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ABSTRACT
Extracellular purines and pyrimidines are important sig-
naling molecules acting via purinergic cell-surface recep-
tors in neurons, glia, and glia-like cells such as sustentac-
ular supporting cells (SCs) of the olfactory epithelium
(OE). Here, we thoroughly characterize ATP-induced
responses in SCs of the OE using functional Ca21 imaging.
The initial ATP-induced increase of the intracellular Ca21

concentration [Ca21]i always occurred in the apical part of
SCs and subsequently propagated toward the basal lam-
ina, indicating the occurrence of purinergic receptors in
the apical part of SCs. The mean propagation velocity of
the Ca21 signal within SCs was 17.10 6 1.02 lm/s. ATP
evoked increases in [Ca21]i in both the presence and ab-
sence of extracellular Ca21. Depletion of the intracellular
Ca21 stores abolished the responses. This shows that the
ATP-induced [Ca21]i increases were in large part, if not
entirely, due to the activation of G protein-coupled recep-
tors followed by Ca21 mobilization from intracellular
stores, suggesting an involvement of P2Y receptors. The
order of potency of the applied purinergic agonists was
UTP > ATP > ATPgS (with all others being only weakly
active or inactive). The ATP-induced [Ca21]i increases
could be reduced by the purinergic antagonists PPADS
and RB2, but not by suramin. Our findings suggest that
extracellular nucleotides in the OE activate SCs via P2Y2/
P2Y4-like receptors and initiate a characteristic intraepi-
thelial Ca21 wave. VVC 2008 Wiley-Liss, Inc.

INTRODUCTION

The olfactory sensory organ of vertebrates is made of
a specialized neuroepithelium consisting of three main
cell types: olfactory receptor neurons (ORNs), which
transmit the olfactory information from the nose to the
olfactory bulb in the brain, sustentacular supporting
cells (SCs), which share common properties with glial
and epithelial cells, and basal cells (BCs) including olfac-
tory stem cells, which maintain the regenerative
capacity of the olfactory epithelium (OE) (Graziadei,
1971, 1973; Graziadei and Metcalf, 1971). While innu-

merable studies focused on the physiology and function
of ORNs (Getchell, 1986; Schild and Restrepo, 1998),
much less attention has so far been given to SCs. Sus-
tentacular supporting cells function very much like glia
cells and share characteristics of both the macrophage-
like microglia as well as macroglia (Getchell, 1977;
Okano and Takagi, 1974). Their high resting potential
and low input resistance are two typical features of glial
cells (Masukawa et al., 1985). In many ways, they are
morphologically and physiologically similar to the
M€uller glia of the retina (Newman and Reichenbach,
1996). It is known that cell bodies of SC form a tightly
packed columnar monolayer on the apical surface of the
OE, and that their basal processes expand through the
whole OE and terminate in the BC layer (Rafols and
Getchell, 1983). Sustentacular supporting cells have
been shown to be involved in mucus secretion (Getchell
and Mellert, 1991; Hansen et al., 1998), phagocytosis of
dead and dying cells (Suzuki et al., 1996), elimination of
noxious substances, and the regulation of the extracellu-
lar ionic environment (Breipohl et al., 1974; Getchell
and Getchell, 1992). In addition, they have been shown
to insulate ORNs both physically and chemically
(Breipohl et al., 1974). Recent findings, however, suggest
that, in addition to the above mentioned ‘‘maintenance
functions,’’ SCs are likely to be involved in intraepithe-
lial signaling mechanisms. It has been shown that cells
in the mouse OE express purinergic receptors (Hegg
et al., 2003), and it has been suggested that these recep-
tors may play an important role in signaling acute dam-
age in the OE (Hegg and Lucero, 2006; Hegg et al.,
2003). Furthermore, it has been shown that application
of ATP evokes strong increases in the [Ca21]i in SCs of
mouse and larval Xenopus laevis (Czesnik et al., 2006;
Hegg et al., 2003), and that nucleotides induce heat
shock protein expression in SCs in the mouse (Hegg and
Lucero, 2006). In other sensory systems, for example, in
the visual, auditory, and gustatory system, extracellular
nucleotides have long been known to have neuromodula-
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tory effects and to be involved in cellular signaling
(Burnstock, 2007; Thorne and Housley, 1996).

Purines and pyrimidines are important extracellular
signaling molecules that mediate various physiological
effects via membrane-bound receptors termed purinergic
receptors (Burnstock, 2007; Ralevic and Burnstock,
1998). There are two main families of purinergic recep-
tors, adenosine or P1 receptors and P2 receptors recog-
nizing primarily tri- and dinucleotides (Burnstock, 2007;
Ralevic and Burnstock, 1998). The P1 receptors have
been further subdivided into four subtypes (P1A1,
P1A2A, P1A2B, and P1A3) all of which couple to G pro-
teins. The P2 receptors are subdivided into two families,
the ionotropic P2X receptors and the G protein coupled
P2Y receptors. P2X receptors have been further subdi-
vided into seven subtypes (P2X1–P2X7), the P2Y recep-
tors have been subdivided into eight subtypes (P2Y1,
P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14).
These subtypes differ in their molecular structure and
their different selectivities to agonists and antagonists
(Burnstock, 2007; Ralevic and Burnstock, 1998).

