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Abstract

Phosphatidylinositol 3-kinase (PI3K)-dependent signaling couples to receptors for many different ligands in diverse cellular
systems. Recent findings suggest that PI3K-dependent signaling also mediates inhibition of odorant responses in rat olfactory
receptor neurons (ORNs). Here, we present evidence that murine ORNs show PI3K-dependent calcium responses to odorant
stimulation, they express 2 G protein-coupled receptor (GPCR)-activated isoforms of PI3K, PI3KB and PI3Ky, and they exhibit
odorant-induced PI3K activity. These findings support our use of a transgenic mouse model to begin to investigate the
mechanisms underlying PI3K-mediated inhibition of odorant responses in mammalian ORNs. Mice deficient in PI3Ky, a class IB
PI3K that is activated via GPCRs, lack detectable odorant-induced PI3K activity in their olfactory epithelium and their ORNs are
less sensitive to PI3K inhibition. We conclude that odorant-dependent PI3K signaling generalizes to the murine olfactory system
and that PI3Ky plays a role in mediating inhibition of odorant responses in mammalian ORNSs.
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Introduction

As our understanding of olfaction progresses, it becomes in-
creasingly clear that the organization of the olfactory periph-
ery is more complex than formerly appreciated (see Breer
et al. 2006; Ma 2007; Munger et al. 2009). A long standing,
yet controversial, aspect of organizational complexity in the
main olfactory epithelium (OE) of mammals has been the
potential involvement of phosphoinositide (PI) signaling
in addition to the well understood role of cyclic nucleotide
signaling in olfactory transduction in canonical olfactory re-
ceptor neurons (ORNSs) (Schandar et al. 1998; Schild and
Restrepo 1998; Noé and Breer 1998; Gold 1999; Lin et al.
2007). Recent evidence shows that phosphatidylinositol 3-
kinase (PI3K)-mediated activity, leading to the production
of phosphatidylinositol (3,4,5)-trisphosphate (PIP3), can
modulate odorant-activated increases in the intracellular cal-
cium concentration in acutely dissociated rat ORNs (Spehr
et al. 2002). Also, exogeneous PIP; negatively regulates the
olfactory cyclic nucleotide gated channel (Zhainazarov et al.
2004) and does so through complex interaction between PIP;
and Ca®*/calmodulin at the N-terminus of the channel
(Brady et al. 2006). Together, these findings suggest the need
to reconsider the potential involvement of PI signaling in

mammalian ORNSs, and in particular to better understand
the role that PI3K-mediated signaling plays in these cells.
PI3Ks phosphorylate the hydroxyl group in the D3 posi-
tion in the inositol ring of phosphatidylinositol. They are di-
vided into 3 main classes on the basis of their in vitro lipid
substrate specificity, structure, and likely mode of regulation
(Rameh and Cantley 1999). Class I PI3Ks are involved in
rapid cellular signaling activated by extracellular stimuli
(Coelho and Leevers 2000) and predominantly catalyze
the synthesis of PIP; from phosphatidylinositol (4,5)-
bisphosphate [PI(4,5)P;], resulting in a transient rise in
PIP; close to the cell membrane. Class I PI3Ks are further
classified based on their preferred pathway of activation into
class IA comprised PI3K a, B, and 8, and class IB, with a sin-
gle known member, PI3Ky. Although class IA PI3Ks are pri-
marily activated by receptor tyrosine kinases (RTKs), PI3Ky
is activated exclusively by binding to the Gg, subunit of het-
erotrimeric G proteins. Despite its classification in class IA,
PI3K can be activated through both RTKs and G protein
signaling (Hazeki et al. 1998; Murga et al. 2000).
PI3K-dependent signaling regulates processes as diverse as
proliferation, growth, survival, and intracellular trafficking
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(Fruman et al. 1998; Vanhaesebroeck et al. 2001), including
the survival of mammalian ORNs (Moon et al. 2009). Thus,
it is important to establish the functional context of any
PI3K-mediated signaling of interest. If PI3K-dependent sig-
naling generalizes to mouse, the availability of genetically
manipulated mice lacking one or more isoforms of PI3K
can facilitate a better understanding of the role of PI3K sig-
naling in mammalian olfactory transduction.

