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A&a&-Both
the cyclic adenosine 3’,S-monophosphata and the phosphoinositide second messenger
systems are involved in olfactory signal tran~uctio~. The inositol 1,4,S-t~spho~hate receptor is one of
the principal in&ra~llularcalcium channels responsible for mobjIi~ng stored calcium. The precise location
of the 1,4,5trlsphosphate receptor (endoplasmic reticulum vs surface) and its role in the events of olfactory
signal transduction need to be defined. By light microscopic and confocal immunohistochemistrywe show
expression of the &factory-enriched G-protein, G,,, associated with cyclic AMP responses, and of the
inositol 1,4,5-t~sphosphate receptor in the dendritic projections and cilia of essentially all olfactory
receptor neurons, indicating that ~ndivjdual neurons express components of both second messenger
systems. By immun~l~tron microscopy, we demonstrate that the inositol 1,4,5-t~sphosphat~receptor
is localized to the surface membrane of rat olfactory cilia.
This is the first morphological demonstration of the surface membrane localization of inositol
194,5-trisphosphatereceptor in olfactory cilia. Our findings, taken in conjunction with electrophysiological
data Fromother workers, are supportive of the in&to1 1,4,5-trisphosphatereceptor playing a novel role
in regulating calcium flux at me ciliary surface membrane.

dant evidence indicates that InsP, receptors are
associated with non-mit~bond~ai
Ga*+ stores
proceed through the generation of the ~ntra~eIlular localized to compartments of the ~nd~pIasrn~c reticulum (ER). Immu~ohist~hemical analysis at the elecsecond messengers, cyclic adenosine 3’,5’-monophosphate (CAMP) and inositol 1,4$trisphosphate
tron microscopic level has revealed that the InsP,
(InsP,).7.9.445~5”52~60
The membrane receptors, which receptor is confined to the endoplasmic reticular
are presumed to transduce the odorant stimulus, are membranes in Purkinje cells of the cerebellum.38~56~57~63
members of a large gene family.‘*The disposition of ~Iet~rogenejty in InsP, receptor proteins has been
the two second messeuger pathways in individual described and arises from multiple ge~s,~~~5,~’
as well
sensory neurons is unknown, but the potential for as alternatively spliced forms.i2.” In addition to an
interactions between cascades within a cell is intrigu- ER localization, studies from several laboratories
ing. Intracellular CAMP initiates the el~trophysi~
have supported the existence of plasma membrane
logical response by directly activating a non-specific forms of InsP, receptor in i~ph~ytes~~.27 hepatic
cation channel located in the plasma membrane of cells6 and most recently in lobster olfactory cilia.”
the sensory cilia.‘3*!6,s2~4~
The mechanism by which
In the present study, we employ immunohistaInsP, elicits an electrophysiological response in this chemistry at the light, confocal and electron microsystem may be through analogous channels in the scopic levels to determine the localization of InsP,
plasma membrane gated by InsP3.so.sr
receptor in rat olfactory neur~epithelium and its
In the brain and ~riphe~l tissues, receptor-medi- potential association with the structures known to
ated stimulation of phospholipase C generates InsP, contain other components of the odorant transducwhich releases intracellular calcium (CaZS). Abun- tion pathway, the olfactory cilia. Olfactory cilia
consist of microtubules with a su~ounding cytoplasmic matrix enclosed by a surface membrane?+”
._
They lack ER or other internal membranous struc@To whom en~s~ndenee should be addressed.
Abbreviations:
CAMP, cyclic adenosine 3’,5’-monophos- tures. We found that InsP, receptor is enriched in the
phate; DAB, 3,3-diaminobenzidine tetrachloride; ciliary layer of the neuroepithelium and by immuEDTA, etbylenediaminetetra-acetate; ER, cndoplasmic noelectron microscopy confirmed that it was exret&&m; G,, o~fa~tory”en~ch~ G protein; InsP,,
inositoi 1,4,3-~isphosphate~ORN, offactory receptor pressed by the ciliary structures rather than the
neuron; PBS, phosphate-buyers saiine; PPA, para- microvillar processes of the non-neuroaal cells. Our
formaldehyde; SDS, sodium dodecyl sulfate.
localization of InsP, receptor, an integral membrane
Olfactory signal transduction, which occurs in
the cilia of olfactory receptor neurons, appears to
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protein, to olfactory cilia implies that this is a surface
membrane form of the molecule. Our findings are
consistent with the work of Fadool and Ache,14 who
have recently reported functional studies of InsP,gated ion channels in the plasma membrane of cultured lobster olfactory neurons. Taken together, the
evidence suggests a novel mechanism of InsP, action
in signal transduction in the olfactory system.
EXPERIMENTAL

lmmunoresearch
Laboratories).
Control sections were incubated with preimmune sera in place of the primary antibodies. After washing, sections were mounted in 10%
glycerol in PBS with 1 mgjml p-phenylenediamine
dihydrochloride. The confocal information
was analysed using a
Nikon Opiphot microscope module connected to a laser
scanning confocal imaging system (Biorad MRC600). Computer-assisted
analysis was taken simultaneously
for two
channels with a 514nm argon ion laser excitation
path
between the two filters.

