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Abstract

Odorants cause Ca2+ to rise in olfactory sensory neurons (OSNs) first within the ciliary compartment, then in the dendritic knob,
and finally in the cell body. Ca2+ not only excites but also produces negative feedback on the transduction pathway. To relieve
this Ca2+-dependent adaptation, Ca2+ must be cleared from the cilia and dendritic knob by mechanisms that are not well
understood. This work focuses on the roles of plasma membrane calcium pumps (PMCAs) through the use of inhibitors and
mice missing 1 of the 4 PMCA isoforms (PMCA2). We demonstrate a significant contribution of PMCAs in addition to
contributions of the Na+/Ca2+ exchanger and endoplasmic reticulum (ER) calcium pump to the rate of calcium clearance after
OSN stimulation. PMCAs in neurons can shape the Ca2+ signal. We discuss the contributions of the specific PMCA isoforms to
the shape of the Ca2+ transient that controls signaling and adaptation in OSNs.
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Introduction

Olfactory sensory neurons (OSNs) experience increases in in-

tracellular calcium after odorants bind to G protein–coupled

receptors on the cilia that protrude into the mucous covering

of the olfactory epithelium. In response to the cyclic adenosine
monophosphate (cAMP) produced when Golf activates

adenylyl cyclase III (Bakalyar Reed 1990; Choi et al. 1992;

Ronnett and Moon 2002), cyclic nucleotide–gated ion chan-

nels (CNGCs) open to allow an initial influx of Ca2+ into the

cilia. Ca2+ subsequently rises in the dendritic knob and then in

the dendrite and cell body (Leinders-Zufall et al. 1997). Ca2+

enters the knob both through CNGCs (Firestein et al. 1991)

and voltage-gated calcium channels that appear to be absent
from the cilia (Leinders-Zufall et al. 1998; Bradley et al. 2001;

Lagostena and Menini 2003; Gautam et al. 2007). Ca2+ am-

plifies odor-evoked currents by activating Cl– channels that

are responsible for the majority of the conductance (Kleene

1993). Ca2+ also feeds back on the transduction system by in-

hibiting adenylyl cyclase (Leinders-Zufall et al. 1999) and

CNGC (Kurahashi and Menini 1997; Bradley et al. 2001)

as well as by activating a phosphodiesterase (Borisy et al.
1992) and K+ channels. Whereas the mechanism of the

Ca2+ rise is well understood (Schild and Restrepo 1998), re-

moval of Ca2+, especially from the dendritic knob and cilia,

is not well described. Clearance of calcium can depend upon

multiple mechanisms including pumps, exchangers, and

calcium-binding proteins, and the contribution of plasma

membrane calcium pumps (PMCAs) to this process in OSNs
is our focus.

PMCAs are more than mere cellular Ca2+ ‘‘housekeepers.’’

There are 4 PMCA isoforms and 25 favored splice variants

with different tissue specificities, subcellular locations, and ac-

tivities. PMCAs are regulated by the same intracellular mes-

sengers that play crucial roles in signal transduction in OSNs

(Strehler et al. 2007). They are dynamic and even display

a memory for the recent past (Caride, Penheiter, et al.
2001; Pottorf and Thayer 2002). The constellation of PMCA

isoforms in a neuron determines the shape and duration of

a transient calcium signal (Caride, Filoteo, et al. 2001). Thus,

it matters whether the expressed isoform is 2 or 4, for example,

or whether a splice variant is 4a rather than 4b, which differ in

their activation and inactivation rates (Strehler et al. 2007).

Therefore, elucidation of roles for PMCAs in OSN Ca2+ clear-

ance is more than an inventory of housekeeping enzymes.
Previously we demonstrated that all 4 PMCA isoforms are

present in mouse OSNs and identified the splice variants

(Weeraratne et al. 2006). Three isoforms (1, 2, and 4) are
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found in the cilia and all 4 isoforms in the dendritic knob,

where calcium quickly rises in response to odorants. All 4

isoforms are also found in the soma, where calcium rises last

after stimulation. Here, by comparing the kinetics of Ca2+

clearance in control OSNs and in those treated with PMCA
and other inhibitors, we demonstrate that PMCAs contrib-

ute to OSN poststimulation removal of Ca2+. We also com-

pare poststimulation rates of Ca2+ removal in OSNs from

wild-type and PMCA knockout mice (PMCA2 KO). We

chose to work with the PMCA2 KO because sensory neurons

are known to be affected in PMCA2 null mice, and the KO

homozygote is viable (Shull et al. 2003; Prasad et al. 2004).

