

The zonal organization of OR gene expression in the rodent nose has prompted active
investigation into a potential spatial component in peripheral olfactory coding. According to
the “sorption theory”, the physicochemical properties of odorants (e.g., volatility and water
solubility) influence their spatial absorption across the main olfactory epithelium [24, 38—
40]. Hydrophilic molecules, which are highly absorptive and better retained in the aqueous
mucus, are deposited in the dorsal zone along the medial aspect of the nose where the
airflow reaches first. Hydrophobic molecules, on the other hand, are less absorptive and
uniformly deposited throughout the dorsal and ventral zones in both the medial and lateral
regions [24]. Here, we describe a spatial organization in which olfactory cilia length depends
on OSN location in the olfactory epithelium. The dorsal zone exhibits a robust cilia length
gradient that is positively correlated with odorant absorption (Figure 3). The ventral zone,
however, shows no location-dependent changes in cilia length (Figure S1), presumably
suited for detecting hydrophobic odorants, which exhibit a relatively flat absorption pattern
[24].
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Within the dorsal zone, OSNs expressing the same OR along the medial and lateral regions
target medial and lateral glomeruli, respectively [41]. Generally, OSNs in the dorsal recess
and septum innervate medial glomeruli, while those along and within the turbinates
innervate lateral glomeruli. Dorsal zone OSNs with very long cilia are only observed in the
dorsal recess and anterior septum (Figures 1 and 2), a finding that may contribute to a
previously reported medial-lateral timing difference in olfactory bulb neurons [42].

The most dramatic difference in cilia length is found along the medial aspect of the dorsal
zone; i.e., a single medial glomerulus receives inputs from OSNs that are heterogeneous in
their cilia lengths (Figures 1-3). Patch clamp analysis reveals that OSNs in the dorsal recess
and anterior septum (with longer cilia) are more sensitive to odorants compared to cells in
the posterior septum (with shorter cilia) (Figure 7). This can be explained by the fact that
longer cilia have a larger surface area for contacting odors. Based on the cable theory, the
length constant of olfactory cilia is estimated to be ~220 um when the membrane is not
leaky (i.e., with negligible channel opening). This suggests that upon stimulation by faint
odors, the electrical signals generated along a long cilium can travel far enough to the cell
body and contribute to membrane depolarization. Due to spatial summation, cells with
longer cilia would show a higher sensitivity and larger response to low concentrations of
odors. Conceivably, placing OSNs with longer cilia in highly stimulated regions would
increase their chance of encountering faint odors and boost the sensitivity of the system.

Compared to their long-cilia counterparts, short-cilia cells have a higher response threshold
and are less likely to reach saturation, making them better suited for coding intensity
differences at higher concentrations. Therefore, placing OSNs with shorter cilia in the
posterior septum, which is only reached by strong odor stimuli, would ensure a broad
dynamic range of the system. If these neurons were designed to carry redundant information,
OSNs in the posterior septum should grow longer cilia to compensate for weaker
stimulation. Our work reveals the opposite scenario, suggesting that the peripheral olfactory
system is spatially organized to match cell sensitivity with the incoming stimuli, adding a
new dimension to the “sorption theory”.

Regulation of Olfactory Cilia Length and the Cilia Pattern

Contrary to the common belief that OSNs have rather uniform morphology, we demonstrate
that OSNs are intrinsically programmed to grow longer or shorter cilia depending on their
location in the olfactory epithelium. Intriguingly, the cilia length gradient is observed
throughout development, after regeneration, or following sensory deprivation or elimination
of spontaneous and evoked OSN activity (Figures 4, 5, and S3). These findings exclude a
number of factors possibly involved in regulating the formation and maintenance of the cilia
pattern (i.e., the length gradient).

Genetic ablation of ACIII disrupts the cilia pattern (Figure 6), revealing a potential role of
ACIII in regulating cilia length and the establishment of the cilia pattern. Curiously, Gg
dependent activity is not required for the cilia length gradient, suggesting that ACIII acts via
a Ggis-independent mechanism. It is possible that odor-induced intracellular cAMP changes
are transient and not sufficient to impact the cilia pattern, but ligand-independent ACIII
activity may cause sustained cCAMP elevation to affect cilia growth and maintenance.

Curr Biol. Author manuscript; available in PMC 2016 October 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Challis et al.

