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PHRI1 Is a Vesicle-Bound Protein Abundantly
Expressed in Mature Olfactory Neurons

Bruce Tan, MD; David Brown, MD; Shunbin Xu, PhD; David Valle, MD

Objectives/Hypothesis. To characterize the
role of Phrl, a gene highly expressed in primary sen-
sory neurons where it encodes an integral membrane
protein with an N-terminal pleckstrin homology do-
main and a C-terminal transmembrane domain, in
the olfactory system.

Methods. We studied the immunelocalization of
the PHR1 protein in mouse olfactory epithelium both
at steady state and during regeneration following
methyl bromide (MeBr) exposure using scanning con-
focal microscopy. Additionally, we examined the elec-
trophysiologic role of Phrl in olfaction and short-term
olfactory adaptation.

Results. We found that PHR1 is abundantly and
specifically expressed in olfactory neurons. It is
widely distributed in punctate, vesiculated organelles
throughout the cell bodies, axons, and glomeruli of
primary olfactory neurons but is specifically excluded
from the olfactory cilia. In the regenerating olfactory
epithelium, PHR1 expression appears at 14 days fol-
lowing MeBr ablation coinciding with the onset of ol-
factory neuron maturity. Despite the abundant and
specific expression throughout the olfactory neurons,
mice lacking Phrl did not exhibit differences in the
distribution of the components of olfactory signal
transduction system, the rate of olfactory regenera-
tion following MeBr exposure, olfactory function, or
short-term adaptation to odors.

Conclusions. Phrl is widely and abundantly
expressed throughout mature olfactory neurons and
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other primary sensory neurons, but its absence does
not appear to affect olfactory morphology, regenera-
tion, sensory function, or adaptation. The exact func-
tion of Phrl remains to be discovered.
Key Words: PHR1, PLEKHBI1, olfaction,
maturity, pleckstrin homology, sensory neurons.
Laryngoscope, 120:1002-1010, 2010

INTRODUCTION

Despite recent advances in our understanding of
the basic mechanisms and physiology of olfaction, our
knowledge of the mechanisms governing neuronal home-
ostasis in the continuously regenerating olfactory
epithelium and the pathophysiology of olfactory
dysfunction in humans remains limited. Several neuro-
degenerative conditions, including Parkinson’s disease
and Alzheimer’s disease, include a prodrome of olfactory
dysfunction.! Additionally, genetic disorders including
Kallmann syndrome,? and more recently the Bardet-
Biedl syndrome, have been associated with anosmia in
humans.® However, for the vast majority of patients in
whom conductive causes of olfactory loss have been
ruled out, the causes of sensorineural olfactory loss are
idiopathic and generally attributed to postviral inflam-
mation, inflammation associated with  chronic
rhinosinusitis, trauma, aging, and tobacco exposure.’*
Investigations into the role of aging, tobacco exposure,
and trauma (olfactory bulbectomy) in animal models
demonstrated that a shift in the balance of neurogenesis
and apoptosis toward apoptotic cell death through cas-
pase-3—-mediated pathways in the olfactory
neuroepithelium was the likely cause of olfactory loss in
those affected populations.®>” Conversely, yet unknown
derangements in selection, maturation, and apoptotic
control of olfactory neurons are thought to give rise to
olfactory neuroblastoma® and demonstrate the need for
an improved understanding of olfactory neuronal homeo-
stasis in human disease.

Seeking to identify genes preferentially expressed
in the retina, Xu et al. identified PHRI in a differential
hybridization screen of an arrayed human retinal cDNA
library compared against a probe derived from human
fibroblast RNA. PHR1 was subsequently found to have
two promoters and alternative splicing of an internal
exon to produce four specific transcripts. All four PHR1
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mRNA splice forms encode isoforms with a pleckstrin
homology (PH) domain at the N-terminus and a trans-
membrane domain at the C-terminus. Only splice forms
3 and 4 are expressed outside the retina.® Although PH
domain-containing proteins are best known for their
ability to target binding partners to cellular membranes
by binding phosphoinositides in phosphoinositide 3-ki-
nase signaling, studies have shown that PH domains
also play a significant role in binding the fy subunits of
heterotrimeric G proteins.’® Physiologically, PH domain-
containing proteins are involved in cellular signaling,
cytoskeletal organization, and membrane trafficking.'!
To date, PHR1 remains the only described integral mem-
brane protein with a PH domain.