PROCEDURES

Adult male SpragueDawley rats, 150-200 g (Charles
River Laboratories.
Wilmington,
MA), were anesthetized
and perfused
transcardialli
with icecold
phosphatebuffered saline (PBS) and then 4% naraformaldehvde
(PFAl
in PBS. Olfactory t’urbinates were dissected, postfixed for
1 h in 4% PFA and then immersed in 15% (w/v) sucrose
overnight. Blocks were imbedded in Tissue-tek (Miles Laboratories) and stored at -70°C until sectioned at 8 pm on
a cryostat.
For light microscopy,
sections were rehydrated
and
blocked for 20min in 10% normal goat serum then incubated with the primary antibody, affinity-purified
rabbit
polyclonal antibody raised to the cerebellar InsP, receptor47.5Xin 0.05% Triton X-100 at a concentration
of 4 tie/ml.
or antibody against the olfactory-enriched
G protein, GO,i”
in 0.02% sodium dodecyl sulfate (SDS) at a concentration
of lOpgg/ml, for I h at room temperature.
After washing,
endogenous
peroxidases were blocked by incubation
for
30 min in 0.3% hydrogen peroxide. Appropriate
secondary
and tertiary reagents were from the Vectastain Elite ABC
Kit (Vector Laboratories) used at dilutions suggested by the
manufacturer.
Color was developed with 1 mg/ml 3,3-diaminobenzidine
tetrachloride (DAB; Sigma). Specificity of
the immunoreactive
patterns of the polyclonal antibodies
was established both by staining with preimmune rabbit
serum and by staining with antibody
which had been
preadsorbed by overnight incubation with the purified InsP,
receptor protein or the G,, synthetic peptide, RR2, used for
immunization.
Incubation with preimmune sera resulted in
no immunoreactivity
and immunoadsorption
of the antibodies with their respective antigens completely abolished
immunoreactivity
(data not shown).
Unilateral ablation of the olfactory bulb (bulbectomy)
was performed and bilateral immunohistochemical
analysis
of the olfactory neuroepithelium
was subsequently undertaken as described previously.‘9 For the surgical bulbectomy
experiments, adult male Sprague-Dawley
rats were anesthetized with pentobarbital
sodium and a right-sided unilateral ablation of the olfactory bulb was performed
by
aspiration
through a craniotomy.
Seven days postoperatively the animals were anesthetized and perfused transcardially with ice-cold PBS and then 4% PFA. The region of
the olfactory turbinates was dissected as an intact block
around the midline septum, and processed for immunohistochemistry as described above. Both the right and left regions
of the olfactory turbinates were examined with the unoperated (left) side of the animal serving as a control for the
procedure.
For double-labeling
immunofluorescence,
frozen sections
were rehydrated,
blocked in normal donkey serum and
incubated simultaneously
with the two primary antibodies:
affinity-purified goat polyclonal antibody to InsP, receptor’*
at a concentration
of 16pg/ml and rabbit polyclonal G,,,
antibody at a concentration
of 10 peg/ml, in 0.05% Triton
X-100, for 1h at room temperature. Secondary antibodies
were fluorescein
@TAF)-conjugated
aflinipure
donkey
anti-goat
immunoglobulin
(H + L) and lissamine rhodamine (LRSC)-conjugated
affinipure donkey anti-rabbit
immunoglobulin
(H + L) both at I : 50 dilution (Jackson

Animals were perfused as described above and dissection
was performed to expose the nasal septum in the midline
adjacent to the cribriform plate and olfactory bulb. A sheet
of olfactory membrane measuring 2 mm by 2 mm was gently
teased away from the underlying cartilage and placed in 4%
PFA for 1 h postfixing. For DAB detection, tissue rinsed in
PBS was immunostained
intact in enzyme-linked
immunoassay
tray wells using the InsP, receptor and G,,,
rabbit polyclonal antibodies described above and the Vectastain Elite ABC Kit (Vector Laboratories).
As controls,
tissues were incubated with non-immune
rabbit serum at
I: 500 dilution instead of the primary antibody.
After
washing, the tissue was osmicated in 1% osmium tetroxide
in maleate buffer, pH 5.2, for 1 h and washed in buffer for
30 min and subsequently treated with 2% uranyl acetate in
maleate buffer for 1 h prior to dehydrating in a graded series
of methanol. The tissue was placed in 1: 1 Epon in propolyene oxide for 1h and then in 100% Epon for I2 h. The
tissue was flat embedded, hardened and the sections reonented at 180” in a BEEM capsule to enable sectioning
through the epithelium. Semithin plastic sections were taken
until the region of interest was reached and then ultrathin
sections were cut with a diamond knife. Sections were
collected on Formvar-coated
slotted grids and examined
with a Jeol 100 CX electron microscope.
For immunogold
detection, a sheet of olfactory eplthelium fixed in 4% PFA was dissected as described above
and put through the osmication, dehydration and embedding process. Ultrathin sections were collected on nickel
grids and etched in 10% H,O, for 15 min. After washing,
non-specific binding was blocked by incubation
in 10%
normal goat serum in PBS for 1 h. Primary antibodies were
the InsP, receptor and G,,, rabbit polyclonal antibodies
described above used at concentrations
of 30pg/ml.
As
controls, sections were incubated with non-immune rabbtt
serum used at I : 500 dilution. As an additional control,
immunoadsorption
of each antibody with an excess of its
respective antigen was performed prior to incubation with
sections, The secondary antibody used was a goat anti-rabbit immunoglobulin,
labeled with either 15 urn or 20 nm
eold narticles. Auronrobe
EM GAR (Amersham) used at
7: 15 dilution. The sections were postfixed in 2% glutaraldehyde for 2 min, stained with 7% uranyl acetate and examined using a Jeol 100 CX electron microscope.

Total homogenates of adult rat olfactory tissue (225 pig),
cerebellum (4pg). a suspension of primary cultures of
neonatal olfactory cells (50 ~8)~’ and purified cerebellar
InsP, receptor (0.2 pg) were solubilized in 1% SDS and I %
fl-mercaptoethanol
and subjected to SDS-polyacrylamide
gel electrophoresi?
on a 12% gel. The separated proteins
were transferred to Immobilon (Millipore) according to the
method of Towbin et ~1.~ and the membrane was probed
with affinity-purified
rabbit anti-InsP, receptor antibody
used at a concentration
of 0.3 @g/ml. The secondary antibody was peroxidase-conjugated
goat anti-rabbit
immunonlobulin
used
at
I : 1500 dilution (Boehringer
Mannheim) with 4-chloronapthol
(Sigma) used as the color
substrate. The lane containing
molecular size standards
(BRL) is included and the sizes are indicated.

