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Abstract

Analyzing the physiological responses of olfactory sensory neurons (OSN) when stimulated with specific ligands is critical to understand
the basis of olfactory-driven behaviors and their modulation. These coding properties depend heavily on the initial interaction between odor
molecules and the olfactory receptor (OR) expressed in the OSNs. The identity, specificity and ligand spectrum of the expressed OR are critical.
The probability to find the ligand of the OR expressed in an OSN chosen randomly within the epithelium is very low. To address this challenge,
this protocol uses genetically tagged mice expressing the fluorescent protein GFP under the control of the promoter of defined ORs. OSNs
are located in a tight and organized epithelium lining the nasal cavity, with neighboring cells influencing their maturation and function. Here we
describe a method to isolate an intact olfactory epithelium and record through patch-clamp recordings the properties of OSNs expressing defined
odorant receptors. The protocol allows one to characterize OSN membrane properties while keeping the influence of the neighboring tissue.
Analysis of patch-clamp results yields a precise quantification of ligand/OR interactions, transduction pathways and pharmacology, OSNs' coding
properties and their modulation at the membrane level. 

Video Link

The video component of this article can be found at https://www.jove.com/video/52652/

Introduction

Olfactory sensory neurons (OSN) represent the first step of olfactory perception. Located in the olfactory epithelium lining the nasal cavity in
rodents, they transform the chemical information of odorants into action potentials sent through their axon to the brain. To better understand
the olfactory coding mechanisms, it is necessary to characterize the transduction and membrane properties of OSNs. Until recently, most of the
techniques used to characterize the properties of mammalian OSNs were carried out on dissociated OSNs1-4. The dissociation process uses
various mechanical and chemical (i.e., enzymes) processes to free the OSNs from their environment. These processes induce a low number of
available cells for recordings. This low number can be even more critical in the case of GFP labelled cells. Dissociation also removes the local
cell-to-cell interactions between OSNs and other cells of the olfactory epithelium that may enhance survival and modulation of OSNs' properties.
In order to bypass the dissociation procedure, an intact preparation was developed5.

Each OSN expresses one olfactory receptor (OR) selected from a large multigene family6. There are ~1,000 ORs expressed in the main olfactory
epithelium in the mouse. Due to the large number of OR in wild type animals, the chances to record OSNs expressing the same OR are very low.
To overcome these limitations, gene targeted mice are available in which all OSNs expressing an identified OR are labeled with a fluorescent
protein7-9. These labeled OSNs were used to do functional analysis in dissociated preparations7,10,11 with the drawbacks mentioned earlier. An
intact epithelium preparation5 from genetically labeled mice therefore circumvents these issues. It allows the monitoring of the activity of OSNs
expressing precisely defined ORs in an environment as close to in vivo as possible. Besides, patch-clamp recordings of OSNs also allow precise
analysis of membrane properties, transduction pathway pharmacology, ligand/OR interactions. All these topics can hardly be analyzed using
extracellular recordings. We used this technique to monitor the responses of OSNs expressing the odorant receptors SR1 and MOR2312,13. The
feasibility of the technique was confirmed by other groups on MOR23 expressing OSNs14 as well as on other ORs expressing neurons15,16. The
monitoring of a defined population of OSNs can lead to the analysis of their properties in many different contexts such as development14, aging17,
odorant induced plasticity18, and the role of variations in the odorant receptor’s sequence in odor coding15. This protocol thus provides a powerful
tool to monitor the functional properties of defined OSNs at the membrane level.
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Protocol

This protocol follows the animal care guidelines of the Université de Bourgogne and was approved by the Université de Bourgogne ethics
committee.

1. Animals

1. Use genetically engineered OR-IRES-tauGFP mice available at the Jackson Laboratory. These mice were developed in Dr. Peter Mombaerts’
laboratory in order to analyze axon targeting and development of the olfactory system19. For example, the MOR23-IRES-tauGFP line, stock
number 006643, bears the official strain name B6;129P2-Olfr16tm2Mom/MomJ; similarly, the SR1-IRES-tauGFP line, stock number 6717 bears
the official name B6;129P2-Olfr124tm1Mom/MomJ.

