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Abstract

Organotypic cultures of the mouse olfactory epithelium connected to the olfactory bulb were obtained with the roller tube
technique from postnatal mice aged between 13 and 66 days. To test the functionality of the cultures, we measured electro-
olfactograms (EOGs) at different days in vitro (DIV), up to 7 DIV, and we compared them with EOGs from identical acute prep-
arations (0 DIV). Average amplitudes of EOG responses to 2 mixtures of various odorants at concentrations of 1 mM or 100 uM
decreased in cultures between 2 and 5 DIV compared with 0 DIV. The percentage of responsive cultures was 57%. We also used
the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX) to trigger the olfactory transduction cascade bypassing
odorant receptor activation. Average amplitudes of EOG responses to 500 uM IBMX were not significantly different in cultures
up to 6 DIVor 0 DIV, and the average percentage of responsive cultures between 2 and 5 DIV was 72%. The dose—response curve
to IBMX measured in cultures up to 7 DIV was similar to that at 0 DIV. Moreover, the percentage of EOG response to IBMX
blocked by niflumic acid, a blocker of Ca-activated Cl channels, was not significantly different in cultured or acute preparations.
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Introduction

The olfactory system allows the detection and perception of
a large number of odorant molecules. The initial events in
olfaction occur in the olfactory epithelium (OE), in the nasal
cavity, where the olfactory sensory neurons (OSNs) are lo-
cated. OSNs are bipolar neurons with a dendritic process
ending with several cilia and an axon projecting to the
olfactory bulb (OB). Odorant molecules bind to odorant
receptors in the ciliary membrane of OSNs, initiating the
olfactory transduction cascade. The binding of odorant
molecules to odorant receptors activates a G protein, which
stimulates adenylate cyclase to produce cyclic adenosine
3’,5'monophosphate (c(AMP). The increased concentration
of cAMP opens cyclic nucleotide-gated (CNG) channels
allowing a depolarizing influx of Na and Ca ions into the
cilia. The increase in intraciliary Ca concentration opens
Ca-activated Cl channels that further contribute to depolar-
ization. Action potentials evoked by odor-induced depolar-
ization propagate through the axons of OSNs to the OB,
where odorant information is further processed (for reviews,
see Schild and Restrepo 1998; Menini 1999; Firestein 2001;
Buck 2004; Menini et al. 2004; Lledo et al. 2005).

Several experimental models have been used to study olfac-
tory transduction, coding, and regeneration, from inverte-
brates to mammals (Ache and Young 2005), including
in vivo as well as in vitro preparations. For in vitro experi-
ments, acute preparations are usually employed: dissociated
OSNs (Kleene and Gesteland 1983; Boccaccio et al. 2006),
slices of the OE (Hegg et al. 2003) or of the OB (Nickell
et al. 1996, Pinato and Midtgaard 2005), and semi-intact
preparations of the OE and of the OB (Ma et al. 1999;
Lin et al. 2007). Several types of culture methods for OSNs
have also been developed from embryonic, newborn, or
adult rats (Noble et al. 1984; Pixley and Pun 1990; Chuah
et al. 1991; Ronnett et al. 1991; Trombley and Westbrook
1991; Vargas and Lucero 1999). Organotypic cultures of
the mammalian OE, where OSNs are cultivated in their na-
tive environment, have been developed not only by using fe-
tal tissue (Farbman 1977; Gonzales et al. 1985; Gong et al.
1996; Goetze et al. 2002) but also postnatal tissue (Michel
et al. 1999; Josephson et al. 2004). Organotypic cultures have
several advantages over acute preparations or living animals:
whereas cells are maintained in their native environment,
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organotypic cultures allow easier visualization, long-lasting
monitor of the activity, delivery of substances such as gene
constructs or small interfering RNAs (siRNA), and measure-
ment of the induced functional modifications.