To study the role of PHR1 in vivo, Xu et al. pro-
duced a Phrl knockout mouse that disrupted the Phrl
gene by inserting a f-galactosidase reporter gene down-
stream of the Phrl promoter.®> In analyzing the
phenotype of these mice, they unexpectedly found
expression of Phrl in primary sensory neurons of the ol-
factory, tactile, and auditory systems. In fact, they found
that levels of Phrl expression in the olfactory epithelium
were equivalent to or exceeded those in the retina and
brain. Despite the high level of Phrl expression in the
olfactory system, no overt olfactory deficits were
observed in mice with a complete deficiency of Phri. In
an independent study by Krappa et al., who referred to
Phrl as evt-1, localized PHR1 protein to the retinal post-
Golgi compartment in frog photoreceptors and suggested
a role for PHR1 as a mediator of post-Golgi trafficking.'3

In yeast two-hybrid experiments, Etournay et al.
found interactions between PHR1 and two unconven-
tional myosins—myosin Ic and myosin VIIla—found in
the middle ear. Because both of these unconventional
myosins are implicated in slow adaptation in mechano-
transduction of auditory hair cell bundles,'* the authors
suggested that PHR1 was involved in this process. Addi-
tionally, experiments in our laboratory suggested that
certain isoforms of PHR1 dimerize and form hetero-
dimers with carboxypeptidase E in the retina and
RGS9s in the brain (Xu et al. unpublished data).
Because both of these proteins are involved in light ad-
aptation within the retina, these results suggest a role
for PHR1 in the adaptive processes of sensory neurons.
In a separate study, Colin et al.,, using subtractive
hybridization, demonstrated that PHRI (referred to in
their paper as PLEKHBI1) was one of the genes that
defined noninvasive and more differentiated forms of
brain tumors.'® These results reinforced our evidence
that PHR1 plays an important but undescribed role in
terminally differentiated sensory neuron biology.

In this study, we sought to further examine the role
of Phrl in the mouse olfactory system in vivo. We used
immunofluorescence to determine the subcellular loca-
tion of PHR1 and its functions. We also observed the
effect of PHR1 on the distribution of other membrane-
bound components of the olfactory signal transduction
system. Given the unique capacity of the olfactory sys-
tem for continuous turnover and regeneration following
injury, we studied the possible role of PHR1 in the
survival and regeneration of olfactory neurons. Using
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electro-olfactograms (EOGs), we also examined the role
of PHR1 in olfactory function and adaptation.

MATERIALS AND METHODS

Mouse Genotyping and Handling

To study the role of PHR1, Xu et al. had previously produced
a Phrl knockout-knockin construct that targeted exon 3 Phrl
and inserted a ff-galactosidase reporter and neomycin resistance
construct downstream and under the control of the Phrl pro-
moter.'? This construct was designed to disrupt the expression of
all four isoforms of PHRI, including the retinal long form. We
genotyped pups from heterozygous Phr1®®+ breeding pairs
with a Southern blot protocol previously established.® Genotyped
wild-type Phr1*/* and knockout Phr16®/fsal mice were then
identified and used for this study. All mouse matings and manip-
ulations were carried out according to Association for Assessment
and Accreditation of Laboratory Animal Care International
guidelines at the Johns Hopkins University School of Medicine.
All protocols have been reviewed and approved by the Johns Hop-
kins University Institutional Review Board.

Antibodies and Immunohistochemistry

Tissue preparation. We anesthetized mice with keta-
mine-xylazine and perfused them with intracardiac phosphate
buffered saline and 4% paraformaldehyde fixative (Sigma, St.
Louis, MO). Following fixation, the dissected mouse tissue was
decalcified with 30% sucrose plus 250 mM ethylenediaminepenta-
acetic acid (EDTA) (Sigma) for 48 hours at 4°C, frozen in Tissue-
Tek Optimal Cutting Temperature (OCT) Compound (Ted Pella,
Redding, CA), and cut into 10-um sections on a cryostat.