The present study was aimed to identify the puriner-
gic receptor subtypes of SCs in the OE of larval Xenopus
laevis and to characterize the effect of their activation.
The conducted study suggests the expression of P2Y2/
P2Y4-like purinoceptors on SCs. Activation of these puri-
nergic receptors initiates characteristic spatiotemporal
(wave-like) patterns of [Ca21]i increases in SCs that
propagate from their cell body in the apical part of the
OE along their basal processes toward the basal lamina.

MATERIALS AND METHODS
Preparation of the Slices of the Olfactory

Epithelium

Tadpoles of Xenopus laevis (stages 51 to 54; staged af-
ter Nieuwkoop and Faber, 1994) were cooled to produce
complete immobility, and then killed by transection of
the brain at its transition to the spinal cord. All proce-
dures for animal handling and tissue dissections were
carried out according to the guidelines of the G€ottingen
University Committee for Ethics in Animal Experimen-
tation. A block of tissue containing the olfactory muco-
sae, the olfactory nerves, and the brain was cut out and
kept in bath solution (see later). The tissue was glued
onto the stage of a vibroslicer (VT 1000S, Leica, Ben-
sheim, Germany) and cut horizontally into 120–130 lm
thick slices. The tissue slices were then transferred to a
recording chamber, and 200 ll of bath solution (see
later) containing 50 lM Fluo-4/AM (Molecular Probes,
Leiden, The Netherlands) and 50 lM MK571 (Alexis
Biochemicals, Gr€unberg, Germany) was added. Fluo-4/
AM was dissolved in DMSO (Sigma, Deisenhofen, Ger-
many) and Pluronic F-127 (Molecular Probes). ORNs of
Xenopus laevis tadpoles express multidrug resistance
transporters (Manzini and Schild, 2003; Manzini et al.,
2008) with a wide substrate spectrum, including Ca21-
indicator dyes. To avoid transporter-mediated destaining
of the slices, MK571, a specific inhibitor of the multi-

drug resistance-associated proteins (MRP, Abrahamse
and Rechkemmer, 2001; Gekeler et al., 1995) was added
to the incubation solution. After incubation on a shaker
at room temperature for 35 min, the tissue slices were
fixed with a grid in a recording chamber and placed ei-
ther on the microscope stage of an Axiovert 100M (Zeiss,
Jena, Germany) to which a laser scanning unit (LSM
510, Zeiss, Jena, Germany) was attached or on the
microscope stage of a fast line scanning device, custom-
built in our lab. Before starting the Ca21 imaging
experiments, the slices were rinsed with bath solution
for at least 10 min.

Ca21 Imaging and Data Evaluation

For our standard experiments, the intracellular Ca21

was monitored using a laser-scanning confocal micro-
scope (Zeiss LSM 510/Axiovert 100M, Jena, Germany).
The thickness of the optical slice excluded fluorescence
detection from more than one cell layer. Fluorescence
images (excitation at 488 nm; emission > 505 nm) of the
olfactory mucosa were acquired at 0.25–1.27 Hz and
786.4 ms exposure time per image with about 10 images
taken as control images before the onset of stimulus
delivery. The fluorescence changes DF/F were calculated
for individual olfactory receptor neurons (ORNs) as DF/
F 5 (F1 2 F2)/F2, where F1 was the fluorescence aver-
aged over the pixels of an ORN, whereas F2 was the av-
erage fluorescence of that ORN before stimulus applica-
tion, averaged over three images. A response was
assumed if the following two criteria were met: (i) the
first two intensity values after stimulus arrival at the
mucosa, I (t1) and I (t2), had to be larger than the maxi-
mum of the prestimulus intensities; (ii) I (t2) > I (t1)
with t2 > t1. To characterize the spatiotemporal pattern
of [Ca21]i increases in sustentacular supporting cells
(SCs) additional Ca21 imaging experiments were carried
out using a fast line scanning device, custom-built in
our lab. Images were acquired at a rate of up to 40 Hz.
Slice preparation and staining procedures were the
same as for the experiments performed at the commer-
cial laser-scanning confocal microscope. The propagation
velocity of the Ca21 signal within SCs was calculated by
monitoring the wave front of the intracellular Ca21 sig-
nal. Thereby, the wave front of the Ca21 signal was
taken as the point where the amplitude of the steep rise
of relative fluorescence (DF/F) was half-maximum.

The data were analyzed using custom written pro-
grams in MATLAB (Mathworks, Natick). To facilitate
selection of regions of interest, a ‘‘pixel correlation map’’
was obtained by calculating the cross-correlation
between the fluorescence signals of a pixel to that of its
immediate neighbors and then displaying the resulting
value as a grayscale map. As physiological responses of-
ten give similar signals in adjacent pixels, this method
specifically highlights those pixels. In contrast, pixels
that contain only noise show uncorrelated traces and
thus appear dark in the cross-correlation map.
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Solutions and Stimulus Application

The composition of the standard bath solution was (in
mM): 98 NaCl, 2 KCl, 1 CaCl2, 2 MgCl2, 5 glucose, 5
Na-pyruvate, 10 HEPES. The composition of the Ca21-
free bath solution was (in mM): 98 NaCl, 2 KCl, 2
MgCl2, 5 glucose, 5 Na-pyruvate, 10 HEPES, 2 EGTA.
All solutions were adjusted to pH 7.8. This is the physio-
logical pH in this poikilothermal species (Howell et al.,
1970). The osmolarity of the bath solution was 230 mOs-
mol/l. All of the chemicals used for the preparation of
the bath solutions were purchased from Sigma and were
of the highest purity available. The purinergic agonists
(see later), antagonists (see later), ARL 67156 and cyclo-
piazonic acid were dissolved in concentrated stock solu-
tions (10 or 50 mM), which were aliquoted and frozen.
Aliquots were thawed only once and the working solu-
tions were made fresh before every experiment.