Here, we show that both G protein-activated isoforms of
PI3K, PI3Kp and PI3KYy, are expressed in mouse ORNSs,
odorant-induced PI3K activity can be detected in the mouse
OE, and odorant-responsive mouse ORNs are sensitive to
PI3K inhibition. Furthermore, we show that ORNs from
PI3Ky-deficient mice show an almost complete lack of
odorant-induced PI3K activity and reduced sensitivity to
PI3K inhibition in calcium imaging. We conclude that
odorant-dependent PI3K signaling generalizes to the murine
olfactory system and that PI3Ky plays a role in mediating
inhibition of odorant responses in mammalian ORNS.

Materials and methods

Animals

All live tissue experiments were performed using adult wild
type (wt) C57BL6 and PI3Ky knock out (KO) mice (genetic
background C57BL6; Li et al. 2000) from 3 to 6 months of age.
All procedures were carried out in accordance with protocols
approved by the Institutional Animal Care and Use Commit-
tee of the University of Florida. Euthanization of all animals
was performed by inhalation of CO, and subsequent decapi-
tation. For immunohistochemistry, heads from transgenic
mice expressing the green fluorescent protein under the pro-
moter of the olfactory marker protein (OMP-GFP) (Potter
et al. 2001) and PI3Ky KO-LacZ (Hirsch et al. 2000) mice
were generously provided as fixed specimens by F. Margolis
(Baltimore, USA) and E. Hirsch (Turin, Italy), respectively.

Chemicals

For odorant stimulation, Henkel 100 (H100; Wetzel et al.
1999), a complex odorant mixture (generous gift of H. Hatt,
Bochum, Germany), was used at 1:50000 (stimulation) and
1:5000 (to establish odor responsiveness) dilutions. Forskolin
and 3-isobutyl-1-methylxanthine (IBMX) were obtained
from Sigma-Aldrich, Wortmannin and LY294002 from
Alomone Labs, and AS252424 and TGX-221 from Cayman
Chemicals.

Ca?* imaging

For Ca®* imaging, acutely dissociated ORNs were prepared
following the procedure described in Spehr et al. (2002).
Mouse heads were opened, keeping the septum and the un-
derlying olfactory turbinates intact, the OE was dissected
free of the heads, and then the tissue was maintained in a petri
dish filled with ice-cold modified artificial cerebrospinal fluid

(ACSF). The tissue was incubated with 1 mg/mL papain in
ethylene glycol tetraacetic acid (EGTA)-buffered Ringer’s
solution (0.1 pM Ca?*) for 10 min at 37 "C and dissociated
by gentle trituration with a fire-polished glass pipette. An al-
iquot of the cell suspension was mixed with 3 uM Fura-2AM
(Molecular Probes) containing 0.04% Pluronic F127 and
placed on a glass coverslip coated with concanavalin A in
a recording chamber. Oxygenated ACSF was continuously
superfused over the cells at 2 mL/min and transiently
switched to ACSF supplemented with drugs/odorants for
stimulation of the cells. Both the illumination and image ac-
quisition were controlled by Imaging Workbench 5.2 software
(INDEC BioSystems). Only functional ORNs activated by
a mixture of 100 uM IBMX and 10 uM forskolin were used
in the experiments. All experiments were performed at room
temperature (RT) of 22 + 2 °C.

PI3K inhibitor dependent enhancement of the response to
odorants was analyzed by determining the incidence of cells
showing an effect and the magnitude of the effect for each
cell. The incidence rate was determined by first counting
the number of cells potentially able to show an increase in
response, that is, cells that were capable of responding to
a higher concentration of odorant (Henkel 100 1:5000 dilu-
tion) than the test concentration (Henkel 100 1:50000 dilu-
tion) but were not saturated by the test concentration. The
number of cells showing a drug-dependent increase was nor-
malized to the number of cells potentially capable of showing
an increase for each preparation (animal). The mean and
standard error of the mean (SEM) were calculated between
preparations (animals) tested. The magnitudes of response
enhancement were calculated by normalizing the calcium
response amplitude to odorant mix plus PI3K inhibitors
to the amplitude of response to the odorant mix alone in
the same cell and means and SEM of the effect were calcu-
lated over all cells showing response enhancement.