Page 8

Although we cannot rule out the possibility that ablation of ACIII sequesters some OSNs at
a developmentally delayed stage [35], thus preventing the growth of longer cilia, our finding
is consistent with a previously reported role of cAMP in mediating olfactory cilia length
[13]. Given that ciliary localization of ACIII is not required for cilia growth [43], the pattern
may be the result of intrinsic, location-dependent regulation of Adcy3 gene expression,
leading to differential CAMP levels and transcription of downstream cilia proteins. This is
supported by the fact that Adcy3 expression is higher in regions with longer cilia versus
shorter cilia (Figure 6). The positive correlation between ACIII levels and cilia length is also
observed following sensory deprivation, which results in upregulation of ACIHHII mRNA and
protein levels [44, 45] and increased cilia length in all regions throughout the epithelium
(Figure 4). These data support the ACII1~/~ phenotype and a potential causal link between
ACIII and cilia length. Interestingly, pharmacological inhibition of ACIII has been reported
to increase primary cilia length in certain cell types [46]. This apparently conflicting finding
may be because (1) ACIII has differential effects on various cell types and/or (2) the
pharmacological treatments affect molecular targets other than ACIII.

A number of molecules (cAMP, Centrin2, Goofy, and Bardet-Biedl syndrome, intraflagellar
transport, and Meckel Gruber syndrome proteins) play critical roles in the formation and/or
maintenance of olfactory cilia [9, 11-13, 27, 47, 48]. Disruption of these cilia-related
proteins results in abnormal ACIII expression and shortened, malformed, or absent olfactory
cilia. Whether or not these factors show location-dependent expression and are involved in
the establishment of the cilia pattern remains to be determined. Interestingly, Adcy3
expression is comparable between the dorsal recess and anterior septum (Figure 6), even
though these regions exhibit different cilia lengths, indicating that additional molecules may
contribute to the location-dependent regulation of cilia length. Together, it is likely that the
formation and maintenance of the cilia pattern is governed by multiple factors, which remain
to be identified in future investigations.

Experimental Procedures

Immunohistochemistry

Following fixation, the nasal septum or turbinates were dissected out en bloc and processed
for antibody staining. Olfactory mucosa were peeled away from the underlying bone and
mounted in Vectashield mounting medium (Vector Laboratories). Images (z-step = 1 um)
were taken under a Leica TCS SP5 Il confocal microscope (Leica Microsystems, Buffalo
Grove, IL, USA) with a 40x oil objective. Cilia were traced using Leica LAS AF Lite
software. See Supplemental Experimental Procedures for more details regarding
immunohistochemistry, regional subdivisions, cilia length quantification, and SEM.

Computational Fluid Dynamics Model

An anatomically accurate 3D nasal model was constructed with a total of 1.8x107 cells in
order to completely resolve the airspace and the boundary layer where odorant molecules
become trapped. The nasal wall was assumed to be rigid and smooth, with no slip condition
(zero velocity). Uniform velocity was specified at the inlet, while pressure outlet was used at
the pharynx. Airflow was assumed to be quasi-steady, laminar, incompressible, and
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Newtonian. Finally, the steady state odorant deposition through airflow and mucosal uptake
of vaporized eugenol was simulated based on the calculated airflow field and estimated
physicochemical properties. See Supplemental Experimental Procedures for more details on
the model and correlation analysis.

Patch Clamp Recordings and Dose Response Curves

Intact epithelia were prepared and the dendritic knobs of OSNs were visualized and recorded
as in our published procedures (see Supplemental Experimental Procedures for details). A
glass pipette was used to deliver stimuli by pressure ejection (20 psi or 138 kPa) through a
picospritzer (Pressure System lle, Fairfield, NJ, USA) at different pulse lengths (0 to 400
ms). Longer pulses elicited larger responses in all cells due to higher concentrations
reaching the recording site. Dose response curves were fit by the Hill equation:

V=Vinaz/(14+(K1/2+C)"), where V represents the peak receptor potential, Vinax the
maximum response at the saturating pulse length, Ky/» the pulse length at which half of the
maximum response was reached, C the pulse length and n the Hill coefficient. Only cells
tested at a minimum of three pulse lengths were included in the analysis. Eugenol (Sigma)
and the odorant mixture (see Supplemental Experimental Procedures) were prepared as 0.5
M solutions in DMSO and kept at —20°C. Final solutions were prepared before each
experiment by adding Ringer’s.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Olfactory Cilia Length Depends on the Cell Location in the Olfactory Epithelium
(A) Subdivision of the dorsal zone of the mouse nasal septum. The olfactory epithelium is