The following substances were all purchased from
Sigma and were of the highest purity available: uridine;
uridine 50-monophosphate (UMP); uridine 50-diphosphate
(UDP); uridine 50-triphosphate (UTP); adenosine; adeno-
sine 50-monophosphate (AMP); adenosine 50-diphosphate
(ADP); adenosine 50-triphosphate (ATP); cytidine-50-tri-
phosphate (CTP); guanosine-50-triphosphate (GTP); a,b-
methylene ATP (a,b-meATP); b,g-methylene ATP (b,g-
meATP); 2-methylthio ATP (2MeSATP); 30-O-(4-benzoyl)-
benzoyl ATP (BzATP); adenosine 50-O-(3-thiotriphos-
phate) (ATPgS); P1,P4-diadenosine tetraphosphate (Ap4A);
2-(Methylthio)adenosine 50-diphosphate (2MeSADP); aden-
osine 50-[b-thio]diphosphate (ADPbS); ARL 67156; pyri-
doxalphosphate-6-azophenyl-20,40-disulfonic acid (PPADS);
reactive blue 2 (RB2); suramin; cyclopiazonic acid (CPA).

The bath solution was applied by gravity feed from a
storage syringe through a funnel drug applicator to the
recording chamber. The tip of the applicator was placed
directly above the olfactory epithelium (OE). The puri-
nergic agonists were pipetted directly into the funnel
without stopping the flow. Outflow was through a sy-
ringe needle placed close to the OE. ARL 67156, the
purinergic antagonists and cyclopiazonic acid were dis-
solved in the bath solution as indicated in the text.

Immunocytochemistry

For immunocytochemistry, larval Xenopus laevis were
cooled to produce complete immobility in iced water, and
then their olfactory nerves were cut through. To stain ol-
factory receptor neurons biocytin (e-biotinoyl-L-lysine,
Molecular Probes, Leiden, The Netherlands) crystals
were inserted into the lesioned nerve, and the wound
was closed with histoacryl glue (Braun, Melsungen,
Germany). After 2 h the animals were sacrificed, and a
tissue block containing both noses and the anterior part
of the brain was cut out. Tissue blocks were fixed in 4%
formaldehyde, washed in PBS, embedded in 5% low
melting point agarose (Sigma, Deisenhofen, Germany),
and subsequently sectioned on a vibratome (Leica VT
1000S, Bensheim, Germany) at 70 lm. Sections were

then washed in PBS containing 0.2% Triton X-100
(PBST), and nonspecific binding was blocked with 2%
normal goat serum (NGS; ICN, Aurora, Ohio, USA) in
PBST for 1 h at room temperature. Tissue was then
incubated overnight at 4�C with primary antibody
against Xenopus laevis cytokeratin II (1:1,000) or with
primary antibody against mouse Keratin 5 (1:1,000)
diluted in 2% NGS/PBST. The Xenopus laevis cytokera-
tin type II antibody (1h5, monoclonal, derived from
mouse) developed by Michael Klymkowsky was obtained
from the Developmental Studies Hybridoma Bank devel-
oped under the auspices of the NICHD and maintained
by the University of Iowa, Department of Biological Sci-
ences, Iowa City, IA 52242. The mouse Keratin 5 anti-
body (AF 138, polyclonal, derived from rabbit) was from
Covance, Princeton, NJ. Primary antibody was washed
off with PBS, and Alexa 546 conjugated streptavidin
(Molecular Probes, Leiden, The Netherlands) was
applied at a final concentration of 5 lg/mL in PBST for
5 h at room temperature. Slices were repeatedly rinsed
in PBS, and Alexa 488 conjugated goat anti mouse sec-
ondary antibody (Molecular Probes, Leiden, The Nether-
lands) or Alexa 488 conjugated goat anti rabbit second-
ary antibody (Molecular Probes, Leiden, The Nether-
lands) was applied at a dilution of 1:250 in 1% NGS/PBS
for 1 h 30 min at room temperature. The secondary anti-
body was washed off in several changes of PBS. Slices
were then transferred to microscopy slides and mounted
in mounting medium (Dako, Hamburg, Germany).

RESULTS
Morphology of Cells in the Olfactory
Epithelium and Responses to ATP

We visualized mature ORNs and SCs in the OE of
larval Xenopus laevis by combined biocytin backfilling
(Fig. 1A) and cytokeratin type II immunostaining (Fig.
1B). When merging both pictures (Fig. 1C), there was no
overlap between the backfilled ORNs and the cytokera-
tin-like immunoreactivity (CKLI). This indicates a com-
plete absence of CKLI in ORNs thereby allowing a clear
distinction between ORNs and the cells surrounding
them. On the other hand, the CKLI-positive cells formed
a tightly packed columnar monolayer on the apical sur-
face of the same OE slice (see arrows). They sent their
basal processes (see filled arrowheads) across the entire
OE terminating in endfeet-like structures (see open
arrowheads) at the level of the basal lamina. Virtually
identical results were obtained with an antibody against
keratin 5 (see Materials and Methods; data not shown).
On the basis of its location and morphology, the CKLI
can clearly be attributed to SC, although an additional
but faint staining of basal cells cannot entirely be
excluded.