Inositol 1,4,5_trisphosphate

Poly(A)+ selected RNA (1 pg) was electrophoresed on a
1% agarose gel, blotted to Nytran (Schleicher and Schuell)
and hvbridized at 42°C for 20 h with a random primed
32P-ladeled 1.8 kb polymerase chain reaction fragment containing 3’-carboxy terminal coding region of rat cerebellar
InsP, receptor (5908-7737 bp in the cDNA sequence)” or a
tubulin cDNA probe. The membrane was rinsed once at
room temperature and then twice in 0.5 x standard saline
citrate and 0.1% SDS at 65’C for 20min. The blot was
exposed at -70°C to X-ray film with an intensifying screen.

1,4,5-trisphosphatebindingassays
Binding assays were performed as described previou@
with several modificati&s. Cerebellar tissue was placed in
50 mM Tris-HCI buffer containing 1mM EDTA, pH 7.4,

Inositol

and the following protease inhibitors: 0.2% T;asylol,
2 pgjml leupeptin, 4 pg/ml antipain, 20 pgjml benzamide,
Zpgjml chymostatin, 1 pg/ml pepstatin and 0.06% (w/v)
phenylmethylsulfonic
acid. Tissue was homogenized in a
polytron (Brinkman) and spun for 15 min at 17,000 r.p.m.
in an SS-34 rotor. The membrane fraction was resuspended
in Tris buffer, respun and resuspended to a final concentration of 0.3 mg/ml. Rat olfactory cilia were prepared as
described previously’ but in the presence of protease inhibitors. The final cilia pellet was resuspended in Tris buffer
containing protease inhibitors to a concentration
of
0.3 mgjml. Binding assays were performed in a 500 ylvolume
containing 50 gl [‘HjInsP, (NEN-DuPont) at the designated
concentration, 50 ~1 unlabeled inositol phosphate as indicated, 250 ~1 of cerebellar membranes or cilia and 150 ~1 of
Tris buffer. Incubation was for 10min on ice in a Biovial
(Beckman), after which time the samples were spun at
12,000 r.p.m. for 15 min in an SS-24 rotor. The supernatant
was aspirated and the pellets were solubilized in 0.2 ml of I %
SDS and counted in Formula 963 scintillation fluid.

RESULTS

Localization of inositol 1,4,5_trisphosphate receptor
and G,, in olfactory neuroepithelium
Golf and the InsP, receptor were localized in olfactory epithelium to assess the possible co-expression
of components of both the CAMP and pertussis
toxin-sensitive phosphoinositide pathways within the
neuroepithelium. The antibody against Golf was an
antipeptide antibody described previously.*‘,*’ Two
polyclonal antibodies produced against purified
cerebellar InsP, receptor, one made in rabbit and
the other in goat, were employed for InsP, receptor
immunohistochemistry.4’~s8 For light microscopic
immunohistochemistry,
G,,, and InsP, receptor immunoreactivity was examined in consecutive serial
sections collected from representative regions of the
olfactory neuroepithelium.
The olfactory neuroepithelium consists of three
major cell types: olfactory receptor neurons (ORNs),
the basal cells, which are a form of stem cell capable
of replacing ORNs as they senesce, and the supporting or sustentacular cells. The ORN has a bipolar
morphology, extending to the receptive surface a
single dendritic projection terminating in a dendritic
knob from which emanate non-motile cilia.
Within the olfactory epithelium, InsP, receptor was
found to be most highly enriched in the ciliary layer,

receptor III olfactory cilia
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which is visible bordered by the layer of dendritic
knobs (Fig. IA). The dendritic knobs were also
immunoreactive. Immunoreactivity
was also evident, but at lower levels, in the outer third of
the epithelium, a region containing sustentacular
cells as well as the dendritic projections of ORNs.
We also observed very light levels of immunoreactivity in association with the cell bodies of
some ORNs in the neuroepithelium and immunoreactivity of axon bundles just beneath the basal
lamina.
Overall the distribution of Golf was quite similar,
being highly enriched in the ciliary layer (Fig. IB).
The most notable difference was that significant G,,
immunoreactivity did not extend beneath the ciliary
layer into the underlying region of the neuroepithelium. Some cell bodies in the ORN layer were lightly
immunoreactive for G,,, and axon bundles were
faintly immunoreactive (Fig. 1B).
The localization of InsP, receptor to the ciliary
layer indicated that it must be present in the neuronal
cilia or the microvilli of the sustentacular cells, or
both, as these are the only structures present in this
layer. To further address this question, we examined
InsP, receptor expression in neuron-depleted epithelium subsequent to surgical bulbcctomy. InsP,
receptor immunoreactivity was absent from the ciliary layer under these conditions, supportive evidence
for a ciliary rather than microvillar localization (data
not shown). The fainter immunoreactivity present
beneath the ciliary layer was preserved in neuron-depleted epithelium, suggesting that this is contributed
to by the apical regions of the sustentacular cells. In
contrast, G,,, immunoreactivity is abolished by bulbectomy.*’
In an extensive examination of the olfactory neuroepithelium, we found InsP, receptor and G,,, to be
distributed uniformly over the ciliary surface without
evidence for regionalization of expression of either
component. Additionally, there were no regions of
the neuroepithelium found to be non-immunoreactive for either G,,, or InsP, receptor. These results
are consistent with findings for other second messenger components of the olfactory signal transduction
cascade: the olfactory-specific, type III adenylyl
cyclase is also found to be uniformly distributed
across the luminal surface of the neuroepithelium
(Cunningham A. M. and Reed R. R., unpublished
observations).4
Co-expression oj inositol 1,4$trisphosphatereceptor
and GO, in olfactory neuroepithelium
To perform high resolution co-localization studies
of GoiEand InsP, receptor, we used a goat antibody
against InsP, receptor and a rabbit antibody against
G,,, for double-labeling immunofluorescence.
In
phase confocal photomicrographs, the ciliary layer
was found to be particularly clear and distinctive
(Fig. IC). InsP, receptor was expressed in the ciliary
layer across the neuroepithelium, but the immuno-
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reactivity jn the region of the epithelium just beneath
the ciliary layer was ~0mparat~veIy more prominent
using this goat antibody and im~~nofluores~nt
method of detection (Fig. 1D) than with DAB detection (Fig. 1A). In contrast, G,,, was found to be
predominantly
localized to the ciliary fayer, with
some light imm~norea~~ivjty also found in ORN cell
bodies (Fig. 1E).
The co-expression of these components, as determined by confocal and light microscopy, in a pattern
which was regular and continuous across the ciIiary
surface layer, strongly suggests that olfactory reseptar cells in the epithelium express both InsP, receptor
and

G,,,-.