Other PMCA KOs are embryonic lethal (PMCA1), display
sperm motility defects (PMCA4), or are not available

(PMCA3). We demonstrate that, in addition to the Na+/

Ca2+ exchanger (NCX) and ER Ca2+ pump (SERCA),

PMCAs contribute significantly to the removal of calcium

from the knob after OSN stimulation. Studies of PMCA2

KO show that the loss of a single PMCA isoform results

in a slower rate of Ca2+ clearance and present a means by

which we can test whether this loss affects the sense of smell.

Materials and methods

Animals

Guidelines set by the University’s Laboratory Animal Care

and Use Committee as well as by the National Institutes of

Health Guide for the Care and Use of Laboratory Animals

were followed for breeding and using animals for these ex-

periments. Heterozygous C-57 Black Swiss mice (Pmca2+/–)

(gift from Dr Gary Shull, University of Cincinnati) carrying

1 null allele for PMCA2 and 1 allele normal for the PMCA2

isoform (Kozel et al. 1998) were bred in the University An-
imal Care Facility. The litters were genotyped at 3 weeks of

age; wild-type (Pmca2+/+) and PMCA2 KO (Pmca2–/–) were

marked with ear punches. We will use the term PMCA2 KO

throughout.

Solutions

Unless otherwise stated, all chemicals were purchased from

Sigma-Aldrich (St Louis, MO). Mammalian Ringer’s solution

consisted of the following (in mM): 145 NaCl, 5 KCl, 1 CaCl2,

1 MgCl2, 1pyruvic acid,5 D-glucose, and 20N-[2-hydroxyethyl]-
piperazine-N#-[2-ethanesulfonic acid] (HEPES). For low-Na+

Ringer’s solution, NaCl was substituted with 145 mM choline

chloride, and the pH was adjusted to 7.2 using approximately

8 mM NaOH. Dissociation solution contained the following

(in mM): 145 NaCl, 5 KCl, 1 pyruvic acid, 1 ethylenediaminete-

traacetic acid, 20 Na-free HEPES at pH 7.2, with 0.025 mg/ml

papain, and 2 mM L-cysteine. Stop solution contained the

following (in mM): 145 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2,
20Na-freeHEPES,5glucose,1pyruvicacid,0.1mg/mlleupeptin

(RPI, Mt Prospect, IL), and 0.01% bovine serum albumin at

pH 7.2.

Isobutyl methylxanthine (IBMX) and 7-deacetyl-7-[-O-(N-

methyl piperazino)-c-butryl]-dihydrochloride (cell permeant

forskolin) were obtained from Calbiochem (San Diego, CA)

and used at 1 mM and 30 lM, respectively. Carboxyeosin

(CE) and cyclopiazonic acid (CPA) stocks were made in di-
methyl sulfoxide (DMSO) (4 and 10 mM, respectively), and

the final concentrations were 10 and 5 lM for CE and CPA.

The DMSO concentrations of these final solutions were

0.75% and 0.05% v/v, respectively. For PMCA inhibition,

cells were treated with CE for 10 min along with fura-2 load-

ing before being used for imaging. (Cells loaded with CE on-

ly were examined for fluorescence that would interfere with

fura-2 fluorescence. We found no fluorescence from the CE-
loaded cells.) Our working concentration of CE is within the

range of concentrations of eosin that specifically inhibit all

PMCA activity without affecting the NCX (Gatto et al.

1995). CE is regularly used for inhibition of PMCAs (e.g.,

Kurnellas et al. 2004), and we used a level well below that

used by others on rat OSNs (Castillo et al. 2007). Eosin

up to 20 lM does not inhibit the NCX (Gatto et al.

1995), and we used 10 lM CE. The IC50 for eosin is 2-fold
higher than for CE (Gatto and Milanick 1993). For the

SERCA inhibition experiments, cells were continuously

perfused with CPA during the experiment (Seidler et al.

1989). The bath solution was changed from normal Ringer’s

solution (145 mM Na+) to low (8 mM) Na+ for the NCX-

reversal experiments.

Dissociation of olfactory neurons

Adult Black Swiss C-57 mice were anesthetized and sacri-

ficed by CO2 asphyxiation and cervical dislocation. Olfac-

tory epithelium along with the turbinates were dissected
out and placed in 3 ml of ‘‘dissociation solution’’ with pa-

pain, after which they were gently cut into small pieces.

To dissociate OSNs from supporting cells, the solution with

the epithelia was gently triturated in a 5-ml glass tube with

a fire-polished wide-bore glass pipette. The solution was

kept at room temperature for 10 min followed by triturating

2 more times with smaller bore pipettes. It was then filtered

through nylon mesh to remove any nondissociated tissue/
bones. Papain activity in the cell suspension was halted using

3 ml of ‘‘stop solution’’ containing leupeptin.