outlined in blue. The white dashed line marks the dorsal airstream during inspiration. No
mOR-EG cells are found in the gray region, which is outside of the dorsal zone. Ant =
anterior; Mid = middle; Pos = posterior; DR = dorsal recess. MOB = main olfactory bulb;
NPH = nasopharynx; RE = respiratory epithelium; SO = septal organ; VNO = vomeronasal
organ. The yellow star denotes the most dorsal point where the nasal septal cartilage meets
the ethmoid bone and was used to facilitate comparisons between tissues (see Supplemental
Experimental Procedures). (B) Whole-mount olfactory epithelia were stained with the mOR-
EG antibody (n = 10 animals). Confocal images were taken from the four different regions
shown in (A). Arrows mark dendritic knobs, which in areas with longer cilia, are
presumably covered by ciliary mesh (see also Figure 2 and Figure S2). (C) Cumulative
frequency (%) of cilia length from mOR-EG cells in the dorsal recess (magenta), anterior
(orange), middle (gray), and posterior (blue) regions. The bar graph shows quantification of
cilia length (mean £ SD); Tukey’s multiple comparisons test, **** p < 0.0001. (D) Surface
SEM images were taken from the anterior and posterior septum (n = 3 animals). See also
Figure S1, S2 and Table S1.
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Figure 2. The Cilia Length Pattern Applies to OSNs Expressing Other OR Types
(A) Whole-mount olfactory epithelia were stained with the MOR18-2 antibody (n =5

animals). Confocal images were taken from the dorsal recess, anterior, middle, and posterior
septum. The arrow marks a dendritic knob. (B) Cumulative frequency (%) of cilia length
from MOR18-2 cells in all four regions. The bar graph shows quantification of cilia length
(mean £ SD); Tukey’s multiple comparisons test, **** p < 0.0001. (C) Whole-mount
olfactory epithelia were stained with DBA (n = 16 animals stained with DBA alone or
combined with either the mOR-EG or MOR18-2 antibody) and images were taken as in (A).
(D) Cumulative frequency (%) of cilia length from DBA* cells in all four regions. The bar
graph shows quantification of cilia length (mean £ SD); Tukey’s multiple comparisons test,
**p <0.01, **** p < 0.0001. See also Figure S2 and Table S1.
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Figure 3. The Cilia Pattern Is Positively Correlated With Odorant Absorption
The solid black lines mark the contour of the olfactory epithelium along the medial (dorsal

recess and septum) and lateral (endoturbinates) aspects of the dorsal zone. A = anterior; D =
dorsal; P = posterior; V = ventral. (A) Cilia length heatmaps. There are no mOR-EG cells in
the gray region. (B) Computational simulation of eugenol absorption along the medial and
lateral aspects of the nasal cavity. The nasal airflow simulation assumes steady-state
inspiration at 100 mL/min (sniffing state for mouse) with a non-saturating eugenol
concentration of 100 ppm in the inspired air. Odorant absorption (UM/L) is linearly scaled to
the incoming odorant concentration up to ~10,000 ppm, which is beyond the typical range of
odor stimulation. (C) Odorant absorption values are plotted versus the corresponding
average cilia length in each location. Cilia length is positively correlated with eugenol
absorption (linear regression fitting: y = 35.8x — 167.8; r = Pearson correlation).
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Figure 4. The Cilia Pattern Is Established by an Activity-Independent Mechanism
(A and B) Whole-mount olfactory epithelia from Gy13 littermate controls (A) and Gy13™/~

mice (B) (n = 3 animals per genotype) were stained with MOR18-2 (red) and DBA (green).
Confocal images were taken from the dorsal recess, anterior, and posterior septum. Arrows
mark dendritic knobs. (C) Cumulative frequency (%) of cilia length from MOR18-2 cells in
different regions. The bar graph shows quantification of cilia length (mean = SD); Tukey’s
multiple comparisons test, ns — not significant. (D) Four weeks after naris closure (n = 8
animals), during which one nostril is deprived of both airflow and odorant influx, the
olfactory epithelium was stained and imaged as in (A). (E) Cumulative frequency (%) of
cilia length from MOR18-2 cells in different regions in the deprived side. The bar graph
shows quantification of cilia length (mean + SD); Tukey’s multiple comparisons test, ** p <
0.01, **** p < 0.0001. Cilia are slightly longer in all regions compared to un-manipulated
controls (see also Figure 2 and Tables S1 and S2), which may be attributed to multiple
factors like better protection from physical damage and alterations in cell dynamics (i.e.,
OSN maturation stages), microenvironment, and/or expression of signaling molecules
including upregulation of ACIII [44, 45] (see Discussion). (F) Whole-mount olfactory
epithelia from Kir2.1 transgenic mice (n = 3 animals) were stained and imaged as in (A).
Scale bar in (F) applies to all images. In these mice, olfactory marker protein (OMP) drives
the expression of the inward rectifying K* channel Kir2.1, which results in dampened
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neuronal excitability in mature OSNs but does not affect the upstream olfactory signal
transduction events. (G) Cumulative frequency (%) of cilia length from MOR18-2 cells in
different regions in Kir2.1 mice. The bar graph shows quantification of cilia length (mean +
SD); Tukey’s multiple comparisons test, ** p < 0.01, **** p < 0.0001. See also Table S2.
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Figure 5. The Cilia Pattern Is Evident Throughout Postnatal Development
Whole-mount olfactory epithelia were stained with DBA at PO (A), P7 (C), and P14 (E).