The organotypic culture preparations of OE from postna-
tal mice developed by Michel et al. (1999) or by Josephson
et al. (2004) were rather different. Josephson et al. cultured
pieces of OE and OB explanted from 1- to 4-day-old mice.
Using cell-specific markers, they identified various long-lived
cell types, including the presence of mature OSNs marked by
the olfactory marker protein (OMP) up to 28 days in vitro
(DIV). They also tested the functionality of the cultures by
measuring the electroolfactograms (EOGs) in response to
puffs of vapor from an odorant mixture solution and mea-
sured EOG responses from 13 of 30 cultures tested corre-
sponding to a percentage of about 43% (13/30) responsive
cultures (Josephson et al. 2004). The organotypic culture
model from postnatal mice developed by Michel et al.
(1999) consisted of the explanted half olfactory cavities in-
cluding the turbinates and the epithelium connected to the
corresponding OB. Michel et al. showed that those explants
after several DIV had a structural morphology similar to
that observed in situ: the OE structure and all the bulbar
layers were preserved, and anti-OMP immunoserum specif-
ically labeled the sensory neurons up to at least 10 DIV.
However, electrophysiological experiments that would allow
verifying the functional integrity of the OSNs maintained in
vitro have not been investigated yet.

The purpose of our study was to obtain organotypic cul-
tures of the OE connected to OB and test their functionality
by measuring the EOGs in response to odorants or to
3-isobutyl-1-methylxanthine (IBMX), an inhibitor of phos-
phodiesterase. We compared these measurements with con-
trols obtained from acute preparations of OEs connected to
OB. These measurements are of primary importance to
contribute to the assessment of whether, and to which extent,
these cultures can be used as a chronic model to address
questions related, for example, to proteins involved in the
signal transduction cascade or in the coding process, employ-
ing gene or siRNA delivery (Li et al. 2006).

Materials and methods

Preparation of organotypic cultures

Olfactory organotypic cultures were prepared from BALB/c
mice aged between 13 and 66 days. Mice were anesthetized
with CO, inhalation and decapitated, in accordance with the
regulations of the Italian Animal Welfare Act and the local
authority veterinary service. The cultures were prepared with
a technique similar to that developed by Michel et al. (1999)
and based on the Gidhwiler’s roller tube technique (Gahwiler
1981), with some modifications as described in the following.
The head was split midsagittally and placed in mammalian
Ringer’s solution containing (in millimoles): 140 NaCl,

5 KCl, 1 CaCl,, 1 MgCl,, 10 HEPES, 10 D-Glucose, 1 so-
dium pyruvate, and pH 7.4 with NaOH. The cranial bones
and the septum were removed, and each brain hemisphere
was detached, leaving the OB intact. The turbinates with
the OE connected to the OB were placed on a glass cover
slip of 12 x 24 mm in a 20-pl drop of chicken plasma re-
constituted according to the manufacturer’s instructions
from filtered and lyophilized plasma (30-0390L Cocalico
Biologicals, Reamstown, PA, or P3266 Sigma, St Louis,
MO). The plasma was then coagulated by carefully adding
30 wl bovine thrombin (activity 200 U/ml, 2374 Merck).
Cover slips with the explants were kept under the hood at
room temperature in a covered petri dish to prevent the tis-
sue from drying out. After waiting about 40 min for a com-
plete coagulation, the cover slips with the olfactory explants
were inserted into 15-mm culture tubes containing 2 ml of
growth medium. Tubes were capped and placed in a roller
drum rotating at 20 turns/h inside an incubator at 37 °C.
(The glass cover slips were previously cleaned by immersion
ina 0.5 M HCl solution for 24 h, washed with deionized wa-
ter, placed in ethanol for 30 min, washed again, and dried at
150 °C.) The growth medium was changed every 2 days and
contained: MEM with Glutamax (Gibco, 41090), 25 mM
HEPES, 25 mM b-glucose, 2.5 mM MgCl,, 0.5 mM ascorbic
acid sodium salt, 0.5 mg/l insulin, penicillin (100 U/ml), strep-
tomycin (100 pg/ml) (Gibco), 20% horse serum (Gibco,
Grand Island, NY), and pH 7.4.