Fura-2 loading and calcium imaging

Dissociated cells were plated on a concanavalin A-coated

(1 mg/ml) glass coverslip attached to a Warner perfusion

chamber and allowed to settle for 10 min. An equal volume

of a solution of 10 lM fura-2AM in Ringer’s (diluted from

a 1 mM stock in pure DMSO; Invitrogen, Eugene, OR) with

0.1% of the dispersing agent Pluronic F-127 (Invitrogen) was

added to the cells in the dissociation and stop solutions (final
concentration 5 lM fura-2AM, 0.05% Pluronic F-127, and

0.025% DMSO). (When the cells were loaded with CE, both

fura-2AM with Pluronic F-127 and CE were added to the
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cells together with a final DMSO concentration of 0.75%.

For control conditions, the solutions were made and applied

in the same way, but a DMSO solution without CE was

substituted for the CE solution. Final concentration of

CE was 10 lM. See above for stock solutions.) The cells were
incubated for 20 min at room temperature before being im-

aged on a Nikon eclipse TE2000U inverted microscope fitted

with a ·40 super fluor phase contrast objective. Cells were

continuously perfused with mammalian Ringer’s solution

using a Warner perfusion system (Warner Instruments,

Hamden, CT). Cells were exposed to alternating 340 and

380 nm light from a Xenon short-arc lamp through narrow

band-pass filters, and the emission at 510 nm was recorded
using a Hamamatsu ORCA-285 cooled CCD camera con-

nected to a computer. Exposure time was 100 or 200 ms

for both excitation wavelengths, and frame acquisitions

were made every 3–8 s. Only cells with visible cilia were used

for stimulation. The dendritic knob, dendrite, and soma of

OSNs were monitored for changes in calcium levels by

applying IBMX and forskolin stimulation for 8 s. Ratio val-

ues and pseudocolor images of the cells were recorded and
analyzed using SimplePCI Ver.6 software (Hamamatsu

Corporation, Sewickley, PA). To convert ratio values into

[Ca2+]i, in vitro calibration was performed using the Molec-

ular Probes Fura-2 Calcium Imaging Calibration Kit (F-

6774). Intracellular [Ca2+]i was calculated using the equation

of Grynkiewicz et al. (1985):

�
Ca2+

�
i
=Kd

��
R–Rmin

���
Rmax –R

��
b

The parameter values were R = F340/F380, Rmin = 0.55,
Rmax = 19.96, b = 8.82, and fura-2 Kd = 309 nM.

In vivo measurements of Ca2+ levels require the permeabi-

lization of the cells and subsequent measurement of Rmin

and Rmax values. We found the Rmax for the in vivo method

difficult to achieve reliably and the in vitro method adequate

to give us Ca2+ values in line with published values (see Re-

sults). To avoid problems with Ca2+ loading of the cell from

repeated depolarizing stimulations, we analyzed the first
Ca2+ peak from the first stimulation only. All measurements

were made at room temperature.

In all experiments, individual OSNs that had visible cilia

were perfused with IBMX/forskolin for 8 s after which the

bath flow cleared the perfusing solution. In each trial, we ex-

amined between 4 and 8 cells; the figure legends indicate the

numbers of OSNs used for a particular experiment. We used

IBMX with forskolin because we have found that together
the 2 compounds increase the likelihood of eliciting a calcium

transient in an OSN that is comparable to odor stimulation,

and this combination is used commonly by other laborato-

ries in OSN studies (e.g., Leinders-Zufall et al. 1997; Gomez

et al. 2005; Zhang and Delay 2006; for review, see Kleene

2008). Durations of calcium transients from odor or

IBMX/forskolin stimulation can be quite variable. However,

the transients that we measured were within the published

time frames of OSNs stimulated by IBMX/forskolin

(Leinders-Zufall et al. 1997; Otsuguro et al. 2005; Gautam

et al. 2006) or odor (Bozza and Kauer 1998; Gomez et al.

2005). We discuss peak heights in Results.

For all data sets, we used cells from at least 3 different
mice. Differences among rate constants or average Ca2+

levels were tested for significance using Student’s t-test.

Data analysis

The background-corrected ratio responses were normalized

and curve fitted to a single exponential. Rate constants
(K values) were calculated for each trace utilizing 1-phase

exponential decay analysis by Prism5 (GraphPad software

Inc., San Diego, CA). Goodness of fit was monitored by

the R values for the curve, and data were not used if R values

were <0.95 (Prism5). K values thus obtained were compared

between wild-type and PMCA2 knockout OSNs as well as

between control and treatment groups. Differences between

experimental groups were analyzed using Student’s t-test.
A P value of less than 0.05 was considered significant.

Single exponentials provided excellent fits (R values >0.95).