Immunofluorescence. For immunofluorescence, we
hydrated cryostat sections in phosphate buffered saline (PBS)
plus 10% normal serum (Sigma) for 15 minutes and permeabal-
ized the sections with PBS with 1% Triton (Sigma) plus 10%
normal serum (Buffer A) three times for 5 minutes each. We
then applied the primary antibody in PBS with 1% Triton plus
10% normal serum and incubated the sections overnight at 4°C.
We used the primary antibodies at the following dilutions: rab-
bit anti-mouse PHR1 at 1:500, rabbit anti-mouse ACIII at
1:1000, rabbit anti-mouse G5 at 1:500, rabbit anti-mouse G,q¢
at 1:250, rabbit anti-mouse Tud1 at 1:500, goat anti-mouse ol-
factory marker protein (OMP) at 1:500, and donkey anti-mouse
acetylated tubulin at 1:1000. (ACIII, G,13, Guoir, TudJ1, OMP at
1:500, and acetylated tubulin antibodies were kind gifts of the
lab of Dr. R. Reed.) We visualized the primary antibody using
the appropriate Alexa488 or Alexa594 (Molecular Probes, Invi-
trogen, Carlsbad, CA) fluorophore labeled secondary antibody.
Nuclei were visualized with the DNA stain 4’,6-diamidino-2-
phenylindole (DAPI) (Molecular Probes, Invitrogen). All images
were collected on a Zeiss LSM 510 scanning confocal laser scan-
ning microscope (Carl Zeiss AG, Oberkochen, Germany).

Electron microscopy. Nasal turbinates were harvested
from freshly sacrificed mice and fixed in PBS with 4% parafor-
maldehyde, 0.1% glutaraldehyde, and 2 mM MgCl; for 1 hour
(Sigma) and decalcified overnight at 4°C in decalcifying buffer
(0.1 M EDTA, 2.5% glutaraldehyde, 0.1 M sodium cacodylate
buffer at pH 7.2). The turbinate tissue was then washed in PBS
and submitted to the Johns Hopkins microscopy core laboratory
for ultrathin sectioning and standard transmission electron mi-
croscopy. Per their protocol, the samples were postfixed in a
0.8% potassium ferrocyanide solution in the dark. After a brief
D-H20 rinse, samples were placed in 2% uranyl acetate for
1 hour in the dark. Following en bloc staining, cells were dehy-
drated through a graded series of ethanol solutions and
embedded in Spurr’s low viscosity resin (Polysciences Inc.
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Fig. 1. Distribution of PHR1 protein in olfactory tissue. Coronal tissue sections of olfactory epithelium were immunostained with polyclonal
antibodies to PHR1 and secondarily labeled with Alexa-fluor 488 secondary antibodies (green). Nuclei are counterstained with 4',6-diami-
dino-2-phenylindole (blue). (A) PHR1 protein is expressed throughout olfactory neuron soma and apical dendrites and (B) is absent in a sim-
ilarly prepared Phr1/9a/hgal section. (C) A low-power view demonstrating PHR1 has a widespread distribution throughout the main olfactory
epithelium that does not extend to the respiratory epithelium. (D) Detail of area highlighted in (C) demonstrating a magnified view of the
transition between olfactory and respiratory epithelium. (E) Within the olfactory bulb, PHR1 is found in primary olfactory neurons in the axo-
nal layer and extends to synapses in the olfactory glomeruli. (F) Detail of the area highlighted in (E) demonstrating a magnified view of an
olfactory glomeruli and the absence of PHR1 staining in the plexiform layer. [Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]

Warrington, PA) and cured at 60°C for 2 days. Sections were
cut on a Riechert Ultracut E (Depew, NY) with a DIATOME dia-
mond knife (Hatfield, PA). Sections measuring 80 nm were
picked up on Formvar-coated 1 x 2 mm copper slot grids and
stained with uranyl acetate followed by lead citrate. Grids were
viewed on a Hitachi 7600 transmission electron microscope
(Hitachi, Tokyo, Japan) operating at 80 kV, and digital images
were captured with an AMT (Advanced Microscopy Techniques,
Danvers, MA) 1 k x 1 k charge-coupled device camera.

Methyl Bromide Ablation of Olfactory
Epithelium

Methyl bromide (MeBr) ablation was carried out according
to protocols previously described by Schwob et al.'® Briefly, 6-
week-old Phr1™* and Phri®e/Peal mice were placed in a wire
enclosure measuring 15 x 15 x 15 ecm and centered in a 30 x
30 x 30 cm Plexiglas box and exposed to MeBr gas at 330 ppm
in purified air at a flow rate of 10 L/min. The duration of expo-
sure was 5 hours. The mice were sacrificed at the indicated
intervals (n = 3 in each group at each time point). Cryosection
of the olfactory system for immunofluorescent analysis was pre-
viously described. We obtained the shown images from a
standardized portion of septal olfactory epithelium.