Localizatian of inositol 1,&S-trisphasphate receptor to
cilia by immunoeiectron pnicrscq~~
Localization at the level of light and con&al
microscopy demonstrated
the presence of InsP3 receptor in the ciliary layer of the neuroepithelium,
a
region comprised of cilia emanating from the dendritic knobs of the sensory neurons and the microvilli
of the sustenta~ular cells. To directly distinguish
between a ciliary or microvillar immunolocalization,
we utilized immunoelectron
microscopy with both
DAB and gold detection techniques.
Olfactory cilia are not homogeneous aIong their
length, but consist of distinct proximal portions
which are 2-3 pm long and -0.3 pm in diameter,
and much longer, 504Opm, thinner distal portions
which are - 0.1 pm in diameter.3’~“J~J7Functional
differences between these ciliary regions have been
suggested on the basis of enzymatic ~ytochemi~1 and
immunoelectron
microscopic localization studies of
components of the transduction apparatus.3y’7
Immuaoelectron microscopy using pre-embedding
staining and DAB detection demonstrated InsI’, retiptor immunorea~tivity prominentl~~ in the dendritic
knobs and their projecting thicker proximal ciliary

segments as well as the thinner distal portions of cilia
(Fig. 39. Immunorea~t~vity was also found in the
apical ER of the sustentacular cells. Similarly, Golr
immunoreactivity
was found evenly distributed between the proximal thick and distal thin ciliary
structures and the dendritic knobs, but was, in contrast, not present in sustentacular celts (Fig. 2C).
Neither Goif or In@, receptor immunor~a~tivit~ was
found in the microvilli. A control section which was
incubated with non-immune rabbit serum at I :500
dilution instead of the primary antibody is shown
(Fig. 2A).
In our extensive study of this tissue, which was
derived exclusively from the neuroepitheliwm Lining
the midline septum, we did not identify any dendritic
knobs which were non-immunoreactive
for the antigen being studied, either InsP, receptor or G,,,. This
finding is supportive of rbe fact that all dendritic
knobs, and hence ail ORN cells, in the regions
examined express both InsP, receptor and Golf.
Although useful in determining patterns of expression at comparatively low magnifications, and in
particular for con~~ing
that all dendritic knobs in
the section under study were immunoreactive,
the
relatively diffuse pattern of reaction product obtained
with DAB detection did not enable us to determine
the subcellular localization af immunoreactivity,
in
particular any association with the surface membranes, Accordingly, immunogold labeling was combined with a postembedding staining method. This
procedure resulted in a significant loss of antigenicity
for both InsP, receptor and GnlP as labeling with gold
particles was light in comparison with the intensity of
staining obtained with DAB, even at significantly
higher antibody concentrations.
This circumstance
was most problematic for the InsP, receptor antibody, where preservation of antigenicity was difficult,
even for light microscopic ~mmunohist~h~mistr~,
unless conditions were optimal. Nevertheless, levels

Fig. 1. Comparative Iocalization of InsP, receptor and GOIF
in the olfactory neur~epithelium by DAB
jmmunoh~stochemica~ light microscopy and double-~abeiing ~rnrnuno~u~~~n~
confocal microscopy. (A)
InsP, receptor immunoreactivity
visualized as gojdjbrown reaction product is most prominent in the
superficial, wavy ciliary layer. The layer of dendritic knobs (indicated by three small arrows) is
immunoreactive
and the region of the epithelium just inward ta this layer, containing the dendritic
processes and the sustentacular cells, is also lightly immunoreactive.
Deeper in the neuroepithehum just
below the basal lamina, immunoreactjvity
is present in association with axon bundles. Light immunoreactivity is also present in some ORN cell bodies. cl, tiliary Iayer; dks, dendritic knobs; ems, olfactory
receptor neuron cell bodies; bi, basal lamina. fBf Galr immunoreactivity
is predominantly
confined to the
ciliary layer with very light immunoreactivity
of some cell bodies deep in the epithelium. A lightly
immunoreactive
axon bundle is present in the lower right region of the photomicrograph.
A and B are
not consecutive serial sections. (C) Phase-contrast
photornicrograph
corresponding
to double-labeling
immunoffuorescenaz
shown in D and E, demonstrating
clearly the distinctive ciliary surface layer. (D)
fnsP, receptor irnm~nor~~t~yit~
(green} is present in the cifiary region, but there is also significant
immunoreactivity
in the eppithefinm inward to the ciliary layer, an area containing
the bodies of
sustentacular
cells and the dendrites of OR?%. Faint immunoreactivity
is also detectable in the QRN
bodies deeper in t.he epithelium. It should be noted that in double-labeling
experiments a different
polyclonal antibody to the InsP, receptor, produced in goal, was used compared to that shown in A. Thrs
gaat antibody also showed significant immunoreactivity
in the region of the sustentacular celis when used
with light microscopy and DAB detection. (E) G,,, immunoreactiGty
(red) is highly IoczGzed to the surface
ciliary layer with some faint immnnor~activ~ty in the region of the ORN celi bodies. Scale bar in 3 = 10 pm
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Fig. 2. Localization of InsP, receptor and G,, in olfactory cilia by immunoelectron microscopy using
pre-etnbedding irnmunoperoxidase.staining and DAB detection. (A) Electron micrograph of a control
section incubated with non-immune rabbit serum instead of the primary antibody. Two dendritic knobs