Although all curves could be assigned 2 exponentials, these

K values were much more variable among OSNs from a single

animal and between experiments. Therefore, we have done

what generally appears in the literature and analyzed single

exponential decays (Pottorf and Thayer 2002; Ficarella

et al. 2007). Only in CE-treated and PMCA2 KO OSN ‘‘cell
bodies’’ stimulated with IBMX/forskolin did calcium not

return back to baseline even after 12 min, instead usually at-

taining a new plateau. In these cases, even though we could

calculate a K value by fitting a single exponential, we did

not because it would imply that OSNs in these situations clear

calcium from cell bodies back to baseline. Therefore, the sin-

gle exponential fit would not accurately model the effect of

CE or the loss of PMCA2 on cell bodies.

Immunofluorescence

Preparation of cells for deconvolution fluorescence micros-

copy and all materials and conditions were as described in

Weeraratne et al. (2006). Preincubation with the pan-PMCA

cognate peptide and omission of primary antibody were used

as controls with no resulting immunofluorescence (results
not shown).

Results

Calcium clearance from wild-type OSNs in the presence of

PMCA inhibitor

When wild-type OSNs are stimulated with IBMX and for-

skolin to mimic the application of odor to the cilia, there
is a rise in Ca2+ in the knob, followed temporally by a rise

in the dendrite and finally a rise in the cell body (Figure 1A).

The PMCA inhibitor eosin can specifically inhibit PMCAs
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without affecting the NCX (Gatto et al. 1995). We used CE

that has a 2-fold lower IC50 than eosin (Gatto and Milanick

1993) at a concentration well within the eosin concentration

range that leaves the NCX unaffected. When IBMX/forskolin

was used as the stimulus for the transduction pathway, the

cell bodies of wild-type OSNs treated with CE did not return

Ca2+ to baseline within 12 min but rather plateaued at a new

and higher baseline, whereas the DMSO-treated cell bodies

consistently returned Ca2+ to baseline (Figure 1B). In contrast,
the knobs of both control- and CE-treated wild-type OSNs re-

turned Ca2+ to baseline,but the rate was significantly slower for

the CE-treated OSN knobs than for control knobs (Figure 1C).

Compromising NCX and SERCA

Treatment of wild-type OSNs with CPA to inhibit the

SERCA caused a significant decrease in the rate of Ca2+

clearance from wild-type OSNs. Both cell bodies (Figure 2A)

and knobs (Figure 2B) of CPA-treated OSNs showed slower

clearance than control OSNs following stimulation with
IBMX/forskolin.

Previously, the NCX was demonstrated to be present in

mouse, rat, and frog OSNs and to play a role in Ca2+ clear-

ance in OSNs (Jung et al. 1994; Reisert and Matthews 1998;

Castillo et al. 2007; Pyrski et al. 2007). To keep the NCX

from removing Ca2+ from the OSN, we recorded wild-type

OSNs in low-Na+ (8 mM) Ringer’s solution. Ca2+ would

Figure 1 RateconstantsandCa2+ levels inOSNs treatedwithCEandstimulated
with IBMX/forskolin. (A) Typical traces from an OSN showing the sequential
elevationof calciumfromthedendritic knob to thecell bodywhenstimulatedwith
IBMX/forskolin for 8 s. (B) Ca2+ levels following 8 s of IBMX/forskolin treatment
in control and CE-treated wild-type (WT) cell body. (C) Rate constants for Ca2+

clearance following 8 s of IBMX/forskolin stimulation in the dendritic knobs of
CE-treatedOSNs are significantly smaller than in control-treated knobs (*) (DMSO
n = 8 OSNs; CE n = 7 OSNs) (P < 0.05). Error bars represent the SEM.

Figure 2 Effect of SERCA inhibition on calcium clearance. In response
to 8 s of IBMX/forskolin stimulation, the CPA-treated OSNs show slower
Ca2+ clearance from cell bodies (A) and knobs (B) compared with control-
treated OSNs (*P < 0.05). Error bars represent the SEM. Numbers are
averages of 5–7 OSNs � SEM.
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typically rise in OSNs in this solution (Jung et al. 1994), and

when the baseline stabilized, we stimulated the cells with

IBMX/forskolin. We observed that the rate of clearance

was significantly reduced in both cell bodies and knobs

(Figure 3A,B). Note that the control rate constant for the
cells in Figure 3B was significantly higher than the control

rate constants in Figures 1 and 2. The low-Na+ experiments

did not require the addition of DMSO beyond that used for

loading the fura-2 dye, whereas the experiments with CE and

CPA required exposure of the control and test cells to addi-

tional DMSO in solution (see Materials and methods).