Electro-olfactogram Recordings
The stock odorants amyl acetate, acetophenone, and hepta-
nal (kind gift of Dr. R. Reed) were diluted in water to the
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indicated concentrations. Two milliliters of odorant solution were
placed in a sealed 10-mL glass test tube and allowed to equili-
brate in the vapor phase. The vapor was delivered as a 0.1-second
pulse into a continuous stream of humidified air flowing across
the tissue surface. All experiments were recorded using two elec-
trodes placed on turbinates IIb and III of freshly harvested
mouse heads (n = 5). The data were analyzed with Clampfit
(Axon Instruments, Sunnyvale, CA) and the peak heights were
determined from prepulse baselines. Due to variability in the
magnitude of the recordings resulting from electrode placement,
the EOG data was normalized to the recording obtained from
that obtained from amyl acetate at 10~ M.

For the adaptation experiments, sequential pulses of amyl
acetate (10~* M) odorant were generated at progressively longer
intervals following the initial odorant pulse starting at 1 ms of
separation. The magnitude of the response to the second odor-
ant pulse was normalized to that obtained from the initial
odorant pulse.

RESULTS

PHRI1 Localization in Olfactory Neurons

In wild-type mice, immunolocalization in the olfac-
tory epithelium showed abundant PHR1 protein within
primary olfactory neurons (Fig. 1A). As expected, immu-
nostaining of the Phr1/e/Psal specimens showed no
staining (Fig. 1B). Olfactory neurons exist within a pseu-
dostratified neuroepithelium sandwiched between an
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Fig. 2. High-power confocal scanning
microscope section of olfactory epithelium.
Coronal tissue sections of olfactory epithe-
lium were immunostained with polyclonal
antibodies to PHR1 and secondarily la-
beled with Alexa-fluor 488 secondary anti-
bodies (green). Monoclonal antibodies to
acetylated tubulin are secondarily labeled
with Alexa-fluor 594 antibodies (red). (A)
Punctate distribution of PHR1-bearing
vesicles can be seen throughout olfactory
neurons with increased density seen in the
apical juxtanuclear region. (B) PHR1-bear-
ing vesicles extend to apical dendrite, but
olfactory cilia do not appear to contain
measurable PHR1 as evidenced by the
absence of costaining with acetylated
tubulin. [Color figure can be viewed in the
online issue, which is available at www.
interscience.wiley.com.]

apical layer, containing non-neural supportive sustentac-
ular and microvillar cells, and a basal stem cell layer
containing the globose basal cells and the horizontal ba-
sal cells. None of these surrounding cell layers appear to
contain PHR1 protein. Additionally, PHR1 was specific
to neuronal tissue (Fig. 1C) with no expression seen in
the adjacent portions of ciliated respiratory epithelium
(Fig. 1D). In the olfactory bulb, PHR1 is observed in the
glomerular layer of the olfactory epithelium but does not
extend into the interneurons of the plexiform layer (Fig.
1E and 1F).

Within the olfactory neurons, PHR1 appears on tiny
punctate intracellular vesicles that are distributed
throughout the soma, apical dendrites, dendritic knobs,
and basal axons extending toward the olfactory bulb
(Fig. 2A). There is enrichment of PHR1 protein in the
apical juxtanuclear portion of the cytoplasm correspond-
ing to the location of the Golgi apparatus in electron
micrographs and immunostaining of olfactory epithelium
(see supplementary Appendix). Interestingly, although
large numbers of the PHR1-bearing vesicles are present
within the dendritic knobs, there is little or no PHR1
protein on the plasma membranes of the olfactory cilia,
and there is no staining of the ciliary layer of the olfac-
tory epithelium (Fig. 2B).