are present (one indicated by a large arrow) characterizedby their electron-densebasal bodies and
projectingthick proximal cilia. The somata of sustentacular cells and ORNs are present inferiorally. The
network of fine structures around the dendritic knobs is composed of thick proximal cilia (small arrow),
identifiable in cross-section by the characteristic microtubules arrayed inside, and the numerous smaller
structures comprised of the thin parts of distal cilia and the microvilli of the sustentacular cells. Two distal
ciliacut in cross-section with identifiable inner microtubules are indicated (arrowheads). (B) InsP, receptor
immnnoreactivity, indicated by the diffuse dark reaction product, is present in the dendritic knob (large
arrow) and is prominent in the thick proximal cilia seen in cross-section (small arrows), as well as thinner
distal segments of cilia seen in cross-section (arrowheads). Microvilli, which can be identified in the lower
left of the figure projeoting from the cell surface betweencross-sectionsof thick proximal cilia, are
non-inununoreaetive.Additionally, significant amounts of immunoreactivity are present in the dendritic
projections ofORNs and the apicalcytoplasmof sustentacular cells. (C) G,, immunoreactivity is present
in the dendritic knobs (large arrow) and in both the large proximal (small arrow) and smaller distal
(arrowheads) cross-motions of cilia. Scale bar = I urn.

of labeling were sufficient to support a ciliary rather
than microvillar locahzation which, together with the
localization already provided by the light and confocal studies, supplies definitive evidence for a ciliary
localization.
Immunogold visuahxation confirmed that InsP,
receptor was localized to the dendritic knobs and cilia
and was not present in the microvilli of suatentacular
cells. All dendritic knobs identified in the sections
were labeled for InsP, reazptor. When cross-sections
of thick proximal regions of cilia were identified and
counted, 181 unlabeIed cilia cross-sections and 42
labeled cilia cross-se&ins were identified in 38 fields
(each with dimensions of 6.3 x 4.5 am) selected at
random. This analysis revealed that -. 19% of crosssections of cilia were labeled, which is consistent with
our observation that generally every cluster of crosssections identified (usually comprised of five to six
cilia) showed one labeled cross-section. With labeled
cilia, it was a consistent finding that gold particles
were usually found in association with the surface

membrane. Thinner distal regions of cilia were also
able to be identified, particularly in longitudinal
section, and were also labeled. The microvilli of the
surrounding sustentacular cells were totally devoid of
label for InsP, receptor, even when the concentration
of the primary antibody was increased four-fold.
Some representative. examples of our findings are
presented in Fig. 3. A control section which was
incubated with non-immune rabbit serum was devoid
of labeling. This result is shown (Fig. 3A) with a
dendritic knob situated between two sustentacular
cells and both cilia and microvilli being evident.
Immunoadsorption controls were devoid of labeling
(data not shown). Gold particle labeling for InsP,
receptor, although at low levels, was present throughout the dendritic knob and is seen on proximal cilia
emanating from the knob (Fig. 3B). The thinner
continuation of a ciliary process is present in the top
part of the photomicrograph and is clearly labeled. In
this figure, most of the remaining gold labeling is
associated with fragments of cilia. Microvilli arc seen

Inositol 1,4,5-trisphosphate
receptorin olfactorycilia
projecting from the surface of the sustenta~ul~ cells,
on the left-hand side of the photomicrograph, and are
unlabeled. Figure 3GF shows typical regions of
thicker proximal cilia and demonstrates our observation that InsP, receptor label was found in association with the surface m~brane
of cilia. In
longitudinal section, microvilli were distinguishable
from cilia by the following features: their diameter,
their orientation perpendicular to the cell surface and
their wavy appearance, as well as their degree of
electron density after osmium iixation. In cross-aection, they were readily distinguishable from cilia by
their lack of inner microtubules. Although not all
labeled structures could be defined as ciliary or
microvillar, clearly identifiable microvilli were always
devoid of label for InaP, receptor. A cluster of these
is illustrated (Fig. 3G):
Our findings for InsP, receptor determined by all
four methods of detection are summarized below. At
the tight microscopic level, InsP, receptor immunoreactivity was most concentrated in the ciliary layer of
the neur~pithelium with lower levels present in the
outer third of the neuroepithelium, a region containing the dendritic projections and apical regions of
sustentacular cells. A lower level of immunoreactivity
was also found in ORN cell bodies and axonai
bundles. Using the ~munofluo~nt
technique,
with a different InsP, receptor antibody produced in
goat, the ratio of immunoreactivity in the outer third
of the neuroepithelium compared to that in the ciliary
layer was higher, but in other respects the pattern of
ligation
was the same. Electron microcopy using
DAB detection showed that each dendritic knob
identified was immunoreactive, as were both the
proximal and distal regions of cilia. Using this technique, it was apparent that the immunoreactivity in
the outer region of the ~ur~ithe~um
localized to
both the dendritic projections of neurons and the
apical regions of sustentacular cells. Immunogold
labeling confirmed the presence of InsP, receptor in
the dendritic projections and cilia and showed that
the ~~0~11~ processes were unla~l~. In addition,
there was an association of the InsP, receptor label
with the surface membrane of cilia. The different
techniques revealed somewhat different degrees of
comparative immunoreactivity of specific structures,
such as the degree of ciliary vs dendritic knob immunom~tivity, and we interpreted these variations
as being due to the differences in antigenic preservation and imaging methods associated with each
technique.
GOzimmunogold detection produced Fairly homogeneous labeling throu~out the dendritic knob and
cilia, as well as the more proximal regions of the
dendritic projections (Fig. 4B). Every dendritic knob
identified in the sections was labeled for Golfand this
figure shows the dendritic knobs of two adjacent
neurons. Microvilli were unlabeled, although we did
observe very light labeling with gold particles in the
most apical regions of the sustentacular cells, at a
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level which was above ~ckgro~d. A control section
incubated with non-immune rabbit serum showed no
significant label (Fig. 4A).
Expression of inositol l,4,5-u&phosphate receptor
in ~l~ucf~y tissue by ~~obloti~g
and northern
analysis