Western blotting and immunohistochemistry

Membrane fractions enriched in mouse olfactory cilia were
prepared as previously described (Washburn et al. 2002).
Protein concentrations of membrane or whole tissue prepa-
rations were determined using a Coomassie Plus Bradford
assay (Pierce) and equal amounts were loaded per well for
separation by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (4-12% Bis-Tris NuPAGE; Invitrogen).
The proteins were transferred to nitrocellulose membranes,
and the membranes were blocked with either 5% milk (anti-
PI3Kpan [H-239, sc-7189; Santa Cruz Biotechnology] and
anti-PI3KB [S-19, sc-602; Santa Cruz]) or 5% bovine
serum albumin (anti-PI3Ky [no. 4252; Cell Signaling]) in
phosphate-buffered saline (PBS)-T (PBS pH 7.4 with 0.1%
Tween 20) for 1 h at RT prior to incubation with the primary
antibodies. Mouse spleen homogenate was used as a positive
control for PI3K expression due to the high expression of all
class I isoforms in cells of the immune system (Li et al. 2000).
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For immunostaining, heads from OMP-GFP and PI3KYy
KO-LacZ mice were fixed in 4% paraformaldehyde, decalci-
fied for 5 days in 0.5 M EGTA, and embedded in optimal cut-
ting temperature medium. For fluorescent staining of PI3Kf3
coronal sections (12 um) of the nose of OMP-GFP mice were
subjected to an antigen retrieval procedure, incubating them
in 0.1 mM citrate buffer (10 mM citric acid, 0.05% Tween 20,
pH 6.0) for 1.5 h at 65 °C. Nonspecific binding was blocked
with 10% normal goat serum (NGS) diluted in PBS with 0.1%
Triton-X 100 for 1 h at RT prior to incubation with primary
antibody (anti-PI3K S-19, sc-602, Santa Cruz) in PBS with
0.1% Triton-X 100 and 1% NGS overnight at 4 °C. The pri-
mary antibody was detected with an Alexa-543 conjugated
goat anti-rabbit secondary antibody (A-11010, Invitrogen).
Due to the lack of highly specific antibodies against PI3Ky
indirect detection of PI3Ky was performed in the OE of
PI3Ky KO-LacZ mice with an anti-fB-galactosidase (B-gal)
antibody (55978, Cappel, MPBiomedicals). Nonspecific bind-
ing was blocked with 10% horse serum, and then sections were
incubated with primary antibodies against B-gal (55978 rabbit
anti-B-gal, Cappel, MPBiomedicals, 1:500; Rothman et al.
2005) and OMP (goat anti-OMP no. 544-10001, WAKO,
1:500) overnight at 4 °C. The primary antibodies were de-
tected by consecutive incubation with secondary antibodies
against goat (donkey anti-goat fluorescein isothiocyanate
sc-2024, Santa Cruz) and rabbit (Alexa goat anti-rabbit
543 nm (A-11010, Invitrogen) for 45 min at RT.

Sections were analyzed with an Olympus IX70 fluorescent
inverted microscope (Olympus Imaging America Inc.) at x40
magnification.

PI3K enzyme-linked immunosorbent assay

Dissociated OE cells were stimulated with H100, and the en-
zyme reactions were stopped by immediate freezing in liquid
N, followed by the addition of ice-cold 0.5 M trichloroacetic
acid. PIs were extracted and detected with a PIP; mass
ELISA Kit, which can detect both PIP; and PI(3,4)P,, fol-
lowing the manufacturer’s protocol (Echelon Bioscience).
The plates were read on a multiwell plate reader (Bio-Rad
Laboratories) at 450 nm. The data were quantified with
standards (0.625 to 20 pmol per well) and analyzed with
Microplate Manager 4.0 software (Bio-Rad Laboratories).

Data analysis

All data are expressed as mean + SEM. Statistical signifi-
cance was assessed using Student’s 7-test.