ATP (200 lM) applied to an acute Fluo-4-stained slice
preparation of the OE led to specific cellular response
patterns (Fig. 1D). The response time courses of two
ATP-sensitive cells are plotted in Figure 1E. The overall
shape and duration of the intracellular Ca21 transients
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were highly reproducible when ATP was applied repeat-
edly (Fig. 1E). Figure 1F shows the mean intracellular
Ca21 transients 6 SEM of three successive ATP applica-
tions of all ATP-responsive cells of this slice [superposi-
tion in Fig. 1D (d1)]. Similar results were obtained with
all of the OE slices tested for their responsiveness to
ATP. On the basis of their location and shape [see
arrows in Fig. 1B,D (d1)] the ATP-responsive cells can
be clearly identified as SCs.

Characterization of the ATP-Induced
Ca21 Signaling in SCs

To describe the ATP-induced [Ca21]i increases in SCs in
detail we performed high frequency Ca21 imaging experi-
ments in acute slice preparation of the OE stained with
Fluo-4. Figure 2A shows a slice of the OE with a high-
lighted individual SC spanning most of the OE. Application
of ATP (200 lM) always initiated an [Ca21]i increase in the

Fig. 1. ATP-induced [Ca21]i increases in individual sustentacular
supporting cells in a slice of the olfactory epithelium of larval Xenopus
laevis. A: Slice of an OE with biocytin-streptavidin stained ORNs (stage
52; PC, principal cavity; LP, lamina propria; SCL, sustentacular cell
layer; ORNL, olfactory receptor cell layer; BCL basal cell layer). B:
Immunoreactivity to cytokeratin type II antibody of the same slice.
Note the localization of the cytokeratin-like-immunoreactivity. The cyto-
keratin-positive cells form a tightly packed columnar monolayer in the
SCL on the apical surface of the OE (see arrows) and send basal proc-
esses (see filled arrowheads) across the width of the OE that terminate
in endfeet-like structures (see open arrowheads) at the level of the LP.
C: Overlay of ORNs (A, red fluorescence) and cytokeratin-positive cells
(B, green fluorescence). D: (d1) slice of the OE stained with the Ca21 in-
dicator dye Fluo-4 (stage 54, image acquired at rest). Cells that

responded with an [Ca21]i increase upon application of ATP (200 lM)
are superimposed to the OE slice (grey shaded area). The ATP-induced
[Ca21]i transients of the two cells labelled red and blue are shown in E
(red and blue traces). (d2–d4) Sequence of three pseudocolored images
of the same OE slice showing that application of ATP (200 lM) transi-
ently increases Ca21-dependent fluorescence in individual SCs. (d2)
Image taken before the application of ATP. (d3) Image taken at the
peak of the response. (d4) Image taken after return to the base line flu-
orescence. The [Ca21]i increases clearly occurred in the SCL of the slice
(cell bodies of SCs, see arrows in d1). E, the time course and amplitude
of ATP-induced [Ca21]i increases in individual SCs were highly repro-
ducible if ATP was applied repeatedly. F, mean intracellular Ca21 tran-
sients 6 SEM of three successive ATP applications of all responsive
cells of this slice (superposition in d1).
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apical part of the SCs, even if ATP was applied to the basal
region of the olfactory epithelium. Subsequently the Ca21

signal migrated along the basal process of the SC toward
the basal lamina (Fig. 2B; from t 5 2 s to t 5 5 s). The
ATP-induced [Ca21]i transients of three selected regions
lying in an apical, medial, and basal part of the SC are
shown in Figure 2C. The distance between the selected
regions was �23 lm. Thereby, the maximum amplitude of
the [Ca21]i transient occurred in the medial region of the
SC. The [Ca21]i returned to prestimulus levels after about
25 s. To visualize the progression of the Ca21 signal over
the entire length of the SC (�57 lm), we plotted the intra-
cellular Ca21 transient of 50 adjacent regions against the
time (Fig. 2D). The dotted line in Figure 2D highlights the
virtually linear progression of the Ca21 signal from the api-
cal to the basal region of the SC. In this SC, the progres-
sion velocity of the Ca21 signal was 17.03 lm/s. The calcu-
lated mean progression velocity of the Ca21 signals in 34
SCs was 17.10 6 1.02 lm/s.

Pharmacological Characterization of the
Purinergic Receptor Subtype(s) on SCs

To determine which subtype(s) of purinergic receptors
are involved in the ATP-induced [Ca21]i increases in

SCs, we first examined whether the presence of extracel-
lular Ca21 was essential for the responses to ATP.
Responses to ATP in Ca21-free bath solution were the
same or larger than those in standard bath solution
(Fig. 3A). Repeated applications of ATP in Ca21-free
bath solution inevitably resulted in a rundown of the
Ca21 responses (Fig. 3A), presumably due to a gradual
depletion of the intracellular Ca21 stores. After return-
ing to standard conditions the responses recovered (Fig.
3A). Similar results were obtained in all of the 66 SCs
(three OE slices) tested (Fig. 3B). Furthermore, deplet-
ing intracellular Ca21 stores with CPA eliminated the
intracellular Ca21 responses to ATP (Fig. 3C). Virtually
identical results were obtained in all of the 56 SCs
(three OE slices) tested (Fig. 3D). These data indicate
that the [Ca21]i increases evoked by ATP were mediated
by release of Ca21 from CPA-sensitive intracellular
stores, and that Ca21 influx through the plasma mem-
brane contributed little, if at all. This suggested the
involvement of metabotropic P2Y receptors. To further
substantiate the above results and to determine which
P2Y receptor subtype(s) are expressed on SCs, we exam-
ined the potency of a variety of purinergic agonists
known to differentially activate different purinergic re-
ceptor subtypes.