Immunoblot analysis of olfactory epithelium with
the rabbit polyclonal antibody revealed a single
260,000mol. wt band which is similar in size to the
eerebellar protein, supportive evidence that this antibody interacts selectively with InsP, receptor in olfactory tissue (Fig. Sa). InsP, receptor antigen was far
more abundant in cerebellum than olfactory tissue,
cerebellum being the richest source of the protein
identifi~. Included in the analysis is purified InsP,
receptor protein, against which the polyclonal antibody was produced, and primary cultures of neonatal
olfactory neurons which have been shown to express
InsP, receptor.” Northern analysis detected a single
10kb InsP, receptor mRNA in olfactory tissue
(Fig. Sb), which co-migrates with the message in
cerebellum. Consistent with the immunoblot analysis,
we found InsP, receptor mRNA to be far leas abundant in olfactory tissue than in cerebellum.
Chur~cterjzu~~o~
of fritiated inositol 1,4,5-trisphosphate binding in olfactory cilia

Preparations of olfactory cilia have been shown by
biochemical analysis to be essentially devoid of
plasma membrane con~ination.i
In addition, enzymatic assays were performed to compare ciIiary preparations
and
various
subcellular
fraction
components. These assays demonstrated that ciliary
preparations are essentially free of plasma membrane
or ER condonation (Ronnett G. V., unpub~shed
observations).
The inositol phosphate binding specificity of InsP,
receptor was examined in olfactory cilia and cerebellar membranes (Fig. 6). The data are derived from
averages of duplicates from a single assay which was
representative of experiments performed three times.
[ 3H]InsP, binding was assayed at pH 7.4, where InsP,
has a lower affinity for cerebellar InsP, receptors than
at pH 8.3P5[3H]InsP, was found to bind saturably to
olfactory cilia. Seatchard analysis indicated a single
binding site with a K0 of 160nM, whereas in parallel
experiments the K, for cerebellar membranes was
60nM. The inositol phosphate specificity of the
binding in cilia was the same as in cerebellum, with
Ins(l,3,4)P,, Ins(2,4,5)P, and InsP, failing to significantly inhibit binding at 2pM concentration. The
relative B,, for cilia is = f that of cerebellar tissue,
DISCUSSION

The most important .tinding of this study is the
localization of InsP, receptor to olfactory cilia and its
association with the ciliary surface membrane. This
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Fig. 3. Immunogold
electron microscopy showing the association of InsP, receptor with the surface
membrane of olfactory cilia. (A) A control section which was incubated with non-immune serum shows
no labeling with gold particles. A single dendritic projection and dendritic knob are illustrated centrally
with sustentacular cells on either side. Thick proximal cilia project from the dendritic knob and a proximal
portion of a cilium cut in cross-section is indicated with an arrow. Microvilli are seen projecting from
the surface of the sustentacular
cells. dp, dendritic projection; SC, sustentacular cell; c, proximal cilium;
m, microvilli. As an additional control, incubation was performed with antibody preadsorbed with the
InsP, receptor protein, and this resulted in no labeling with gold particles (data not shown). (El) InsP,
receptor labeling with gold was sparse. Gold particles are seen scattered over the dendritic knob and on
proximal cilia projecting from it. The thinner continuation
of a ciliary process is present in the top part
of the photomicrograph
and is clearly labeled with a cluster of gold particles. Microvilli, which are present
on both sides of the micrograph
projecting from the surface of the sustentacular
cells, were always
unlabeled. There was some labeling of the apical regions of sustentacular cells present deeper in the cell
bodies, not included in this electron micrograph.
(C) Cilia cut in longitudinal or oblique section often
showed gold particle labeling in association with the surface membrane (arrowheads).
In addition, four
gold particles are seen in association with a grazing cut through a ciliary membrane. (D-F) Similarly, thick
proximal cilia cut in cross-section showed distinctive labeling in association with the surface membrane
of the cilium (arrowheads).
Microvilli, which are visible coursing between the cilia in D, and in a dense
cluster (G), were always unlabeled. Scale bar = 0.4 brn (A, B); 0.25 pm (C-G).
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Fig. 4. Gold particle labeling with the G,, antibody. (A) A control section which was incubated with
non-immune serum shows no labeling. A single dendritic projection is shown with ciliary processes
emanating from it. dp, dendritic projection; c, cilium; sc, sustentacular cell. (B) Labehng with the G,,,
antibody is distributed throughout the dendritic knobs of two adjacent neurons. A cilium is visible in
longitudinal section emanating from the upper dendrite knob, and a cilium cut in cross-section is indicated
in the lower part of the figure (arrow). Microvillar processes were unlabeled, although a few gold particles
were found in the apical regions of sustentacular cells. dk. dendritic knob; c, cilium; m, microvilli. Scale
bar=O.Spm.