2. Regarding the age of the animals: for a better outcome of the protocol, use animals between 2 and 4 weeks of age. In this age group, the
dissection is easier (softer bones, firmer olfactory epithelium) and the dendritic knobs are bigger compare to older animals.

2. Preparation of Electrodes and Solutions

1. For the stimulating pipettes: purchase prepulled stimulating pipettes. Otherwise, manually prepare them.
1. Using a flame, bend six 1 mm glass pipettes at about 1 cm from the tip. Insert these six pipettes plus a straight 7th in 1.5 cm heat-shrink

tubing strengthen by an eyelet.
2. Heat shrink the tubing to maintain the barrels attached together. Attach an additional heat-shrink tubing to the other extremity of the

barrels. Pull this stimulating pipette with a multi-barrel puller.
3. Add some white liquid glue around the eyelet to strengthen the bended tips. Let dry O/N.

2. Prepare 1 or 2 L of normal Ringer’s extracellular solution (in mM: NaCl 124, KCl 3, MgSO4 1.3, CaCl2 2, NaHCO3 26, NaH2PO4 1.25, glucose
15; pH 7.6 and 305 mOsm). Keep at 4 °C until use.

3. Prepare intracellular stock solution (in mM): KCl 70, KOH 53, methanesulfonic acid 30, EGTA 5, HEPES 10, sucrose 70; pH 7.2 (KOH) and
310 mOsm. Keep at 4 °C until use. Good for several weeks.

4. Prepare intracellular recording solution with nystatin extemporaneously (at the last minute) before experiment.
1. Weigh 3 mg of nystatin, add 50 µl of DMSO; vortex 20 sec then sonicate 2-3 min until entirely diluted.
2. Add 20 µl of DMSO-nystatin solution in 5 ml of intracellular stock solution. Vortex 20 sec, then sonicate 3 min. Keep this solution at 4 °C

and protect from direct light, nystatin is light-sensitive. This solution can be used for a few hours. Replace every day.
3. Once the olfactory epithelium preparation is under the microscope, take some of this solution in a 1 ml syringe with a flame-elongated

yellow tip to fill the electrodes; protect from direct light. Once at RT, the nystatin solution is not stable; replace the solution in the 1 ml
syringe every hour or keep it in ice.

5. Pull recording electrodes with a puller to obtain long neck and small tip (~2 µm) with a resistance of 15-20 MΩ with the internal nystatin
solution.

6. Prepare odorant solution at 0.5 M in DMSO under fume hood; aliquot and keep at -20 °C until use. Dilute odorant in Ringer’s solution until the
desired concentration. Fill the stimulating pipette.

3. Preparation of Olfactory Epithelium

Note: OR-IRES-tauGFP mice express the tauGFP under the control of the OR promoter. In these mice, all neurons expressing the OR of
interest are labeled with GFP. This protocol is adapted for ORs expressed in all zones. However, dissections and recordings are easier for ORs
expressed in the dorsal zone.

1. Anesthetize the animal by injecting a mix of ketamine and xylazine (150 mg/kg and 10 mg/kg body weight, respectively). Decapitation can be
performed with sharp scissors for young mice or with a properly maintained rodent guillotine for older mice.

1. Using ring dissecting scissors make a longitudinal medial incision through the dorsal skin. Remove the skin by pulling it apart. Using
the scissors, cut the lower jaws at the jaw joint. Remove the upper front teeth by a coronal cut parallel to the teeth.

2. Make a coronal cut of the head behind the eyes and keep only the anterior part of the head. Dip it in ice-cold Ringer solution for the
dissection under the scope.

2. Dissect under the scope: in the ventral side, make a longitudinal cut along the upper jaw/the teeth. Cut the dorsal bones longitudinally,
following the dorso-lateral side of the nasal cavity. Remove most bones and palate; transfer the septum and the epithelium attached to it in
oxygenated Ringer at RT.