Distribution of the Components of Olfactory
Signal Transduction

The distribution of PHR1 in punctate vesicular intra-
cellular organelles concentrated over the Golgi apparatus
is suggestive of a role for Phrl in olfactory neuron protein
trafficking. In olfactory signal transduction, odorants cou-
ple with specific odorant receptors on the surface of
olfactory cilia. This interaction triggers coupling with
Guoi, Which releases the soluble G; and G,;5 subunits.
The activated G,q¢ stimulates type III adenylate cyclase
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to produce cAMP, which in turn triggers cyclic nucleotide-
gated channel-induced depolarization.'®> We examined the
distribution of membrane-bound signaling components of
type III adenylate cyclase, G,of, and G,3 in Phrl wild-
type and Phr1/#/P22 gnimals and found no differences in
the intracellular distribution of these signal transduction
components. Type III adenylate cyclase (Fig. 3A) and G135
(Fig. 3C) were concentrated in the neurosensory cilia with
weak staining seen along the apical juxtanuclear soma
likely corresponding to signal transduction components
within the Golgi and post-Golgi compartments. G, was
distributed more evenly throughout the olfactory neurons
with punctate staining within the soma and axons of ol-
factory neurons similar to PHR1 (Fig. 3B). Unlike PHR1,
however, G,.ir was also present within the olfactory neuro-
ciliary layer.

Recovery of PHR1 Expression Following Methyl
Bromide Ablation

The capacity for continuous neurogenesis within
the olfactory epithelium provided a unique opportunity
to examine olfactory neurogenesis in Phrl-deficient ani-
mals. The ability for passive inhalation of the selective
olfacto-toxic MeBr gas to destroy >95% of the
olfactory epithelium and the subsequent ability for the
olfactory epithelium to reconstitute is well described in
numerous previous studies. We sacrificed MeBr treated
animals 48 hours, 7, 14, and 30 days after the treatment
and examined the PHR1 expression pattern during the
regeneration along with a pan-neuronal marker Tud1l
and OMP, a marker for olfactory neuron maturity.

Forty-eight hours following exposure to MeBr, both
Phr1 wild-type and Phr1/¢%//¢% animals had almost com-
plete ablation of their sustentacular cell layer and olfactory
neuroepithelium. Both groups of animals exhibited a simi-
lar rate of regeneration of the olfactory neuroepithelium as
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Fig. 3. Distribution of olfactory protein localization in Phr1*/+ and Phr1/9a/59a mice. Sections of olfactory epithelium were immunostained
with antibodies to olfactory cilia-enriched signal transduction components (ACIIl, G, and G,3). Nuclei are counterstained with 4’,6-diami-
dino-2-phenylindole. The distribution of (A) ACIII, (B) G,qr, and (C) G,13 appears to be unperturbed in Phr1/9a/P98! animals. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]

assessed by return of Tud1 and OMP staining. Tud1 posi-
tive cells were first identified along the basal cell layers at
7 days following MeBr exposure, whereas a single layer of
OMP positive cells are first identified at 14 days. At 30
days following MeBr exposure, both Phrl wild-type and
Phr1/8@/fsal gnimals were able to restore a histologically
normal olfactory epithelium with mature olfactory neurons
and an apical layer of sustentacular cells (Fig. 4A—4E and
Supporting Appendix).

The PHR1 containing olfactory neurons were com-
pletely ablated following exposure to MeBr (Fig. 4A, pre-
exposure; Fig. 4B, 48 hours postexposure). PHR1 protein
in olfactory neurons was not observed at 7 days after
MeBr exposure (Fig. 4C), but at 14 days postexposure a
thin layer of PHR1 expressing olfactory neurons was
observed (Fig. 4D). The thickness of the PHR1 contain-
ing the sensory layer continued to increase through day
30 when a morphologically normal olfactory layer was
restored (Fig. 4E). Interestingly, the return of PHR1 con-
taining neurons at 14 days post-MeBr (Fig. 4F)
coincided exactly with that of OMP (Fig. 4G). Indeed,
double-stained sections of regenerating olfactory epithe-
lium at 14 days showed almost complete overlap of the
PHR1 and OMP containing mature olfactory neurons
(Fig. 4H), suggesting that Phrl expression demarcates
the onset of olfactory neuron maturity.

Electrophysiologic Recordings
We recorded and compared EOGs generated from
olfactory epithelium of wild-type and PhrI-null mice

Laryngoscope 120: May 2010
1006

evaluating them for odor response, recovery, and short-
term adaptation. Response magnitudes following expo-
sure to stock odorants of amyl acetate, heptanal, and
acetophenolate at varying concentrations were normal-
ized to the response generated from aliquots of
equilibrated amyl acetate at 10™* M (Fig. 5A). We found
no statistically significant differences between normal-
ized EOG response magnitudes in wild-type and
knockout animals for the odorants tested.