Therefore, we carried out the low-Na+ experiments again,

with OSNs exposed to an additional 0.75% DMSO solution
as though they were being loaded with CE. The K values

for these knobs of OSNs treated with additional DMSO were

0.030 ± 0.002 and 0.021 ± 0.001 standard error of the mean

(SEM) in normal Ringer’s and in low-Na+ Ringer’s, respec-

tively. (Note in Table 1 that the K values for the normal

Ringer’s control for the low-Ringer’s experiment and the

control for the CE experiment are the same, as we would

expect.)

Combination of conditions

We show in Table 1 that the rate of clearance of Ca2+ from

the dendritic knob is about equally affected by the 3 different

conditions that we applied to wild-type OSNs. (The cell bod-
ies were affected as well, but because CE-treated cell bodies

did not return to baseline, we could not dependably calculate

the rate of a clearance that would restore original Ca2+ lev-

els.) To determine whether the inhibitors and low-Na+ con-

ditions were effectively eliminating and not just reducing the

contribution of pumps or the exchanger, we carried out com-

bination experiments in which both inhibitors and low-Na+

conditions were combined in series (Figure 4). The cells were
loaded with CE and treated with CPA before being exposed

Figure 3 Effect of low-Na+ conditions to reverse NCX activity on Ca2+

clearance after IBMX/forskolin stimulation. (A) Wild-type OSNs treated for
8 s with IBMX/forskolin in low-Na+ Ringer’s show a significantly slower
calcium clearance from the cell body compared with control OSNs in normal
Ringer’s; (B) similarly treated OSNs show a significantly slower calcium
clearance from the knobs compared with control OSNs in normal Ringer’s
(*P < 0.05). Error bars represent the SEM. Numbers are averages of 5–7
OSNs � SEM.

Table 1 Changes in rate constants for Ca2+ clearance from the dendritic
knob following IBMX/forskolin stimulation from wild-type OSNs treated
with CE, CPA, or low-Na+ Ringer’s

Condition K value
per seconds
(control)

K value
per seconds
(test)

Percent
reduction
(%)

CE (PMCA) 0.030 � 0.001 0.020 � 0.001 34

CPA (SERCA) 0.033 � 0.002 0.023 � 0.003 30

Low Na+ (NCX) 0.030 � 0.002 0.021 � 0.001 30

Control and test OSNs for the low-Na+ experiment were treated with an
additional DMSO during the loading of fura-2AM to mimic the control for
the CE experiment (see Materials and methods). Data are averages of 5–8
cells � SEM.

Figure 4 Calcium levels of an OSN treated with 2 inhibitors and low-Na+

conditions and stimulated with IBMX/forskolin for 8 s. Cells were loaded
with 10 lM CE for 10 min along with fura-2. The cells were continuously
perfused with 5 lM CPA throughout the experiment. Bath solution was
switched to 8 mM Na+ Ringer’s with CPA, and IBMX/Fsk stimulation
was applied for 8 s after a new baseline stabilized. The bath solution was
switched back to normal Ringer’s with CPA after 200 s. The recording shown
is a representative result from 4 cells.
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to low-Na+ Ringer’s solution. Once the rise in baseline Ca2+

stabilized from the reversal of the exchanger, we applied

IBMX/forskolin. The rise in Ca2+ in both the knob and cell

body did not decline unless we replaced normal Ringer’s so-

lution. Even then, neither the cell knob nor body cleared the
Ca2+ back to the original baseline. Instead, Ca2+ remained

high for as long as we could record. Figure 4 shows a typical

set of results from these experiments.

PMCA2 knockout OSNs show no PMCA2 in

immunofluorescence studies

We previously demonstrated the presence of PMCA iso-

forms 1–4 in wild-type OSNs using pan-specific and iso-

form-specific antibodies (Weeraratne et al. 2006). PMCA1

was found to be distributed along the length of the entire cell

from cilia to dendritic knob to dendrite to cell body. PMCA2

was similarly distributed but with less staining in the dendrite

than shown by cells labeled with the other 3 isoform-specific
antisera. PMCA3 antibody showed no recognition of epito-

pes in the cilia, but otherwise stained the entire cell. PMCA4

was found in cilia, knob, and cell body but very little was

found in the dendrite.

Here we show a PMCA2 KO cell treated with the pan-

antibody against all 4 isoforms and anti-adenylyl cyclase

III, a marker for cilia (Figure 5B,C,D). A differential inter-

ference contrast optics (DIC) image of the cell is shown in
Figure 5A. As a control for the pan-PMCA antibody, the

antibody was preabsorbed with the cognate peptide, and

we saw no immunofluorescence from these cells (data not

shown). We previously published in Weeraratne et al. (2006)

a similar image of the wild-type OSN with the pan-PMCA

antibody and also images of wild-type OSNs with 4 different

isoform-specific antibodies to demonstrate that all 4 are

expressed. In contrast, Figure 5 shows a typical result for
a PMCA2 KO OSN (Figure 5E, DIC image) treated with the

anti-PMCA2 antibody (Figure 5F). No fluorescence is visible.