Electroolfactograms

Cultures at different DIV, or acute preparations, were trans-
ferred to the recording chamber, completely immersed and
perfused with mammalian Ringer’s solution, at room tem-
perature (20-22 °C). EOGs were measured at the surface
of the OE (Ottoson 1955; Scott and Scott-Johnson 2002).
The recording electrodes were made from glass capillaries
pulled with a Narishige PP83 puller (Narishige, Tokyo,
Japan), gently broken at the tip, fire polished, and filled with
mammalian Ringer’s solution (electrical resistance of about
1 MQ). The electrode was connected via an Ag/AgCl wire to
the head stage of a MultiClamp 700B patch-clamp amplifier
(Axon Instruments, Union City, CA). The bath electrode
consisted in an Ag/AgCl pellet placed in the recording cham-
ber. Stimuli, consisting of a mixture of odorants (Sigma) or
of IBMX (Sigma), were delivered by a multipipe system
placed close to the epithelium. The recording pipette was
placed close to the surface of the OF with a micromanipula-
tor (Luigs and Neumann, Retingen, Germany). EOG record-
ings were typically measured by placing the electrode in the
middle of turbinate II' or III (see Figure 1B, using the no-
menclature of Ressler et al. 1993), and the position of the
electrode was adjusted to measure negative EOGs in re-
sponse to the stimuli. We defined a response as a negative
deflection of more than twice the magnitude of the peak-
to-peak noise of the recording (the smallest response we
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Figure 1 Comparison of an acute explant of the mouse OE connected to the OB with an organotypic culture. (A) Photomicrograph of the OE preparation
connected to the OB acutely isolated (0 DIV). (B) and (C) The olfactory turbinate system in the 0 DIV preparation (same OE as in A) and in a 14 DIV culture.
Roman numbers indicate individual turbinates using the nomenclature of Ressler et al. (1993). Scale bar in A, B, C: 2 mm.

considered was —50 uV). Electrical signals were passband fil-
tered at 0.1 Hz-1 kHz, digitized at 10 kHz (Digidata 1200,
Axon Instruments), stored in a personal computer, and an-
alyzed with pClamp 8.2 (Axon Instruments) or with Igor Pro
software (WaveMetrics, Lake Oswego, OR).

For odorant stimulation, we used 2 odorant mixtures. Mix-
ture 1 was composed of 3 odorants: cineole, acetophenone,
and amylacetate, each present at 1 mM; mixture 2 was
composed of 17 odorants: amylacetate, 2-heptanone,
S-(+)carvone, R-(—)carvone, isoamylacetate, cineole, aceto-
phenone, eugenol, octanal, R-(+)limonene, 1-octanol, nona-
nal, 1-heptanal, citral, geraniol, (—)menthone, and decanal,
at 100 uM each. All odorants were prepared in dimethylsulf-
oxide (DMSO) at 0.5 M and diluted to the final concentra-
tion in Ringer’s solution. The total concentration of DMSO
in the mixtures was never more than 0.6% and had no effect
on EOGs (data not shown). All odorants and DMSO were
from Sigma.

The IBMX stock solution was prepared in Ringer’s solu-
tion at 1 mM and diluted to final concentrations. Niflumic
acid (NFA; Sigma) was prepared in DMSO at 200 mM as
a stock and diluted to the final concentration in Ringer’s
solution.

To compare different treatments or populations, we used
analysis of variance (ANOVA). Significance of differences
between individual data points was determined using un-
paired z-tests. P values <0.05 were considered significant.
Data are reported as mean * standard deviation and the
total number of responsive OEs ().

Results

We set up a preparation by explanting one-half of the
entire olfactory system from cranial bones. It included all
turbinates, covered by olfactory neuroepithelium, and the
corresponding hemisphere of OB, as illustrated in the pho-
tomicrograph in Figure 1A. The overall morphology of
the OE at 0 DIV and at 14 DIV appeared largely similar
(Figure 1B,C).

To assess the functionality of cultured mouse OEs, we
recorded the EOG in response to the exposure of odorants

or to the phosphodiesterase inhibitor IBMX and compared
these results with controls performed in acute preparations.
The EOG is an extracellular field potential originating from
the summated activities of many OSNs near the recording
electrode at the surface of the epithelium and provides a good
quantitative test of the neurons’ functionality (Ottoson 1955;
Scott and Scott-Johnson 2002; Nickell et al. 2006). EOG
responses were recorded from turbinates I1” or I1I (Figure 1B).