localization

suggests

a novel mechanism

for InsP,-

mediated signalling in the olfactory system. Our
results provide the first demonstration of a neuronal
form of InsP, receptor definitively immunolocalized
to a site outside the ER or associated internal
organelles.
In the CNS, InsP, receptors have been immunolocalized to the ER and associated structures.18~56
An
initial report showed P400, which is analogous to
InsP, receptor, in the ER, postsynaptic densities and
plasma membrane in mouse cerebellum,)r however,
subsequent studies were unable to confirm a plasma
membrane localization. Nonetheless, there is a growing body of evidence for a plasma membrane localization of InsP, receptors in non-neuronal cells.
Whole cell patch recordings of lymphocytes demonstrated an InsP,-gated calcium conductance in the
plasma membrane?’ In addition, subcellular fractionation studies of liver revealed an enrichment of InsP,
receptor in plasma membrane fractions:’ In agreement with these electrophysiological and biochemical
findings. InsP, receptor has recently heen localized to
the plasma membrane in Jurkat cell T lymphocytes at
the light microscopic level and is capped following
concanavalin A stimulation.26 Our immunolocaliz-

ation of InsP, receptor to the plasma membrane of
cilia in conjunction with the recent report of functional InsP,-activated channels in lobster ORNsn
convincingly demonstrates a unique role for
InsP, receptor in this system in mobilizing extracellular Ca’+. These findings illustrate the necessity
for us to revise our notion as to how this second
messenger pathway may function in olfactory signal
transduction, and provides a new level of complexity in the potential for interaction between the
CAMP and phosphoinositide cascades within a
given cell.
How might a plasma membrane InsP, receptor in
olfactory cilia specifically participate in olfactory
signal transduction? In signal transduction involving
the phosphoinositide system, an initial release of
intracellular Car+ is usually followed by a phase of
Cal+ entry from extracellular sources (for review see
Ref. 5). Irvine and colleagues20A’have suggested that
InsP, is responsible for the movement of Ca*+ across
the plasma membrane, while in some cells, it has been
proposed previously that InsP, may act directly at the
plasma membrane.b~25~27
Olfactory cilia are bathed
in mucus containing millimolar Ca*+,*’ thereby
providing a large ionic gradient for Ca2+ flux. The
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absence of ER or other intracellular membranes in
cilia, coupled with the presence of InsP, receptor in
association with the ciliary membrane, suggests that
InsP, activates receptor-associated channels in the
ciliary membrane and permits Ca*+ to enter from the
external environment. The cell would then he depolarized in a concentration-dependent manner. This
proposal is in keeping with the recent electrophysiological findings in lobster cilia.14 In addition, Ca*+
may play a vital role in either integrative or negative
feedback controls of signal generation, as has been
outlined previously.491” For instance, stimulation of
the InsP, pathway and the subsequent increase in
intracellular Ca*+ could block CAMP-induced cell
depolarization via a Ca*+-activated phosphodiesterase, providing a negative feedback loop.
InsP, may feasibly play an analogous role in
mobilizing external Ca*+ at other sites in the nervous
system besides the olfactory neuron. In the retina4’
and in various brain regions,” InsP, receptor is
known to IX concentrated in nerve terminals, but a

et al.

plasma membrane localization has not been established. In these areas, a surface InsP, receptor might
potentially be found to play a role in Cazt fluxes
associated with neurotransmitter release.
We also found InsP, receptor in the apical ER of
the sustentacular cells. These cells are enigmatic and
might function as glial-like cells” or help in supportive functions such as maintaining the balance of
electrolytes in the mucous layer. An olfactory-specific
cytochrome P,,, and a UDP glucuronosyl transferase 29~30.4~67
thought to be involved in odorant
clearance, have also been localized to the apical
portion of the sustentacular cells. Our findings illustrate that there are at least two major separate pools
of InsP, receptor proteins in the outer region of the
olfactory epithelium: one associated with the cilia of
the ORNs and the other in the sustentacular cell ER.
It is of interest to compare our pattern of localization of G,,r with that reported by Menco et al.” in
a study that used the same Galf antibody, which was
produced in our laboratory. Using a freeze-

10 kb

18

14

a

b

and Northern
analysis. (a)
Fig. 5. Detection of InsP, receptor in olfactory tissue by immunoblot
Immunoblot of cerebellar and olfactory epithelial tissue, purified cerebellar InsP, receptor and an extract
of primary olfactory neuronal cells probed with the rabbit polyclonal InsP, receptor antibody. The
antibody reacts specifically with a band of mol. wt - 260,000 in olfactory tissue and cerebellum which
is the same size as the species detected in the lane loaded with purified InsP, receptor, the antigen used
for immumzation to produce this antibody. As the amounts of protein from cerebellar and olfactory whole
tissue extracts are 4 and 225 pg, respectively, it is evident that the antigen is significantly more abundant
in cerebellum than in olfactory tissue. INSP3R, inositol I,rl,Strisphosphate
receptor; OLF, olfactory. (bl
Northern blot analysis of InsP, receptor mRNA showing tissue distribution
and relative abundance of
the 10 kilobase (kb) message. It is seen that the species is most abundant in cerebellum, with just detectable
amounts in adult olfactory epithelium and olfactory bulb. With these hybridization
conditions
and
exposure time, neonatal olfactory epithelium and liver did not show significant amounts of message. The
same blot was rehybridized with a tubulin probe to assess the relative amounts of RNA in each lane, and
these were found to be similar.