To evaluate recovery following odor exposure, we cal-
culated the time taken for the olfactory epithelium
surface potential to recover to half the maximum depolari-
zation potential following odor stimulus generated from
aliquots of 10~*M amyl acetate. Both wild-type and knock-
out mice showed equivalent recovery times following odor
stimulation (494 ms and 462 ms, respectively; P =.347).

We also evaluated the role of Phrl in olfactory
short-term adaptation to odor stimuli. EOG recordings
were made following sequentially pulsed odorant stimuli
at increasing time intervals. Comparing the ratio of the
depolarization potential generated following the second
stimulus to the initial depolarization potential, we found
no differences between the adaptive responses of Phrl
wild-type and knockout animals (Fig. 5B).

DISCUSSION

In these studies, we characterized the distribution
of PHR1 in the murine olfactory epithelium. We find
PHR1 widely distributed throughout virtually all
mature, primary olfactory neurons extending from the
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Fig. 4. PHR1 expression reappears in the olfactory epithelium treated with methyl bromide (MeBr) coinciding with olfactory neuron maturity.
Coronal tissue sections of olfactory epithelium were immunostained with polyclonal antibodies to PHR1 and secondarily labeled with Alexa-
fluor 488 secondary antibodies (green). Monoclonal antibodies to olfactory marker protein (OMP) are secondarily labeled with Alexa-fluor 594
antibodies (red). Phr1*/* mice were treated with an olfactory neuron specific toxin, MeBr, and sections were obtained at (A) pretreatment, (B)
48 hours, (C) 7 days, (D) 14 days, and (E) 30 days following treatment. (F) At 14 days after exposure, OMP expressing mature olfactory neurons
are first detected along with (G) PHR1 expressing neurons. (H) Costaining of OMP and PHR1 showing synchronous presence of OMP and
PHR1 in mature olfactory neurons. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

dendritic knob, down the apical dendrite toward the The punctate pattern visualized in our images is demon-
soma, and along the basal axons extending to the synap- strative of the presence of PHR1 on vesicles being
ses within the glomeruli of the olfactory bulb (Fig. 1). transported throughout olfactory neurons (Fig. 2).
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Fig. 5. Olfactory responses of Phr1/92//9a! mice. The olfactory epithelia of 6-week-old wild-type and Phr1/93//93 mice were exposed to ei-
ther single or sequential brief pulses of vapor-phase odorants and electro-olfactograms (EOGs) were recorded. Three odorants—amyl ace-
tate (AA), acetophenone (AP), and heptanal (Hep)—were tested over a three-log range of concentrations. Short-term adaptation (STA) was
assessed by recording EOGs from olfactory epithelium stimulated with sequentially pulsed odorants separated by increasing intervals. (A)
Graphical representation of the average normalized responses recorded from the olfactory epithelium after stimulation from a single pulse
of odorant showing similar responses in wild-type and Phr1/93/#98/ mice. Raw responses were normalized to the averaged response to AA
at 10~* M. (B) Graphical representation of the response obtained in response to the second pulse expressed as a ratio of the response
obtained from the initial odorant pulse showing equivalent STA in wild-type and Phr1792/$98! mice. Data shown are mean * standard devia-
tion for responses from five independent recordings.
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Indeed, electron micrographs of primary olfactory neu-
rons show a high density of vesicle-like structures found
throughout the soma and apical dendrites (see supple-
mentary Appendix). These data support the model of
PHR1 as an integral membrane protein and correlate
with previous findings that used density gradient frac-
tionation to localize PHR1 to the post-Golgi
compartment of frog photoreceptors.'® Interestingly, the
olfactory cilia appear to have significantly lower
amounts of PHR1, suggesting that PHR1 and its PH do-
main likely does not play a direct role in the initial
signal transduction events following odorant binding to
the olfactory receptor.