EOG responses to odorants

In a first set of experiments, we tested the physiological re-
sponse to odorants. Figure 2 shows representative recordings
of EOG responses to 2 different odorant mixtures, whose
composition was selected to increase the probability that
a large number of OSNs respond to the stimulus. Odorant
mixture 1 was composed of 1 mM cineole, amylacetate,
and acetophenone. Very high odorant concentrations
(1 mM) were included in this mixture to increase the prob-
ability of obtaining responses also from OSNs expressing
odorant receptors with a low sensitivity to the selected odor-
ants. Indeed, it is well known that about 1000 different odor-
ant receptors are expressed in various neurons and that each
OSN has a specific dose-response curve for various odorants
(Firestein 2001; Mombaerts 2004). For example, it has been
shown that the odorant concentration necessary to activate
half of the maximal current in individual neurons ranges
from 3 x 10~°to 9 x 107> M (Firestein et al. 1993) and, more
recently, that 100 pM was not sufficient to reach saturation
in dose-response curves measured with EOG recordings
from mouse OEs (Munger et al. 2001). Recordings in Figure
2A show that the shapes of the EOGs from cultured OEs at
different DIV were quite similar to those of EOGs from
acute preparations, that is, it was characterized by a steep
negative deflection of the polarization that reached a peak
and then repolarized. We measured EOGs in response to
the odorant mixture 1 in 10 acute preparations from dif-
ferent mice and found 9 responsive OEs, corresponding to
90% functional preparations, with an average response of
—249 £ 94 pV (N =9). Eight cultured OEs, ranging from
2 to 5 DIV, obtained from different mice were tested with
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Figure 2 EOG responses to odorants in mouse acute isolated and cultured OEs. (A) Recordings from an acute OE (0 DIV, first column) and a 3 DIV OE (second
column). For each OE, Ringer alone was first applied for 2 s as a control for perfusion artifacts (upper traces), and then odorant mixture 1 composed of 1 mM
acetophenone, amylacetate, and cineole in Ringer was applied for 2 s (lower traces). The time of application of the stimulus is indicated with the black horizontal
bars. (B) Percentage of responsive preparations at 0 DIV or between 2 and 5 DIV, as indicated. (C) Average amplitude of EOG responses at 0 DIV or at 2-5 DIV was
significantly different (t-test: P < 0.05). The same type of experiments was repeated with odorant mixture 2 composed of 17 odorants each at 100 uM: amy-
lacetate, 2-heptanone, S-(+)carvone, R-(—)carvone, isoamylacetate, cineole, acetophenone, eugenol, octanal, R-(+)limonene, 1-octanol, nonanal, 1-heptanal,
citral, geraniol, (—)menthone, and decanal. (D) The percentage of responsive preparations and the average EOG amplitudes at various DIV were plotted in (E)
and (F), respectively. As in (C) the average amplitude of EOGs at 0 DIV and at 2-5 DIV was significantly different (t-test: P < 0.05).

odorants, and 4 epithelia (50%) responded with a negative
EOG to the applied stimulus (Figure 2B). The average
EOG response to odorant mixture 1 in cultures between 2
and 5 DIV was —150 £ 30 uV (N = 4), significantly lower
than the average amplitude measured at 0 DIV (z-test:
P < 0.05) (Figure 2C).

It could be of interest to note that we tested 3 more epithe-
lia that remained in culture up to day 8, 10, and 14, and we
found that all 3 responded to the odorant mixture, although
we did not systematically investigate responses in long-living
cultures.

We performed a second set of experiments using a different
mixture, composed of 17 odorants, each present at 100 uM
(see odorant composition in the legend of Figure 2 or Mate-
rials and methods), to increase the probability to obtain a
response from more OSNs that could express odorant recep-
tors nonsensitive to mixture 1. As shown in Figure 2D, the
shape of the EOGs was similar to that previously recorded
with mixture 1 (Figure 2A), both in acute and cultured OEs.
Moreover, also with odorant mixture 2, we measured a
reduction in the percentage of cultures responding to odor-
ants between 2 and 5 DIV compared with 0 DIV (Figure 2E)
and a significant decrease in the average amplitude of EOGs
(Figure 2F). Indeed, the average EOG response to odorant
mixture 2 in cultures between 2 and 5 DIV was —225 = 63 uV
(N = 8), significantly lower than —445 = 174 pV (N = 28)
measured at 0 DIV (z-test: P < 0.05).