Results

PI3K-dependent signaling occurs in ORNs of wt mice

In order to determine if inhibiting PI3K signaling can en-
hance the amplitude of calcium transients elicited by stimu-
lation with complex odorants, as initially shown in rat ORNs
(Spehr et al. 2002), we imaged ORNs acutely dissociated
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from the OE of wt mice. Cells were identified as canonical
ORN s by their ability to respond to a mixture of 10 uM for-
skolin and 100 uM IBMX. Cells that responded to forskolin/
IBMX were stimulated with a 1:5000 dilution of H100
(Wetzel et al. 1999), an odorant mixture of sufficient com-
plexity to contain excitatory as well as inhibitory compounds
for a workable percentage of ORNSs in the population. H100
evoked an increase in intracellular calcium in 18.8% (92/489
cells from 3 animals) of all ORNs screened. Reducing the
concentration of H100 to 1:50000 decreased the incidence
of activation to 11.2% (55/489 cells from 3 animals). Inhib-
iting PI3K-dependent activity by preincubating the cells with
the pan-specific PI3K inhibitors wortmannin (1 pM) and
LY294009 (10 uM) (Figure 1A) increased the peak magni-
tude of the calcium signal to 213.6 £ 27.7% (n = 16 cells)
and 234.6 = 20.3% (n = 13 cells), respectively, of that evoked
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Figure 1 Odorant-induced PI3K-dependent signaling in mouse ORNSs.
(A) ORNs from wt mice show enhanced responses to complex odorant
stimulation following inhibition of PI3K by wortmannin and LY294002.
Cells for analysis were selected by responsiveness to H100 in higher
concentration and to forskolin and IBMX in combination. Arrows show
application of H100 (1:50000 dilution), H 1:5000 = H100 in 1:5000 dilution,
F/I = forskolin (107 M) + IBMX (1007 M); PI3K inhibitors: Wortmannin
(W, 1uM) and LY294002 (LY, 10uM). (B) Odorant stimulation (H100 in
1:10000 dilution) of OE cells elicits PI3K activity as measured by ELISA that
can be inhibited by LY294002. As control for PI3K activity in the absence of
odorant stimulation, cells were treated with DMSO (0.02%). Bars denote
the mean + SEM of 4 independent repetitions and are presented as the
percentage of the response to H100 in 1:10000 dilution.
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by H100 alone prior to incubation. The effect was evident in
only some of the cells that were capable of showing an in-
crease in the magnitude of their response, that is, that did
not show a saturated response to H100 in 1:50000 dilution
and were responsive to a higher concentration of the odorant
mixture (1:5000). Of 54 such capable cells from 3 prepara-
tions (animals, 18 + 3.8 cells per animal), wortmannin
(1 uM) increased the peak magnitude of the calcium signal
in 36.9 * 4.5% of the cells, whereas LY294009 (10 uM) did
so in 32.4 £ 5.2% of the cells.

Odorants increase PI3K activity in ORNs of wt mice

To confirm that odorant stimulation of mouse ORNS is in-
deed accompanied by a change in PI3K activity, we measured
PI3K activation in the dissociated OE using a PIP; mass
enzyme-linked immunosorbent assay (ELISA), which meas-
ures class I PI3K activation. Cells mock treated with 0.02%
dimethyl sulfoxide failed to show any measurable change in
PI3K activity. Stimulation with H100 (1:10000 dilution)
increased the concentration of detected phospholipids to an
equivalent of 21.4 £ 4.1 pmol PIP; per pg protein within
10 s of odorant stimulation (n = 5). The increase in PI3K
activity was reduced by the pan-specific PI3K inhibitor
LY294002 to 5.9 = 1.9% of the mean level of activation
evoked by odorant stimulation alone (n =4, Figure 1B). These
results indicate that the ELISA used to measure odorant-
induced PI3K activity reflects changes in PIP; because the
signal was inhibited with PI3K-specific inhibitors.