In mature primary olfactory neurons, dendritic
knobs give rise to multiple sensory cilia that project into
the nasal mucosa. The membrane surfaces of these cilia
are highly enriched in the components of olfactory signal
transduction and enable the detection of odors. Odorant
signal transduction is initiated by odorant binding to an
olfactory receptor belonging to a large family of G-pro-
tein coupled receptors, leading to activation of the
olfactory G-protein heterotrimer.!”'® The G-protein het-
erotrimer consists of an alpha-subunit G, and a fy13-
subunit. The activation of G, leads to stimulation of
type III adenylate cyclase, the subsequent opening of
cyclic nucleotide gated calcium channels causing depola-
rization of the ciliary membrane. We find normal
enrichment of these critical components of signal trans-
duction in the olfactory cilia of Phril-knockout animals
suggesting that despite the absence of PHR1, trafficking
of signal transduction molecules proceeds normally
(Fig. 3). Surface electrophysiologic recordings utilizing
an EOG supports the notion that PHR1 is unlikely to
play a role in olfactory signal transduction because sur-
face potentials recorded using different odorants and in
short-term adaptation were unchanged when comparing
wild-type and Phril-knockout animals, although more
specific testing utilizing direct neuronal measurements
via patch clamping will be one of the goals of future
experiments.

Although observations suggest a highly regulated
intracellular mechanism for trafficking and subcellular
localization of proteins in olfactory neurons, little is
known about the mechanisms by which these processes
are regulated. Several recent studies suggest that select-
ing proteins for entry into the olfactory ciliary
compartment is tightly regulated at the basal bodies
located in the dendritic knobs. The absence of CNGBI, a
member of the heterotrimeric cyclic nucleotide gated cat-
ion channel, results in subciliary accumulation of the
remaining components of the CNG channel, suggesting
that mechanisms at the basal body selectively exclude
entry of incomplete CNG channels into the ciliary com-
partment.'® The mediators underlying the selectivity of
the olfactory ciliary compartment are only beginning to
be understood. CEP290, a protein found in dendritic
knobs and thought to be involved in ciliary cargo sort-
ing, was recently shown to selectively allow transport of
G-proteins into the ciliary space.’® Elucidating the
mechanisms by which integral proteins gain entry into
the ciliary compartment is an area of active investiga-
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tion.2! The current model for ciliary trafficking suggests
that ciliary-bound integral proteins have specific cyto-
plasmic sequences that facilitate binding to specialized
intraflagellar particles that attach to an anterograde
motor that drives these proteins into the ciliary compart-
ment.?2 PHR1, although abundantly present in the post-
Golgi vesicles, appears to be excluded from the ciliary
membrane. Whether PHR1 plays a specific role in ensur-
ing ciliary exclusion or is selectively excluded from
ciliary trafficking by proteins such as CEP290 remains
worthy of investigation.

In the maturation process of globose and horizontal
basal stem cells into mature, functional olfactory neu-
rons, several events are known to take place. Globose
and horizontal basal stem cells first differentiate into
progenitor cells of olfactory receptor neurons, each of
which expresses a single olfactory receptor. The process
by which each developing neuron selects a single recep-
tor from up to 1,000 olfactory receptor genes distributed
throughout the genome remains an area of active inves-
tigation.'® Upon selection of an olfactory receptor, an
apical dendrite projects through the sustentacular cell
layer to insert sensory cilia into the ciliary layer, and a
basal axon targets to the few specific glomeruli in the ol-
factory bulb that receives input from other olfactory
neurons bearing the identical olfactory receptor.'” Matu-
rity is thought to occur once a successful synapse occurs
within the olfactory bulb. The molecular mechanisms
that govern and regulate this process have, to date, not
been elucidated, but maturity is associated with expres-
sion of OMP in olfactory neurons.??

OMP is a cytoplasmic protein that is first expressed
on embryonic day 14 in mice. This time period coincided
with the establishment of synaptic connection of primary
olfactory neurons with the olfactory bulb, and as a result
OMP is extensively used as a surrogate marker for olfac-
tory neuron maturity.2* Despite its abundant expression
in primary olfactory neurons throughout the soma, cilia,
dendrites, and basal axons, the function of OMP still
remains unknown. OMP-deficient mice demonstrate a
mild to moderate decrease in their maximal response to
odor stimuli and altered recovery kinetics following odor-
ant exposure.?’ Despite these observations, behavior
testing revealed that OMP-deficient mice did not differ
from controls in their ability to discriminate odors but
had an expected elevation in odorant thresholds needed
to alter behavior.2® On a morphological level, OMP-defi-
cient mice are indistinguishable from their wild-type
counterparts with equivalent ratios of mature and
immature neurons. Subtler abnormalities have, however,
been observed in the developing olfactory bulbs of OMP-
deficient animals with occasional primary axons over-
shooting the glomerular layer and extending into the
external plexiform layer. This aberrant axons targeting,
however, rectifies by the time the animals are 5 weeks
in age.