Therefore, for both mixtures, the percentage of cultures
responding to odorants was lower than that for acute prep-
arations. Moreover, also the average EOG amplitude of the

responsive cultures was significantly lower than that mea-
sured at 0 DIV.

It would be interesting to determine dose-response rela-
tions in response to odorants; however, previous experiments
with EOG measurements could not determine useful dose—
response curves because saturation was never effectively
achieved (Munger et al. 2001). We therefore did not attempt
to measure dose-response relations in response to odorants,
but we obtained dose-response relations in response to
IBMX, as described in detail in the following paragraphs.

EOG responses to IBMX

IBMX is widely used to activate the cyclic nucleotide second
messenger cascade bypassing the activation of odorant re-
ceptors in OSNs (Firestein, Darrow, and Shepherd 1991;
Firestein, Zuffall, and Shepherd 1991; Chen et al. 2000).
IBMX is an inhibitor of PDE, and because in the cilia of
functional OSNs there is an endogenous activity of both
adenylate cyclase and PDE, the inhibition of PDE causes
an increase in the intraciliary cAMP concentration due to
basal production of cAMP by adenylatecyclase. Theincreased
cAMP concentration causes the opening of CNG channels
and the depolarizing influx of Na and Ca ions in the cilia
(Schild and Restrepo 1998; Firestein 2001). We investigated
the functionality of OSNs by measuring EOG responses to
the application of IBMX. Figure 3A shows representative
recordings of EOG responses to IBMX in an acute prepara-
tion and after 5 days in culture. As previously observed for
the responses to odorants (Figure 2), also the shapes of the
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Figure 3 (A) EOG responses to IBMX application. Recordings from a 0 DIV
(first column), and from a 5 DIV OE (second column). For each OE, Ringer
alone was first applied for 2 s as a control for perfusion artifacts (upper traces),
then 500 uM IBMX in Ringer was applied for 2 s (lower traces). The time of
application of the stimulus is indicated with the black horizontal bars. (B) Per-
centage of responsive preparations at various DIV as indicated. (C) Average
amplitude of EOGs in 500 uM IBMX in responsive acute preparations at var-
ious DIV was not significantly different (1-way ANOVA: P = 0.36) (O DIV, N =
10;2DIV, N=6;3DIV,N=4;4DIV, N=5;5DIV,N =7;and 6 DIV, N = 5).

EOGs measured in response to IBMX from cultured OEs
were similar to those of EOGs from acute preparations.
We tested the response to 500 uM IBMX, a concentration
giving saturation of the dose-response curve as shown in Fig-
ure 4B, in 10 acute OEs from different mice, and we found
a response in every OE, with an average value of —358 £ 158
uV (N = 10). We analyzed the percentage of OEs responding
to stimulation with IBMX at 0 DIV and after various days in
culture (Figure 3B). At 0 DIV all OEs responded; between 2
and 4 DIV, we measured a response to IBMX in about 80%
of the cultures; whereas after 5 DIV, the percentage of re-
sponsive cultures decreased to about 33% at 6 DIV. There-
fore, a decrease in responses appears to be correlated to the
longer time in vitro. The analysis of the average EOG ampli-
tudes (Figure 3C) of the responsive cultures shows that the
average amplitude was not significantly different at various
DIV up to at least 6 DIV (1-way ANOVA: P > (.05).
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Figure 4 The dose-response relations for IBMX. (A) Comparison of EOG
responses to different concentrations of IBMX from an acute OE (upper
traces) and from a 7 DIV OE (lower traces). Black horizontal bars indicate
the time of application of IBMX in Ringer. Numbers represent the IBMX con-
centrations (in micromoles). (B) EOG amplitudes induced by various concen-
trations of IBMX were normalized to the maximal response. Symbols plot the
average responses from 4 acute (squares) and 6 cultured (triangles) OEs
tested between 2 and 7 DIV. Lines were the best fit of the Hill equation
to the data with Ky, = 76 uM, n = 1.3, for acute and K, = 88 uM, n =
1.1, for cultured epithelia.

It could be of interest to note that we tested some addi-
tional epithelia that remained in culture up to day 13 and
found that some of them responded to IBMX, although
we did not systematically investigate responses in long-living
cultures.