Fig. 2. Characterization of the ATP-induced spatiotemporal pattern
of [Ca21]i increases in SCs. A: Horizontal slice of the OE (pseudocolored
illustration) stained with the Ca21 indicator dye Fluo-4 (stage 52;
image acquired at rest; PC, principal cavity; LP, lamina propria). An
individual SC spanning the OE is highlighted. B: Higher magnification
of the SC encircled in A. Detailed visualization of the ATP-induced
spatiotemporal pattern of [Ca21]i increase. After application of ATP
(200 lM) the [Ca21]i increase initiates in the apical part of the SC and
then spreads along its basal process towards the LP (see successive pic-
tures, from t 5 0 s to t 5 5 s). Intracellular Ca21 concentration
returned to basal level after 25 s. C: Ca21 transients taken from three
out of a total of 50 regions of interest (ROIs) that were put on the SC

(ROI #2, apical, black; ROI #22, middle, blue; ROI #43, basal, red). The
position on the SC of these three ROIs (ROI #2, ROI #22, and ROI #42)
are indicated by white squares (see arrows) on the SC in B [SC (t 5 0
s)]. D: Fluorescence intensity values (DF/F) of 50 adjacent square ROIs
(each 1.08 3 1.08 lm) placed over the whole length of the SC plotted
over time. Each of the 50 horizontal lines represents the color-coded in-
tensity values of one ROI. The dotted line in Figure 2D highlights the
virtually linear progression of the Ca21 signal from the apical to the
basal region of the SC. In this SC the Ca21 transient advanced with
17.03 lm/s from the apical to the basal region of the SC. Note that the
time scale is the same in C and D.
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[Ca21]i responses, averaged over all responsive cells of
a slice, on mucosal application of a selection of puriner-
gic agonists (each 200 lM) are shown in Figure 4A–C
(one slice per subfigure). Figure 4D summarizes the
results obtained from 323 SCs (21 OE slices). In addition
to ATP, SCs responded to UTP and ATPgS. Thereby, the
order of agonist potency was UTP > ATP > ATPgS. All
other agonists tested were inactive or very weakly
active. All of the individual nucleotide responsive SCs
tested had the above mentioned response profiles to the
applied agonists.

As a last point we examined the effects of three non-
selective P2-antagonists on the ATP-induced [Ca21]i in-
creases in SCs (see Fig. 5). The mean ATP-induced
[Ca21]i increase in the presence of PPADS (200 lM;
Fig. 5A,B) and RB2 (200 lM; Fig. 5C,D) was reduced to
about 70% and 50%, respectively, if compared to the
[Ca21]i increase in absence of these antagonists. Sura-
min (200 lM), in turn, did not affect the ATP-induced
[Ca21]i increase (Fig. 5E,F).

Finally, Figure 6A and B show the dose dependency of
the ATP- and UTP-induced increases in the [Ca21]i in

Fig. 3. Responses to purinergic agonists do not require the presence
of extracellular Ca21 but do require intact intracellular Ca21 stores. A:
[Ca21]i increases in response to ATP (200 lM; mean response 6 SEM
of all ATP-responsive cells of an OE slice) persisted in Ca21-free bath
solution (grey-shaded rectangle; ATP applications after 1, 5, 10, 20, and
25 min in Ca21-free bath solution, respectively). Repeated applications
of ATP in Ca21-free bath solution eventually led to a rundown of the
Ca21 response. The responses completely recovered after switching
back to standard bath solution. B: Mean responses 6 SEM, expressed
as percent of control response to ATP, of 66 SCs (three OE slices) in

standard (dark grey columns) and Ca21-free bath solution (light grey
columns; #1 to #5 5 1, 5, 10, 20, and 25 min in Ca21-free bath solution,
respectively). C: [Ca21]i increases in response to ATP (200 lM; mean
response 6 SEM of all ATP-responsive cells of an OE slice) were irrever-
sibly inhibited by depletion of intracellular Ca21 stores with CPA (25
lM, grey-shaded rectangle; ATP applications after 4 and 8 min in bath
solution with CPA, respectively). D: Mean responses 6 SEM, expressed
as percent of control response to ATP, of 56 SCs (three OE slices) in con-
trol (dark grey columns) and bath solution with CPA (light grey columns;
#1 and #2 5 4 and 8 min in bath solution with CPA, respectively).
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SCs. The averaged dose-response relationships for ATP-
and UTP-induced [Ca21]i increases in SCs of acute OE
slices gave EC50 values of 82.6 lM and 56.3 lM, respec-
tively (Fig. 6C). ATP degradation by ectonucleotidases in
the extracellular space can considerably reduce the
effective concentration of endogeneously released or
bath applied ATP. We therefore tested the influence of
the ectonucleotidase inhibitor ARL 67156 on ATP-
induced responses of SCs. ARL 67156 (100 lM) clearly
increased the ATP-induced [Ca21]i responses (Fig. 6D).
In the SCs of this OE slice ARL 67156 increased the
[Ca21]i response by more than 70%. In 84 SCs (four OE
slices) ARL 67156 enhanced the mean increase of the
[Ca21]i by more than 100% (Fig. 6E).