At first glance, PHR1 and OMP exhibit many simi-
larities in that they are both abundantly expressed and
widely distributed throughout mature olfactory neurons.
Despite the abundance of OMP throughout olfactory
neurons, studies of OMP-knockout mice are viable and
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exhibit only subtle abnormalities in olfaction. Like OMP,
PHR1 expression is also confined to mature olfactory
neurons and may indeed prove useful in the study of ol-
factory neuron development. Given the synchronous
return of PHR1 and OMP in regenerating MeBr ablated
mucosa (Fig. 4), it appears likely that the regulatory
program triggering the expression of Omp and Phril
upon olfactory neurons maturity is intertwined. Interest-
ingly, both genes are located within 3 Mb of each other
in humans (chromosome 11) and mice (chromosome 7).
However, unlike OMP, which is a cytosolic protein,
PHRL1 is an integral membrane protein that is found on
vesicle-like organelles in olfactory neurons. As a result,
it appears that OMP is able to diffuse into the cytosolic
core of the olfactory cilia, whereas PHR1 is excluded.
Furthermore, whereas OMP expression is specific to the
olfactory system, PHRI is also found in many other sen-
sory neuron types.

Our studies also illustrate the prominent and wide-
spread distribution of PHR1 in the olfactory epithelium
and the synchrony of Phrl expression with olfactory
neuron maturity. Indeed, subtractive hybridization stud-
ies comparing pilocytic astrocytomas and glioblastoma
multiforme have revealed that PHR1 expression was sig-
nificantly higher in the better differentiated, less
aggressive pilocytic astrocytoma samples when compared
with the dedifferentiated, more aggressive glioblastoma
multiforme samples. This study reinforces our finding
that PHR1 is a marker for terminally differentiated
neural tissue and that failure to reach terminal differen-
tiation prevents the expression of PHRI. It would be
interesting to see if such a correlation can be found in ol-
factory neuroblastoma.

Together, these studies suggest that even though
PHR1 is widely distributed throughout the olfactory epi-
thelium, its absence has minimal or subtle influences on
sensory function, but its expression is synchronous with
olfactory neuron maturity. Several possible explanations
for this observation include: 1) PHR1 is unrelated to
olfactory neuron sensory function and neuronal matura-
tion and instead has a function related to neuronal
homeostasis that we have yet to test, 2) PHR1 has a
subtle influence of sensory function that only more pre-
cise measures using patch clamp techniques can
delineate, or 3) a redundant gene such as PHR1’s closest
homologue, designated Evt-2 by Krappa et al., takes on
the role of PHR1 with little functional deficit. Evt-2 has
an overall 38.4% amino acid and a 57.6% sequence iden-
tity to PHR1 isoform 3.2 Its expression pattern in
tissue, however, is not restricted to primary sensory neu-
rons and is also found in tissues such as the heart,
kidney, lung, and muscles. Although Northern blot anal-
ysis of the olfactory epithelium of Phri-null mice do not
show increases in the expression of Evt-2, the only way
to exclude this possibility is through the construction of
a PHR1/Evt-2 double knockout mouse.

CONCLUSION
PHRI1 is specifically expressed in terminally differ-
entiated olfactory neurons and may contribute to the
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normal functions of the mature olfactory neuron. Despite
its widespread distribution and high levels of expression
in mature olfactory neurons, it appears that PHRI1 is
excluded from the sensory cilia and the absence of PHR1
does not impede olfactory epithelial morphology, develop-
ment, sensory function, and adaptation. This suggests
that either PHR1 does not play a direct role in olfactory
function, or other redundant pathways may be compen-
sating in the absence of PHR1. Although best known for
phosphoinositide binding, recent studies suggest that
PH domain proteins serve a wide range of cellular func-
tions that may be effected through interactions with
multiple different binding partners.!* The exact role for
PHR1 in olfactory biology remains to be determined.
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