IBMX induces similar dose-response relations in both acute
and organotypic preparations

A further important test of the functional properties of
OSNss is the measurement of the dose-response relations.
Various concentrations of cCAMP in OSNs were produced
applying different concentrations of IBMX ranging from
5 uM to 1 mM. We therefore measured the EOGs in response
to various concentrations of IBMX on the same epithelium.
Figure 4 shows EOG recordings for different concentrations
of IBMX in an acute (Figure 4A, upper traces) and in a 7
DIV OE (Figure 4A, lower traces). Several dose-response
relations were measured both in acute and in cultured
OEs. The average normalized peak responses at various
IBMX concentrations were plotted versus the IBMX
concentration (Figure 4B), and data were fitted with the Hill
equation: V/ V. = "I(c" + Ky "), where Vis the peak EOG
response measured at the concentration ¢, Vi, is the max-
imal peak EOG response, K, is the IBMX concentration
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producing 50% of the maximal response, and » is the Hill
coefficient. The best fit gave K, = 76 uM, n = 1.3 for meas-
urements from 4 fresh epithelia and K, = 88 uM, n = 1.1 for
6 epithelia in culture. These experiments demonstrate that in
cultured OEs the dose-response relation for IBMX was very
similar to that measured in acute OEs.

NFA reduces the EOG amplitude in both acute and
organotypic preparations

To further investigate the pharmacology of olfactory signal-
ing in cultured and acute preparations, we analyzed in more
detail a commonly used blocker of the response. Indeed, it
has been recently reported that the EOG response is primar-
ily caused by a depolarizing CI current (Nickell et al. 2006)
that can be blocked by NFA, a well-known blocker for
Ca-activated Cl channels involved in olfactory transduction
(Kleene 1993; Kurahashi and Yau 1993; Lowe and Gold
1993; Zhainazarov and Ache 1995; Reisert et al. 2003; Pifferi
et al. 2006; Boccaccio and Menini 2007). We therefore ana-
lyzed the effect of NFA on EOG recordings in organotypic
cultures stimulated with IBMX. Perfusion for 5 min of
300 uM NFA in Ringer caused a great reduction of EOG
responses both in acute preparations and in cultured OEs
(Figure 5A). The block was largely reversible after extensive
wash with Ringer’s solution for 20-30 min. On average,
NFA reduced the EOG amplitude by 74 £ 9% (N = 11)
in acute preparations and by 58 + 17% (N = 5) in cultured
OEs (up to 5 DIV); the difference was not significant (z-test:

A 0 DIV 2DIv
Control -.k-/'___ w
NFA T, [
Wash ,__\//d_,._ “L—-—-/‘
400 uv I_ J 200 pv
5s 5s
B

% of block

0DIV 2-5DIV

Figure 5 Reduction of EOG response amplitude by NFA. (A) EOG record-
ings from a 0 DIV (first column) and from a 2 DIV OE (second column) in re-
sponse to 500 uM IBMX. Filled horizontal bars indicate the time of application
of IBMX. A control EOG was first recorded, and then 300 pM NFA was added
to the bath for 5 min. The EOG in response to IBMX was recorded again in the
presence of NFA (middle traces), finally, the recovery of the EQOG response to
IBMX was tested after washing out NFA by 20- to 30-min perfusion of Ringer
alone (lower traces). (B) Average percentage of EOG amplitude blocked by
NFA at 0 DIV and between 2 and 5 DIV was not significantly different (un-
paired t-test: P = 0.08; 0 DIV, N = 11; 2-5 DIV, N = 5).

P > 0.05) (Figure 5B). These results indicate that the Ca-
activated Cl component of olfactory transduction in respon-
sive organotypic cultures (at least up to 5 DIV) is similar to
that measured in acute preparations.