DISCUSSION

The OE as a whole has not been studied so far.
Although there are a host of papers on olfactory recep-
tors (Mombaerts, 1999) and ORNs (Getchell, 1986;
Schild and Restrepo, 1998), very little is known about
the SCs (Getchell and Getchell, 1992; Trotier, 1998) and
nothing about interactions among the cell types within
the OE. To put it the other way round, our view of how
olfaction works would not change markedly if there
were no SCs in the OE. In a sense this was exactly the
fate of glia cells up to two decades ago. Today, neuronal
and, in particular, synaptic function is unimaginable

without the glial players. With the present manuscript
we intend to contribute to a more thorough comprehen-
sion of the tissue olfactory epithelium. Specifically, we
concentrate on three points: that is, (i) the cellular local-
ization of purinergic receptors on SCs, (ii) a precise anal-
ysis of the characteristic spatiotemporal pattern of nu-
cleotide-induced [Ca21]i increases in SCs, and (iii) the
pharmacological characterization of the purinergic re-
ceptor subtype(s) involved in SC Ca21 signaling.

To understand the localization of purinergic receptors
and their effects, it was extremely helpful that antibod-
ies against cytokeratin type II turned out to be excellent
markers for SCs of the OE of larval Xenopus laevis.
While ORNs are clearly cytokeratin type II negative
we cannot completely exclude that some BCs are la-
beled. These findings are in contrast with results
obtained in the murine OE, where antibodies to type II
cytokeratins have been shown to specifically label BCs
(Calof and Chikaraishi, 1989, Schwartz Levey et al.,
1991; Holbrook et al., 1995). On the other hand, Cyto-
keratin 18, a type I cytokeratin, has been reported to be
specifically expressed in SCs of the rat (Holbrook et al.,
1995). A comparison of the location and shape of
cytokeratin-positive cells and ATP-responsive cells (see
Fig. 1) clearly shows that the ATP-induced [Ca21]i in-
creases occur in SCs and initiate in the cell bodies of SC
in the most apical part of the OE. These data show that
mucosal application of ATP induces strong [Ca21]i
increases in the vast majority, if not in all SCs of the OE

Fig. 4. Responsiveness of SCs to purinergic agonists. A–C: [Ca21]i
increases of SCs of three different OE slices in response to application
of various purinergic agonists (each 200 lM; mean response 6 SEM of
all ATP-responsive cells of the OE slice). D: Mean responses 6 SEM,
expressed as percent of control response to ATP (UTP, data from 189

SCs from 13 OE slices; b,g-meATP, 139/9; ATPgS, 129/8; 2MeSATP, 75/
6; Ap4A, 114/7; a,b-meATP, 124/8; BzATP, 90/5; 2MeSADP, 10/1;
ADPbS, 23/2; ADP, 124/7; AMP, 78/5; adenosine, 78/5; UDP, 24/2; UMP,
24/2; uridine, 24/2; CTP, 36/3; GTP, 36/3).
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of larval Xenopus laevis. The few mature ORNs (approx-
imately 5% of ATP-responsive cells in the OE of larval
Xenopus laevis), that have been shown to be sensitive to
ATP (Czesnik et al., 2006), most probably express olfac-
tory receptors sensitive to nucleotides. As nucleotides
can act as water-borne odorants (Carr et al., 1986;
Derby et al., 1984; Kang and Caprio, 1995; Rolen et al.,
2003) this speculation appears rather obvious.

As to our second goal, we characterized the ATP-
induced [Ca21]i increases in SCs. Acquisition of images

at a rate of 40 Hz allowed to clearly identify and charac-
terize a wave-like propagation of the [Ca21]i increases
within individual SCs. The onset of the [Ca21]i increase
always occurred in the apical part of the SCs and subse-
quently propagated along their basal processes toward
the basal lamina. This strongly suggests that the puri-
nergic receptors may be localized on the soma of the
SCs. Thereby, the calculated mean intracellular advance
velocity of the Ca21 signal (17.10 6 1.02 lm/s) is compa-
rable with other known intracellular fast Ca21 wave