Both the B and v isoforms of PI3K are expressed in the OE
of adult wt mice

We then examined whether one or both of the isoforms of
PI3K known to couple through G protein-coupled receptors
(GPCRs), PI3Kp and PI3Ky, are expressed in the murine
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OE. Western blots of OE proteins from wt mice revealed
bands of appropriate molecular weight for the catalytic sub-
units of PI3Kp (Figure 2A) and PI3Ky (Figure 2E). These
antibodies have been previously shown to be specific for
pl10 protein detection in mice and rats (Murga et al.
2000; Ciraolo et al. 2008; Guillermet-Guibert et al. 2008;
Ukhanov et al. 2010). Expression of both isoforms could
be localized to the ORNs immunohistochemically. As shown
in representative images (Figure 2B-D), immunofluorescent
labeling of PI3Kf expression colocalized with GFP fluores-
cence in the somata, dendrite, and knob layers of a majority
of the ORNs within the OE of OMP-GFP transgenic mice
(Potter et al. 2001). Because an antibody against PI3Ky suit-
able for immunohistochemistry is not currently available, we
visualized B-galactosidase (B-gal) under the promoter of
PI3Ky in PI3Ky KO-LacZ mice. Similar to PI3K 3, immuno-
histochemistry with an anti-f-gal antibody (Figure 2F-H)
showed that PI3KYy is also expressed in a majority of the
ORN s of these mice. Control staining in wt mice showed
no labeled ORNs (Supplementary Figure 1). Although
B-gal is expressed under the same promotor as PI3KYy, it
is not necessarily localized to the same subcellular compart-
ments, so we were unable to localize PI3Ky expression to
a particular compartment of the ORNS.

PI3Ky and B specific inhibitors both affect odorant-
activated PI3K-dependent signaling in the mouse OE

In order to implicate PI3Kf and/or y functionally in signal
transduction, we tested the effect of isoform-specific inhibi-
tors for PI3K B (TGX-221, 200 nM) and PI3Ky (AS252424,
200 nM) on the odorant-evoked response of ORNs from wt
mice. Both inhibitors increased the magnitude of the calcium
signal evoked by H100 in ORNs, and could do so in the same
ORN (Figure 3A, n=11). TGX-221 and AS252424 enhanced

PI3KR

Figure 2 PI3KB and vy are expressed in the OE. (A) and (E) Western blot analysis of the catalytic p110 subunits of PI3Kf and y using specific antibodies
against p110B (A) and p110y (E), respectively (M: Marker; 1: mouse spleen; 2: mouse whole OE homogenate). (B-D) Representative images of
immunofluorescence in the OE of OMP-GFP transgenic mice: intrinsic OMP-GFP fluorescence (green, B) labeled with an anti-p110p antibody (red, C). Overlay
of (B) and (C) is shown in (D). (F-H) Colocalization of OMP immunofluorescence (green, F) with B-gal immunofluorescence (red, G) in PI3Ky KO-LacZ

transgenic mice. Overlay of (F) and (G) is shown in (H).
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Figure 3 Effects obtained by pan-specific inhibitors for PI3K are mimicked by the PI3K isoform-specific inhibitors TGX-221 (PI3Kp, 200 nM) and AS252424
(PI3Ky, 200 nM). (A) ORNs from wt mice show enhanced responses to complex odorant stimulation following inhibition of PI3K by TGX-221 or AS252424 in
calcium imaging. Arrows indicate H 100 (1: 50000 dilution) application, H 1:5000 = H100 in 1:5000 dilution. Cells were preincubated with inhibitors for 10 s
prior to odorant application when indicated. (B) TGX-221 and AS252424 elicit the same level of enhancement of responses to complex odorant stimulation
in calcium imaging (n = 11 cells). Bars denote the mean + SEM of amplitudes normalized to H 100 alone. (C) PI3K activity measured in ELISA can be inhibited
by TGX-221 and AS252424 to the same level. Bars denote the mean + SEM of 2 independent repetitions and are presented as the percentage of the

response to H100 in 1:10000 dilution.

calcium responses evoked by H100 to 161.2 + 15.6% and
157.1 £ 15.2%, respectively, of the response to H100 alone,
suggesting that both isoforms contribute equally to PI3K-
mediated signaling in these cells (Figure 3B). Consistent with
this finding, both inhibitors also reduced H100-induced PIP;
to the same extent in the OE as shown by ELISA (Figure 3C).