The PMCA2 KO cells show antibody labeling of wild-type

OSNs with anti-PMCA1, 3, and 4 antibodies, but for brevity,

we show here only the results with antibodies to PMCA2

and pan-PMCA.

PMCA2 KO OSNs show slower calcium clearance

The rate of clearance is clearly faster from the wild-type OSN

cell bodies than from PMCA2 KO cell bodies (Figure 6A). The

PMCA2 KO OSN cell bodies fail to return their Ca2+ levels to

baseline after IBMX/forskolin stimulation. However, wild-type

and PMCA2 KO OSNs clear Ca2+ from ‘‘knobs’’ back to the
level of baseline after IBMX/forskolin stimulation, and the

K values show that the wild-type OSNs clear Ca2+ significantly

faster from knobs than PMCA2 KO OSNs (Figure 6B).

Basal calcium levels are similar in wild-type and PMCA2 KO

OSNs

The basal Ca2+ levels in wild-type and PMCA2 KO OSNs

were estimated from fura-2 ratios compared with an in vitro

calibration curve. By this method, we found that wild-type

and PMCA2 KO OSNs had very similar levels of Ca2+

(Figure 7). Although the PMCA2 KO levels were slightly

higher, they were not significantly so. The range of Ca2+

in the cells was very large but consistent with both the aver-

age Ca2+ levels and ranges found in previous measurements

(Restrepo et al. 1993).

Peak heights

Interestingly, the peak heights of the calcium transients in

wild-type OSNs stimulated with IBMX/forskolin (peak

218 ± 39 nM; amplitude [net change] 166 ± 40 nM SEM,

n = 23) were very similar to those of the KO OSNs (peak
214 ± 10 nM; amplitude 161 ± 10 SEM, n = 7). Because there

is no significant difference in peak heights or amplitudes be-

tween wild-type and PMCA2 KO OSNs, PMCA2 appears to

shape the Ca2+ signal by affecting its duration.

Although these IBMX/forskolin-stimulated changes in

Ca2+ in the knob may seem small, they are consistent with

those in salamander cilia caused by IBMX (80 nM net

change above a basal level of 40–80 nM) or odorants
(20–300 nM net change above a basal level of 40 nM)

(Leinders-Zufall et al. 1997, 1998). All these peak responses

to IBMX/forskolin are below the micromolar levels needed

Figure 5 Immunofluorescence of isolated PMCA2 KO olfactory neurons.
(A) DIC image, (B) labeled with pan-PMCA, (C) labeled with anti-adenylyl
cyclase III, (D) and merged image. (E) DIC image of another PMCA2 KO
OSN. (F) Immunofluorescence of same cell labeled with anti-PMCA2
antibody demonstrates that it lacks PMCA2. Scale bar = 10 lm. These
images are representative of the OSNs we examined.
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to open the Cl– channels to amplify the odor-evoked current

(Reisert et al. 2003). However, others have made similar ob-

servations and speculated that there are microdomains in

cilia where Ca2+ rises to levels sufficient to mediate odor ad-

aptation through the CNGC (Leinders-Zufall et al. 1998)

and possibly activate the Cl– channels (Reisert et al. 2003).

Discussion

We present a kinetic analysis to elucidate a role for PMCAs

in Ca2+ clearance from OSNs by monitoring the decay of the
Ca2+ signal in cell bodies and knobs following stimulation

with IBMX/forskolin to open CNGCs and initiate the odor

pathway downstream of the receptors. The Ca2+ transient

from odor transduction begins in the cilia and rapidly in-

volves the knob, but because we are not able to image the

short cilia of mammalian OSNs, we focus on knobs for mea-

suring the rates of Ca2+ removal. Because CNGCs are found

in the knob and are not limited to the cilia (Firestein et al.
1991; Kurahashi and Kaneko 1991), we feel that the knob

is a useful proxy for the cilia. Receptors and Cl– channels,

likewise, are not limited to the cilia (Hallani et al. 1998;

Strotmann et al. 2004). Knobs have provided important

odor-specific information on Ca2+ transients in whole epi-

thelium as well as in isolated OSNs (Firestein et al. 1991;

Leinders-Zufall et al. 1997; Ma and Shepherd 2000).

Our data are consistent with those previously published.

OSNs stimulated with IBMX/forskolin solution show a tem-

poral pattern of Ca2+ rise in the knob, followed sequentially

by increases in the dendrite and cell body (Figure 1A), rem-
iniscent of the pattern found by Leinders-Zufall et al. (1997)

for salamander OSNs after IBMX stimulation. Others have

found that Ca2+ clearance slows with NCX reversal in low-

Na+ conditions (Jung et al. 1994; Reisert and Matthews

1998; Castillo et al. 2007). Given that baseline free Ca2+ levels

in rat, mouse, and frog OSNs are <100 nM (Restrepo et al.