Scale bar in (E) applies to all images. Arrows mark dendritic knobs. (B, D, and F)
Cumulative frequency (%) of cilia length from DBA* cells in all three regions at different
ages. The bar graph shows quantification of cilia length (mean £ SD); Tukey’s multiple
comparisons test, **** p < 0.0001. See also Figure S3 and Table S2.
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Figure 6. Genetic Ablation of ACIII Disrupts the Cilia Pattern
(A and B) Whole-mount olfactory epithelia from ACHI*/* (n = 4 animals) (A) and ACI17~

mice (n = 6 animals) (B) were stained with MOR18-2 (red) and DBA (green). Scale bar in
(B) applies to all images. Arrows mark dendritic knobs. (C) Cumulative frequency (%) of
cilia length from DBA* cells in different regions. The bar graph shows quantification of cilia
length (mean = SD); Tukey’s multiple comparisons test, ns — not significant. See also Table
S2. On average, cells in all regions possess 6.7 + 2.8 cilia (n = 50 cells), similar to that
observed in the posterior septum of wild-type mice (see Results). (D) Adcy3 gene expression
in wild-type olfactory epithelia (n = 3 animals and 3 replicates per animal) was measured
using gRT-PCR and normalized to Omp expression. Adcy3 expression (mean fold change +
SD) in the dorsal recess and anterior regions relative to the posterior septum: DR, 1.36 £
0.08; Ant, 1.43 + 0.13; one-way ANOVA, Dunnett’s multiple comparisons test, F = 20.2, **
p <0.01.
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Figure 7. OSNs with Longer Cilia Are More Sensitive to Odorants
(A) Representative traces from mOR-EG cells recorded alternately from the dorsal recess (n

=10 cells) and posterior (n = 9 cells) septum under current clamp mode. To stimulate cells
with different eugenol concentrations, we delivered pressure pulses at different lengths (up
to 400 ms) from a pipette containing 10 M eugenol. Arrows mark the onset of the stimuli
and dashed lines indicate =60 mV. (B) Summary of eugenol-induced responses (mean +
SE). Dose response curves are fit with the Hill equation. Ky, is 12.7 and 35.0 ms for cells in
the dorsal recess and posterior septum, respectively (two-way ANOVA, F =3.2, ** p <
0.01). The dendritic knobs of MOR-EG cells in the anterior septum appeared smaller and
slightly deeper from the surface, which made recordings from this region extremely
difficult. In contrast, the dorsal recess has more cells to choose from and the posterior
septum contains slightly bigger knobs. The anterior septum is included in randomly patched
OSNs and in EOG recordings (see below). (C) Representative traces from randomly selected
cells recorded from the dorsal recess (n = 28 cells), anterior (n = 31 cells), and posterior
septum (n = 36 cells). We delivered pressure pulses as in (A) from a pipette containing a
mixture of ten odorants (each at 10 pM). OR identity and ligand specificity were unknown
since cells were arbitrarily chosen for recording. Therefore, approximately 50% of all
recorded cells showed odorant-induced responses. (D) Summary of odor-induced responses
from randomly selected cells. Kyy5 is 15.1, 43.4, and 80.8 ms for cells in the dorsal recess,
anterior and posterior septum, respectively (two-way ANOVA, F = 6.3, **** p < (0.0001).
Randomly selected cells showed lower sensitivity than mOR-EG cells because some OSNs
were only weakly stimulated by the odorant mixture. The difference in response sensitivity
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between anterior and posterior cells was further validated using EOG recordings (see also
Figure S4).
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