PI3Ky contributes to odorant-activated PI3K-dependent
signaling in the mouse OE

To better understand the relative roles of the PI3K isoforms
in mouse olfactory signal transduction, we compared the
odorant-evoked responses of ORNs from PI3Ky KO mice
with those of wt mice, as has been done to establish the role
of PI3Ky in macrophages and neutrophils (Sasaki et al. 2000;
Hirsch et al. 2000; Li et al. 2000; Patrucco et al. 2004; Suire
et al. 2006; Costa et al. 2007). In comparison with wt mice,
the OE of the PI3Ky KO mice is normal with respect to
its thickness and OMP expression (data not shown). Despite
the absence of PI3Ky protein in the OE of PI3Ky KO mice
(Figure 4A), western blot analysis with a pan-specific PI3K
antibody shows residual expression of PI3K in the ciliary
membranes of ORNs (Figure 4B), consistent with coexpres-
sion of at least 2 isoforms of PI3K.

Functionally, ORNs from these mice show calcium re-
sponses to stimulation with KCI (45 mM) and forskolin (10
pM) that are not significantly different in amplitude compared
with cells from wt mice (Figure 4C), suggesting that PI3Ky
KO ORNs are excitable and normal with respect to cyclic nu-
cleotide-mediated signaling. However, in contrast to ORNs
from wt mice, the pan-specific PI3K inhibitors wortmannin
and LY294002 had a significantly lower incidence of effect
on ORNs from the PI3Ky KO mice compared with those from
wt mice (Figure 5A). Only 11.8 £ 3% of the cells per animal
from the PI3Ky KO mice capable of showing an enhanced re-
sponse (n= 50 cells from 3 animals) were sensitive to wortman-
nin treatment and only 9.5 £ 2.8% of the cells were sensitive to
LY294002, compared with 36.9 * 4.5% and 32.4 + 5.2%,
respectively, of the cells from wt mice. Furthermore, H100
failed to elicit a measurable increase in PI3K activity in cells
dissociated from the OE of PI3Ky KO mice (Figure 5B).
Together these data suggest that PI3Ky has a significant role
in mediating PI3K-dependent signaling in mouse ORNSs.

Discussion

Notwithstanding known differences in the olfactory receptor
reservoir (Gloriam et al. 2007), the electrophysiological
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Figure 4 PI3Ky KO mice lack p110y in olfactory cilia but retain normal responsiveness to non-PI3K dependent input. (A) Western blot analysis of the
catalytic p110y subunit (anti-PI3K p110y) in wt (lane 1) and PI3Ky KO (lane 2) mouse OE. Ponceau staining of the blot shows the total protein present in both
samples. (B) Western blot analysis of the catalytic p110 subunit using a pan-specific PI3K antibody (anti-PI3K p110) in mouse spleen and cilia extract shows
a residual PI3K expression in cilia of PI3Ky KO mice. (M: Marker; 1: wt mouse spleen; 2: KO mouse spleen; 3: wt mouse cilia homogenate; 4: KO mouse cilia
homogenate). (C) Amplitudes of calcium transients in response to different stimuli are not significantly altered between wt and PI3Ky KO mice.

properties of the ORNs (Ma et al. 1999), and olfactory be-
havior (Doty 1986) of mice and rats, PI3K-dependent signal-
ing appears to generalize to both species. As in rat ORNs
(Spehr et al. 2002), pharmacological inhibition of PI3K
can enhance the magnitude of the calcium response of mouse
ORN s to complex odorants. Furthermore, as in rats (Klasen
et al. 2010), odorant stimulation induces a rise in PI3K
activity in the mouse OE.

Mouse ORNs express 2 known GPCR-coupled isoforms of
PI3K, PI3Kp and PI3KYy. Interestingly, both PI3K and y
are expressed in a majority of mature ORNs, suggesting they
are not confined to a particular subset of ORNSs, such as the
TRPMS5-postitive ORNs (Lin et al. 2007) or the GC-D
ORNs (Fiille et al. 1995), but rather that they play a role
in canonical ORNSs. This finding would appear to conflict
with our finding that only some cells showed a physiological
response to PI3K inhibition, but we assume the latter reflects
the restricted odorant specificity of individual mammalian
ORN:s (Saito et al. 2009) and the limited array of odorants