Fig. 5. Effects of purinergic antagonists on ATP-induced [Ca21]i
increases of SCs. A: [Ca21]i increases in response to ATP (200 lM;
mean response 6 SEM of all ATP-responsive cells of an OE slice) were
attenuated, but not completely blocked by PPADS (200 lM, grey-shaded
rectangle; ATP applications 10 and 15 min after PPADS application,
respectively). After a washout time of 10 min the responses recovered
almost completely. B: Mean responses 6 SEM, expressed as percent of
control response to ATP, of 63 SCs (four OE slices) in control (dark grey
columns) and bath solution with PPADS (light grey columns; #1 and #2
5 10 and 15 min in bath solution with PPADS, respectively). C: [Ca21]i
increases in response to ATP (200 lM; mean response 6 SEM of all
ATP-responsive cells of an OE slice) were attenuated, but not com-
pletely blocked by RB2 (200 lM, grey-shaded rectangle; ATP applica-

tions 10 and 15 min after RB2 application, respectively). After a wash-
out time of 10 min the responses recovered almost completely. D: Mean
responses 6 SEM, expressed as percent of control response to ATP, of
66 SCs (four OE slices) in control (dark grey columns) and bath solu-
tion with RB2 added (light grey columns; #1 and #2 5 10 and 15 min
in bath solution with RB2, respectively). E: [Ca21]i increases in
response to ATP (200 lM; mean response 6 SEM of all ATP-responsive
cells of an OE slice) were not affected by suramin (200 lM, grey-shaded
rectangle; ATP applications 10 and 15 min after suramin application,
respectively). F: mean responses 6 SEM, expressed as percent of con-
trol response to ATP, of 37 SCs (four OE slices) in control (dark grey
columns) and bath solution with suramin added (light grey columns; #1
and #2 5 10 and 15 min in bath solution with suramin, respectively).
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velocities [mean velocity 5 15 lm/s at 20�C (Jaffe,
2002)].

The ATP-induced [Ca21]i increases in SCs were simi-
lar in the presence and absence of extracellular Ca21.
Thereby, the first response to ATP in absence of extrac-
ellular Ca21 was always larger than the responses in
the presence of extracellular Ca21. Similar enhanced
[Ca21]i increases in absence of extracellular Ca21 have
been reported in a similar study conducted with M€uller
cells, the radial glia cells in the retina (Saltzberg et al.,
2003). On the other hand, depletion of the intracellular
Ca21 stores via application of CPA, a specific inhibitor of
the sarcoplasmic-endoplasmic reticulum Ca21 ATPase
(Seidler et al., 1989), completely abolished the ATP-
induced [Ca21]i increases. Together, these two experi-
ments strongly suggest that the ATP-induced [Ca21]i
increases were due, in large part, if not entirely, to the
activation of G protein-coupled receptors followed by
Ca21 mobilization from intracellular stores. This in turn

strongly suggested an involvement of metabotropic puri-
nergic receptors coupled to Ca21 release from intracellu-
lar stores, most probably P2Y receptors.

To substantiate this hypothesis and to determine the
receptor subtype(s) involved, we compared the observed
effect of ATP with those of other putative agonists.
Among these only UTP and ATPgS showed an effect.
UTP was slightly more effective in triggering Ca21

responses than ATP, which in turn was more effective
than ATPgS. The relatively narrow rank order of puri-
nergic agonist potency in SCs therefore was: UTP >
ATP > ATPgS. In this context, the calculated dose-
response relationships for UTP- and ATP-induced
[Ca21]i increases (see Fig. 6) are in line with this agonist
potency rank order, showing that UTP has a slightly
lower EC50 value than ATP. The other 15 agonist tested
were only very weakly and inconsistently active or com-
pletely inactive. Thereby, it is important to notice that
all of the tested individual SCs had the aforementioned

Fig. 6. Dose-response relationships of Ca21 transients induced by
ATP and UTP. A: [Ca21]i increase in response to various concentrations
of ATP (0.2–2,000 lM; mean responses 6 SEM of all ATP-responsive
cells of an individual OE slice). B: [Ca21]i increase in response to vari-
ous concentrations of UTP (0.2–2,000 lM; mean responses 6 SEM of
all UTP-responsive cells of an individual OE slice). C: Dose-response
curves for ATP and UTP (mean 6 SEM, ATP, 32 SCs from four slices;
UTP, 36 SCs from three slices). Response amplitudes in each SC were
normalized to the maximum response of each SC. The curve was fitted
by a Boltzmann equation. The EC50 values are 82.6 lM for ATP and

56.3 lM for UTP. D: [Ca21]i increases in response to ATP (200 lM;
mean response 6 SEM of all ATP-responsive cells of an individual OE
slice) were enhanced in bath solution with ARL 67156 (100 lM) added
(grey-shaded rectangle; ATP application after 5 min in bath solution
with ARL 67156 added). The responses returned to control levels after
switching back to standard bath solution. E: Mean responses 6 SEM,
expressed as percent of control response to ATP, of 84 SCs (four OE sli-
ces) in control (dark grey columns) and bath solution with ARL 67156
added (light grey column).
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agonist profile, manifestly suggesting that individual
SCs do not appear to express varying purinergic recep-
tors. The whole population of SCs rather expresses
exactly the same subtype(s) of purinergic receptors.
According to current established pharmacological stud-
ies, the determined agonist rank order is not consistent
with that reported for P2Y1 (2MeSATP 5 2MeSADP >
ADP > ATP), P2Y6 (UDP � UTP � ATP), P2Y11 (BzATP
5 ATPgS > ATP, UTP), P2Y12 (2-MeSADP > ADP
>ATP), P2Y13 (2-MeSADP 5 ADP �ATP), or P2Y14
(UDP-glucose) (Burnstock, 2007; von K€ugelen, 2006).
Only P2Y2 and P2Y4 receptors have been reported to be
activated preferentially and almost equipotently by UTP
and ATP (Burnstock, 2007; von K€ugelen, 2006). The third
effective agonist, ATPgS, has also been reported to acti-
vate P2Y2 and P2Y4 receptors, but with a lower potency
than UTP and ATP (Brunschweiger and M€uller, 2006;
Wildman et al., 2003). The fact that purinergic agonists
such as a,b-meATP and b,g-meATP, which are known to
preferentially activate P2X receptors (Burnstock, 2007;
Ralevic and Burnstock, 1998) and adenosine which is
known to activate P1 receptors (Burnstock, 2007; Ralevic
and Burnstock, 1998) were ineffective is a further indica-
tion against the involvement of P2X and P1 receptors in
SC Ca21 signaling.