1993; Jung et al. 1994; Leinders-Zufall et al. 1997; and this

report [Figures 1A and 6A]), we expect that the NCX will
clear Ca2+ down to 1–0.1 lM, and the PMCAs will clear

Ca2+ to the OSN basal level because PMCAs have a higher

affinity for Ca2+ than the NCX (Carafoli 1994).

From rate constants (Figure 6A,B), we see that the

PMCA2 KO OSN does not clear Ca2+ as quickly as wild-type

cells from the knob or cell body following IBMX/forskolin

stimulation. The most dramatic contrast between wild-type

and PMCA2 KO OSNs is in the failure of the PMCA2 KO
OSN cell bodies to return Ca2+ to baseline after IBMX/

forskolin stimulation (Figure 6A). Therefore, the absence

of this single PMCA isoform can lead to measurable changes

in Ca2+ clearance with a treatment that simulates odor stim-

ulation and transduction. Even though the PMCA2 KO

OSNs have 3 other PMCAs in the knob, 2 in the dendrite

and 3 in the cell body, there remain measurable differences

in clearance rates. This lack of PMCA redundancy has been
observed in other neuronal systems (Shull et al. 2003). The

clearance rates for the PMCA2 KO OSNs were slightly but

Figure 7 Basal calcium levels in wild-type (WT) and PMCA2 KO OSNs.
Measurements from individual cell are shown as well as the ‘‘average’’ (line)
for each cell type’s cell body or knob (WT: cell body n = 20, knob n = 24; KO:
cell body n = 66, knob n = 6). There are no significant differences between
WT and PMCA2 KO OSNs.

Figure 6 Rate constants and Ca2+ levels from wild-type (WT) and PMCA2
KO cells stimulated with IBMX/forskolin for 8 s. (A) Calcium levels from WT
and PMCA2 KO cell bodies stimulated with IBMX/forskolin. (B) Rate
constants for WT and PMCA2 KO dendritic knobs after IBMX/forskolin
stimulation show a significant difference (WT n = 6 OSNs; KO n = 5 OSNs)
(*P < 0.05). Error bars represent the SEM.
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significantly faster than rates for wild-type OSNs treated

with CE, which should inhibit all 4 PMCAs. We have no ev-

idence that the level of CE we use inhibits all the PMCAs, but

because we can account for almost all the calcium clearance

with a combination of CE, CPA, and low-Na+ bath condi-
tions, it is likely that we have inhibited all the PMCAs. We

conclude that PMCA2 is a major contributor to calcium

clearance from the knob.

The differences between PMCA2 KO and wild-type OSN

clearance are probably not due to differences in the basal lev-

els of Ca2+, which are very similar (Figure 7). The average

values that we measure are quite close to those reported

by Restrepo (83 ± 57 nM in the soma; 77 ± 71 nM in the
knob) for rat OSNs. The basal levels show large ranges

for both wild-type and PMCA2 KO, but these ranges are

consistent with those found by Restrepo et al. (1993) for rat.

The PMCA inhibitor CE significantly slowed the rate of

Ca2+ clearance from wild-type OSN cell bodies and knobs

following IBMX/forskolin stimulation (Figure 1). CE-

treated wild-type OSNs (Figure 1B) fail to return Ca2+ to

basal levels, whereas the knobs of the same cells remove
Ca2+ to basal levels, albeit more slowly than controls. The

differences between cell bodies and knobs may be due to

the proximity of the PMCAs to the source of Ca2+ influx.

SERCA inhibitor CPA and low-Na+ Ringer’s slowed the

rates of Ca2+ clearance from the wild-type OSN cell bodies

and knobs after IBMX/forskolin stimulation (Figures 2 and

3). Therefore, from our studies, it appears that there are at

least 3 Ca2+ clearance mechanisms at work in the OSN:
PMCAs, SERCA, and the NCX. Compromising each

mechanism separately reduces the rate of clearance from

the knob after IBMX/forskolin stimulation by about 30–

34% (Table 1). We cannot attribute a precise share to each

mechanism for the total clearance of Ca2+ from the knob be-

causewehavenodirectevidence thatour inhibitionofPMCAs

or SERCA or reversal of NCX is complete. However, when

we combined the inhibitors of PMCA and SERCA and used
low-Na+ conditions to prevent NCX from removing Ca2+,

we found that OSNs’ ability to remove Ca2+ from the knob

after simulation was greatly reduced (Figure 4).