used to challenge the cells. If, as suggested earlier (Spehr et al.
2002), an odorant mixture needs to be sufficiently complex to
contain at least one excitatory and one inhibitory ligand for
the particular cell in question in order to see a physiological
effect, H100 has only a limited probability of doing so con-
sidering that each cell expresses only one of about 1000 ORs
predicted to be functional in mice (Zhang and Firestein
2002). We assume, therefore, that PI3K signaling is func-
tional in many, if not most, canonical mouse ORNSs rather
than just a specialized subset of cells, arguing that it serves
a fundamental role in murine, and presumably all mamma-
lian, ORN:S.

Due to methodological constraints, we cannot confirm
whether there is an overlap in the expression of both iso-
forms of PI3K that are located in the transduction compart-
ment of ORNs. The antigen retrieval used for PI3Kf
immunostaining could have affected the tissue differentially,
making exact localization difficult, and the PI3Ky KO-LacZ
transgenic mouse strain has the PI3Ky gene disrupted by
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Figure 5 PI3Ky KO mice show a large reduction in PI3K-mediated
signaling upon odorant stimulation. (A) PI3Ky KO mice show effects of
odorant response enhancement to the pan-specific PI3K inhibitors
wortmannin and LY294002 in a reduced number of cells. Values have been
normalized to the number of cells with the potential to show this effect.
Values represent mean between preparations +SEM. (B) PI3K activity upon
odorant stimulation is almost completely abolished in PI3Ky KO mice. Bars
denote the mean + SEM of 5 independent repetitions and are presented as
the percentage of the response to H100 in 1:10000 dilution in wt mice.

insertion of an IRES-LacZ and a neomycin resistance cas-
sette in the first coding exon (Hirsch et al. 2000), which al-
lows localization of PI3Ky expression to specific cell types
but not to subcellular regions. However, given that PI3Ky
clearly is expressed in cilia based on western blots and that
isoform-specific inhibitors affected odorant-induced calcium
responses and odorant-dependent PI3K activity, our results
argue in favor of localization of both PI3Ky and B to the
signal transduction compartment of ORNS.

ORN:Ss dissociated from the OE of PI3Ky KO mice are sig-
nificantly less responsive to PI3K inhibition, but they still
have a residual sensitivity to PI3K inhibitors, suggesting that
PI3KY is not exclusively responsible for PI3K-dependent
signaling in these cells. Questions then arise as to the relative
roles of PI3Kf and y in murine ORNs. Because both iso-
forms are expressed in most ORNs and both isoform-specific
inhibitors can act in the same cell, we assume PI3K [} and vy
are coexpressed and function together in most cells. Such
redundant expression is known in bone marrow-derived
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macrophages (Guillermet-Guibert et al. 2008) and blood pla-
telets (Canobbio et al. 2009) where both PI3Kf3 and vy signal
downstream from the same GPCR to mediate the same
effect. However, the functional significance of such redun-
dancy is still unclear. In macrophages, it is argued that
PI3Kp is the predominant isoform that mediates GPCR-
coupled PI3K signaling while PI3Ky provides reserve signal-
ing capacity when needed (Guillermet-Guibert et al. 2008).
Alternately, the isoforms could work in parallel but with
slightly different kinetics, for example, to mediate different
temporal aspects of odorant responses.

Overall, our results set the stage for using genetically ma-
nipulated mice to explore both the cellular mechanisms and
behavioral role(s) of PI3K-mediated signal transduction in
mammalian ORNs. Although they argue that PI3KYy-
mediated signaling plays an important role in transduction,
they also implicate a role for PI3K . The availability of iso-
form-specific mutant mice (PI3Ky: Hirsch et al. 2000; Li
et al. 2000; Sasaki et al. 2000; Patrucco et al. 2004; Suire
et al. 2006; Costa et al. 2007 and PI3Kp: Ciraolo et al.
2008; Guillermet-Guibert et al. 2008) will allow more careful
dissection of the functional roles of the 2 isoforms of PI3K in
mammalian olfactory transduction.

Supplementary material

Supplementary material can be found at http://www.chemse
.oxfordjournals.org/.
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