Out of the tested nonselective P2 receptor antagonists
PPADS, RB2, and suramin (Ralevic and Burnstock, 1998)
all applied at a relatively high concentration (200 lM),
only PPADS and RB2 moderately attenuated ATP-
induced [Ca21]i increases in SCs. These antagonists have
been successfully used for several years to block P2 recep-
tor responses (Jacobson et al., 2004; Lambrecht et al.,
2002; Ralevic and Burnstock, 1998; von K€ugelgen, 2006).
Concerning their effectiveness on P2Y receptors, it has
been shown that suramin, if applied at high micromolar
concentrations, affects all P2Y subtypes except the P2Y4

receptor (von K€ugelgen, 2006). PPADS and RB2 also in-
hibit several P2Y receptors with the strongest effect on
the P2Y1 and the P2Y6 receptor. Only at a higher micro-
molar concentration they affect P2Y2 and P2Y4 receptors
(von K€ugelgen, 2006). Therefore, our antagonist experi-
ments provide a somewhat stronger evidence for the func-
tional expression of P2Y4 than P2Y2 receptors on SCs.

The EC50 values for ATP and UTP (82.6 lM and
56.3 lM, respectively) are considerably higher than those
reported for heterologously expressed P2Y2 and P2Y4

receptors (Wildman et al., 2003) possible due to high ecto-
nucleotidase activity in the OE of larval Xenopus laevis.
Ectonucleotidases are enzymes of the plasma membrane
with an extracellularly oriented catalytic site that hydro-
lyze extracellular nucleotides (Zimmermann, 2000, 2006).
It is known that nucleotide degradation by ectonucleoti-
dases in the extracellular space can considerably reduce
the effective concentrations of endogeneously released or
bath-applied ATP and UTP (Zimmermann, 2000, 2006).
Experiments with the ectonucleotidase inhibitor ARL
67156 (Westfall et al., 1996) confirmed the above hypothe-
sis clearly showing that ATP-induced [Ca21]i increases
were substantially enhanced in the presence of the inhibi-
tor. This finding shows that the high EC50 values for ATP

and UTP had to be expected and were at least in part due
to ectonucleotidase activity in the OE.

At present, we can only speculate about the physiolog-
ical role of the characteristic purinergic signaling in SCs
in the OE of larval Xenopus laevis. Sustentacular sup-
porting cells have been shown to be involved in a num-
ber of ‘‘maintenance functions’’ of the OE. Until very
recently there was no evidence for a direct involvement
of SC in intraepithelial signaling and modulation mech-
anisms. Three recent studies have, however, shown that
application of nucleotides induce strong [Ca21]i
increases in SCs of mouse and larval Xenopus laevis
(Czesnik et al., 2006; Hegg et al., 2003), and that nucleo-
tides induce heat shock protein expression in SCs in the
mouse (Hegg and Lucero, 2006). In the OE of mouse,
SCs express solely P2Y receptors (Hegg et al., 2003),
whereas ORNs have been shown to express both, P2X
and P2Y receptors (Hegg et al., 2003). In this context,
Hegg et al. could nicely show that coapplication of nucle-
otides and odorants suppressed odorant-induced [Ca21]i
increases of mouse ORNs via activation of P2X and P2Y
receptors (Hegg et al., 2003). They argued that puriner-
gic receptors may play a role in signaling acute damage
to the OE and that ATP release of damaged cells in the
OE may, therefore, prevent overstimulation of both, the
OE and the olfactory bulb. The induction of heat-shock
proteins in SCs, in turn, apparently initiates a form of
neuroprotection in the OE (Hegg and Lucero, 2006). In
contrast, the results from the present study and data of
an earlier work (Czesnik et al., 2006) convincingly show
that ORNs in the OE of larval Xenopus laevis do not
express purinergic receptors. We have shown that in
larval Xenopus laevis only SCs but not ORNs are acti-
vated by extracellular nucleotides. In addition, and for
the first time here we show that nucleotides induce a
characteristic wave-like Ca21 signal within individual
SCs. This distinctive spatiotemporal pattern of [Ca21]i
increases in SCs allows to speculate about a novel form
of intraepithelial communication path from the very api-
cal part of the OE to the basal lamina. The fact that
ORNs in the OE of larval Xenopus laevis, different from
ORNs in the mouse OE, do not express purinergic recep-
tors shows that there are differences in the purinergic
system in the OE of mouse and Xenopus. Whether this
difference is functionally crucial or whether a common
denominator of both will emerge, future studies must
show. It will also be critical for our understanding of the
OE to determine the physiological role of the intraepi-
thelial signaling, to determine possible physiological
sources of extracellular ATP and to investigate a possi-
ble involvement of the spatiotemporal pattern of [Ca21]i
increases in SCs in triggering a crosstalk between differ-
ent cell types of the OE.
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