Discussion

Our data show that it is possible to record EOG in response
to odorants and to IBMX from organotypic cultures of the
OE connected to its OB obtained from postnatal mice. To
the best of our knowledge, EOG responses to odorants from
organotypic cultures of OEs from postnatal mice have pre-
viously been reported only by Josephson et al. (2004). The
olfactory organotypic culture system of Josephson et al.
(2004) was different from that employed in our study because
it was composed of pieces of OF and OB instead of the entire
OE connected to the corresponding OB (Josephson et al.
2004). Moreover, they used a different way to apply odorants
to the OE cultures: they recorded EOG in response to puffs
of vapor from a 16 mM odorant mixture solution containing
ethyl butyrate, eugenol, (+) carvone, and (—) carvone and
they used a salt solution without calcium and magnesium.
In contrast, we applied the stimuli dissolved in solution
and used also other compounds to block or activate the trans-
duction cascade (Chen et al. 2000; Lin et al. 2007). The
percentage of cultures responding to odorants in Josephson
et al. (2004) was 43%, whereas in our work, the total percent-
age of cultures responding to odorant mixtures was 57%.
Therefore, a large reduction in the number of cultures
responding to odorants was observed in both types of cul-
tures. We did not detect any evident morphological differ-
ence between responding and nonresponding cultures. It is
possible that damage of axonal connections between OE
and OB could cause nonresponsive cultures, but we did
not investigate the cause of the reduction of responses in
cultures, which will open an interesting area for further
studies.

We further investigated the EOG responses of organotypic
cultures by using IBMX instead of odorants. The relation-
ship between the number of DIV and the ability to respond
to IBMX was investigated in detail, and we found that
the percentage of cultures responding to IBMX decreased
from about 80% between 2 and 4 DIV to about 33% at
6 DIV. We did not examine the causes of the reduction in
the percentage of responsive cultures, which remain to be
further investigated.

Our data showed that dose-response relations in response
to IBMX were similar in acute and in cultured OEs (up to at
least 7 DIV). Because IBMX induces an electrophysiological
response bypassing the activation of odorant receptors and
G proteins, the similarity of dose-response relations in re-
sponse to IBMX indicates that the transduction cascade af-
ter activation of adenylyl cyclase is functional both in acute
and in responsive organotypic preparations. Therefore, our
results indicate that, although not every culture is functional,
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at least those responding to IBMX appear to have a dose—
response similar to acute preparations. The responsive
OEs are likely to be useful in studies in which the function
of some protein involved in the second part of the transduc-
tion cascade has been modified by using molecular biology
techniques. For example, previous work has used differences
in the dose-response to IBMX between wild-type and knock-
out mice for the subunit CNGA4 to show that the CNGA4
subunit contributes to the high cAMP sensitivity of the na-
tive olfactory channel (Munger et al. 2001). In their study,
Munger et al. (2001) used IBMX because it induced response
in all olfactory neurons, whereas useful dose—response rela-
tionships could not be determined for odors because satura-
tion was never effectively achieved. The possibility of using
of RNA interference (RNAI1) on cultured OEs, instead of pro-
ducing knockout mice, and the subsequent electrophysiolog-
ical measurements, could be a powerful experimental tool to
measure the functional consequences of modifying proteins
that may be involved in olfactory transduction and signaling.
Therefore, although further detailed studies of each step of
the transduction cascade will be necessary to fully validate
the use of this model, our EOG recordings show the ability
of OE organotypic cultures to maintain their functionality
over time in vitro and that this model is likely to be useful
to help identifying the contribution and the identity of several
proteins involved in the transduction cascade.

Finally, in this study, to further investigate the olfactory
signaling in cultures, we measured the percentage of EOG
response to IBMX blocked by NFA, a blocker of Ca-
activated Cl channels, and found that the culture conditions
did not significantly modify it. This property could be useful
to help establishing the molecular identity of the Ca-activated
Cl channel. Indeed, although recent work has suggested
that bestrophin-2 is a candidate olfactory Ca-activated Cl
channel (Pifferi et al. 2006), the molecular identity of this
channel has not been definitely established yet. These cultures
may be appropriate for using RNAI techniques to reduce the
expression of a particular gene, such as VMD2I1 or other
genes, and to analyze the effect the gene has on a function
measured by EOG recordings. Indeed, this culture system
is appropriate for the delivery of genes or of other substances
and for the assessment of functional properties. The use of
RNAI on cultured OEs could be a powerful experimental
tool to measure the functional consequences of inactivating
proteins that may be involved in olfactory transduction
and signaling.

A further new area of investigation will also be the mea-
surement of electrophysiological responses of neurons in the
OB connected to the OE in this organotypic cultures.
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