A neuron’s repertoire of PMCA isoforms and splice var-

iants shapes its Ca2+ signal amplitude and speed of return

to baseline and thus shapes the neuron’s response (Brini

et al. 2007). ‘‘Fast pumps’’ contribute to a ‘‘fast cell,’’ that

is, a cell with a fast decaying Ca2+ signal (Caride, Filoteo,
et al. 2001). Rates of activation of the PMCAs are deter-

mined by the rate of reaction with Ca2+–calmodulin and

the level of basal activity in the absence of calmodulin. Other

considerations in shaping a Ca2+ transient are the magnitude

of activation relative to basal activity and the PMCA inac-

tivation rate (Caride et al. 2007). We know from reverse tran-

scriptase–polymerase chain reaction that all 4 isoforms are

present in mouse OSNs, and the splice variants are
PMCA1b, PMCA2b, PMCA3b, and PMCA4a (Weeraratne

et al. 2006), with PMCA1, 2b, and 4a in the cilia and all 4 of

the PMCAs in the knob. (An ‘‘a’’ or ‘‘b’’ indicates the splice

variant in the calmodulin-binding domain, which determines

much of the activation rate.) PMCA1 is considered house-

keeping and constitutive (Okunade et al. 2004), but

PMCA2b and 4a are dynamic and could shape the Ca2+

transient resulting from odor stimulation in the cilia and

knob. PMCA3b is neuron specific and activated by Ca2+/

calmodulin, but less is known about its kinetics (Caride,

Filoteo, et al., 2001; Strehler and Zacharias 2001; Strehler

et al. 2007).

Given the PMCAs in the mouse OSN, the cilia and knob

should show an ‘‘intermediate’’ phenotype for ending a Ca2+

transient because PMCA2b and 4a are intermediate in their
rate of activation. Both show modest activation by cal-

modulin and almost identical rate constants, but overall

PMCA4a is slightly faster to activate than 2b (Caride,

Filoteo, et al. 2001). The inactivation rate for PMCA4a is

also intermediate and faster than the slowest, PMCA4b

(Caride et al. 1999). Based on our measurements, we see that

the OSN knob and cell body s values for clearance are

around 30 s (from Table 1, s = 1/K), consistent with the half-
time for decay of the Ca2+ transient from intermediate Jurkat

cells (22–107 s) (Caride, Filoteo, et al. 2001). (PMCA3b is

thought to be intermediate as well and slower than isoform

3f. However, less is known about its kinetics [Caride, Filoteo

et al. 2001; Strehler et al. 2007].)

PMCA2b is described as having a ‘‘memory’’ for past Ca2+

transients because it quickly activates upon subsequent Ca2+

transients (Caride, Filoteo, et al. 2001; Caride, Penheiter,
et al. 2001). We predict that the loss of PMCA2 in KO OSNs

would not only slow the clearance of the Ca2+ transient but

also that the KO cells respond less quickly than normal to

a second round of odor stimulation because the missing

PMCA2b has a longer memory than 4a. We expect that loss

of PMCA2 would not affect the amplitude of the transient

because the remaining PMCA4a is faster to activate than

PMCA2b and might be more responsible for shaping the
early part of the transient; we have found that the amplitudes

of Ca2+ transients in wild-type and KO show no significant

difference. The loss of specific PMCAs should also be re-

flected in adaptation kinetics because it has been demonstra-

ted that the most important contributor to fast adaptation

in the OSN is the feedback of Ca2+/calmodulin onto the

CNGC (Kurahashi and Menini 1997; Boccaccio et al. 2006;

for review, see Zimmerman 2006).
Previously we (Weeraratne et al. 2006) and more recently

Castillo et al. (2007) demonstrated that PMCAs are ex-

pressed both in mouse and rat OSNs. Castillo and coworkers

used the pan-antibody to demonstrate that PMCAs in gen-

eral are expressed in rat OSN cilia, which concurs with our

results using pan- and isoform-specific antibodies in mouse

OSNs. Castillo and coworkers used vesicles and electrophys-

iology to demonstrate a CE-sensitive ATP-dependent ciliary
Ca2+ transport that is attributable to the PMCAs. They also

modified the Na+ environment to reverse the NCX and
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demonstrated a role for the NCX in Ca2+ clearance from the

cilia. Whereas we have taken a different approach to study-

ing Ca2+ clearance from the knob and cell body, the Castillo

group’s results in rat support our analysis of mouse OSN

kinetics.
In summary, we have identified PMCAs as contributing to

a major clearance mechanism and also elucidated the relative

contributions of PMCAs, SERCA, and NCX to Ca2+ re-

moval from OSNs. More importantly, we can now explore

the contribution of PMCAs to the shape and duration of the

Ca2+ transient in mouse OSNs, including PMCA4 through

studies of PMCA4 KO.
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