Inositol 1,4,5-trisphosphate

receptor in olfactory cilia

349

higher KD of 160nM for InsP, binding in isolated
cilia preparations is more in keeping with that seen
in the plasma membrane of Jurkat lymphocytesZ
Should the InsP, binding activity represent contamination from the ER fraction, one might expect the KD
to be similar to that seen in cerebellar membranes, or
to indicate the presence of multiple forms. The lack
of these findings suggests that the binding demonstrated in the ciliary preparations predominantly
represents the binding activity in cilia. As found with
the cerebellar form, InsP., and other InsP, analogs do
not effectively compete for binding. Recently, an
inositol phosphate binding activity has been reported
in isolated catfish olfactory ciliaF4 In this case, the
6.1 1.6
16
Oil
relative affinities for InsP, and InsP, were similar and
[InsKhl
,pM
the apparent molecular weight of the species identFig. 6. Binding isotherms for the interaction of [‘H]InsP,
ified by photoaffinity labeling was 107,000. Similarly,
with cerebellar membranes and isolated olfactory cilia.
in isolated rat olfactory cilia an inositol phosphate
Binding analysis demonstrates that unlabeled InsP, can
displace [‘HIimP, from cerebellar membranes with a k, of binding activity has been found and a species of mol.
60 n41 (0).
._,. while in cilia the K,, is 160 nM (0). Other wt 120,000 identified by photoaffinity labeling.” The
inositol phosphates, InsP, (0): Ins(1,3,4)P,‘ ji)
and
significance of the discrepancy between the catfish
Ins(2,4,5)P, (A) as indicated, cannot effectively displace
results and our data remains uncertain, but could at
[‘H]lnsP, binding from ciliary or cerebellar membranes at
2 pM inositol phosphate (InsPO,). CRBLM, cerebellum. least in part be due to interspecies differences. The
Data are derived from a single assay performed in duplicate. apparent lower molecular weight and higher KD
corresponding to the binding activity found by others
in rat5’ might reflect proteolytic degradation, as InsP,
substituted, postembedding technique designed to receptors in different tissues of multiple species all
Our finding that
preserve the delicate, distal parts of cilia, these have a mol. wt. above 200,000.‘s~46~66
the olfactory form of the InsP, receptor is represented
authors compared the immunoreactivity of the distal
vs the proximal ciliary segments for G,,,. They con- on immunoblot by a band of similar size to the
cluded that there was significantly more antigenicity
cerebella1 form is in keeping with the recent work of
distally, hypothesizing that this may represent the Fadool and Ache.14 In cultured lobster ORNs, they
primary site of signal transduction. Somewhat sur- identified a band migrating with an apparent mol. wt
prisingly, they found the dendritic knobs to label very above 200,000 using an antibody produced to mamlightly, at 2040% the level of distal cilia, even malian InsP, receptor, and additionally provide evithough the dendritic ‘knobs are intensely immunodence that this antibody can selectively increase
reactive at the fight microscopic level. For the purodor-evoked inward currents in their system. Mulpose of our study, we were most interested in tiple variants of InsP, receptor have been represerving the morphology and antigenicity of the ported 39,42,55,6’
and in olfactory neuroepithelial RNA.
dendritic knobs and their immediate surrounding
one splice variant, the short form, predominates”
structures, rather than contrasting regional differ- (Cunningham A. M., unpublished observations).
ences in the cilium, and for this our technique proved
There is no evidence, however, based on our imvery valuable. It is apparent that the technique used munoblotting and northern data, for a unique species
by Menco et a/.)’ may well be preferable for the being present in olfactory tissue. These experiments
selective preservation of regions of distal cilia. As we included both the ciliary and the ER-associated pools
did not exhaustively compare the degree of labeling
of InsP, receptor present in the neuroepithelium.
distally to proximally and distal ciliary structures
Further studies are required, therefore, to determine
were infrequent compared to proximal, we cannot
if the surface membrane forms of the receptor might
exclude the possibility that G,,, may be expressed at represent a distinct class of InsP, receptor proteins.
a higher level distally. Certainly, the pattern of G,,r
The description by Buck and AxeI”’ of a large
labeling we found by immunogold detection was family of putative olfactory odorant receptor molconsistent with the results we obtained with the DAB ecules has initiated intense interest in the expression
immunoelectron microscopic technique.
of these receptors by olfactory sensory neurons.
Binding studies using [‘H]InsP, binding to rat Previous evidence had suggested that both the CAMP
cerebellar membranes and isolated olfactory cilia and phosphoinositide systems were involved in signal
were conducted to further characterize the receptor
transduction initiated by some odorants?
although
species localized in olfactory neuroepithelium. The
other workers have reported that a particular odorant
rat cerebellar InsP, receptor demonstrated a &, of stimulates one, but not both, pathways’s8 A recent
60 nM in intact membranes at physiological pH,
report has provided the first direct evidence that a
similar to that reported previously.6’ The somewhat
member of this family of receptors can respond to
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odorant
stimulation
with generation
of IIsP,.~~
Studies of 2deoxyglucose
uptake in olfactory bulb
after stimulation with specific odorants, summarized
by Shepherd and Firestein,j9 have shown regionalization of odorant responsivity in the bulb. If a parallel
regionalization
of receptor expression exists in the
neuroepithelium,
it is feasible that components
of
second messenger pathways might also show some
compartmentalization
of expression. For this reason,
we were interested in establishing the patterns of
expression of InsP, receptor and Golf in the neuroepithelium.
Double-labeling
experiments
established
that both InsP, receptor and G,,, were evenly distributed and co-expressed throughout the neuroepithelium, without evidence for regionalization
of
either component. We did not, however, specifically
address the question whether an individual olfactory
receptor neuron co-expresses both InsP, receptor and
G,,I. It is feasible that individual neurons expressing
either InsP, receptor or G,,[, but not both, could be
randomly mingled in the neuroepithelium,
and present the immunohistochemical
appearance we found
by light and confocal microscopy. We consider this
circumstance
highly unlikely since at the electron
microscopic level we did not identify any dendritic
knobs which were InsP, receptor- or G,,,-negative.
Hence we can conclude that, in the areas of the
neuroepithelium
examined by electron microscopy,
there are individual neurons which do co-express
InsP, receptor and G,,,.
CONCLUSIONS

Our study provides the first direct evidence for a
ciliary surface form of the InsP, receptor in the

olfactory sensory neuron. These findings are consistent with the idea that this receptor plays a direct role
in the entry of extracellular Ca’+ during the initiation
of the olfactory signal. Apart from the novel surface
immunolocalization
of InsP, receptor, our observation that InsP, receptor and G,, appear to occur in
the same cells has important implications for olfactory signal transduction.
It supports the notion that
the large multigene family of G protein-coupled
odorant receptors reported by Buck and AxeI”’ may
utilize both
second
messenger
pathways.
The
existence of multiple second messenger pathways in
an individual neuron might reflect the expression of
more than one odorant receptor gene in a single cell,
or the fact that a single odorant binding to its
receptor
may potentially
activate
dual second
messenger systems. Specificity in olfactory signal
transduction
may be enhanced by the interaction
between second messenger pathways within a given
cell.
would
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