3. For the final dissection: Right before starting the recording session, peel away the epithelium from the underlying septum with forceps.
Detach the epithelium with forceps and with two 4-5 mm scissor cuts (use microvannas scissors) at the anterior part of the septum where the
adhesion is stronger.

1. Carefully remove the vomeronasal organ by cutting it out along its dorsal connection to the septal epithelium. Transfer the epithelium to
a recording chamber with the mucus layer facing up; keep it flat in the chamber with a harp.

4. Install chamber under an upright microscope equipped with fluorescence optics and a sensitive camera. Visualize the preparation on the
computer screen at high magnification through a 40X water-immersion objective (numerical aperture 0.8) and an extra 2X or 4X magnification
achieved by a magnifying lens. Perfuse continuously with oxygenated Ringer at RT (1-2 ml/min).
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4. Recording Session

1. Search for fluorescent cell: excite the preparation at 480 nm for EGFP, which emits light in the 530-550 nm range; target one dendritic knob
which is reliably visible in fluorescence and under bright field.

2. Fill electrode with intracellular solution with nystatin; remove bubbles by gently tapping on the electrode.
3. Insert electrode on electrode holder, apply positive pressure in the pipette; Resistance should be 15-20 MΩ.
4. Bring electrode close to the cell; once resistance reaches ~40 MΩ, release positive pressure and apply slight negative pressure to reach a

gigaseal.
5. Once seal is reached, set the membrane potential at about -75 mV;
6. Once the cell is opened, proceed with stimulation protocols, pharmacological treatments. To measure the response to a single odorant

stimulation, record 200-500 msec of spontaneous activity, stimulate for 500 msec and measure the response of the cell for up to 10 sec 13.
For pharmacological treatments, perfuse the pharmacological agents at the desired concentration20.

5. Data Analysis

1. Analyze currents elicited by odorant stimulation as followed: the maximum amplitude, the rise-time (time necessary to reach 90% of the
maximum amplitude, in msec), the total current (area under the curve in pAs), the time at 50% (time between the onset and the offset of the
response at 50% of the maximum amplitude, in msec).

1. Using the peak transduction currents (maximum amplitude reached) at different concentrations, draw and fit a dose response curve
using the Hill equation: I  = Imax/(1 + (K1/2/C)n), where I represents the peak current, Imax the maximum response at saturating
concentrations, K1/2 the concentration at which half of the maximum response was reached, C the concentration of odorant and n the
Hill coefficient.

2. Analyze recordings of membrane potential in current clamp for the maximum depolarization, the total potential elicited (area under the curve
in mVsec); record spontaneous spiking activity over 30 sec to 1 min recordings; record excitability through spikes elicited by injection of
currents (5-10 pA).

Representative Results

The outcome of this protocol depends on the quality of the dissection. This dissection steps must be short (less than 10 to 15 min) and precise
(i.e., to avoid damages of the epithelium). The Figure 1 illustrates how an ideal preparation looks like at different magnification levels. At a low
magnification under bright field the different cell types (such as knobs of OSNs, supporting cells) are distinguishable (Figure 1A). At the highest
magnification level, typically 80X to 160X, in bright field, the dendritic knobs of the OSNs should be clearly distinguishable from the supporting
cells (Figure 1B). Under fluorescent light, only the dendritic knobs and cilia of GFP labelled cells are visible (Figure 1C). By comparing the 2
images, the labelled cells can be approached with the recording pipette (Figure 1D).

The temperature of the dissection solution and timing of the dissection are critical. The first part of the dissection, the preparation of the septum
(section 3.1.1 to 3.2) should take place within 5 to 10 min in ice-cold solution. The final dissection (3.3) should last less than 5 min at room
temperature. In case the dissection lasted for too long, or was performed in dissection solution too warm, the preparation invariably looks rapidly
damaged: dendritic knobs are floating above the surface of the epithelium, and resemble dead cells.

Once a seal is reached and the cell opens under the effects of nystatin, typical voltage gated currents can be observed (Figure 2A). The shape
and characteristics of these currents can be used to monitor the health of the cell: in a dying cell or if the seal’s quality is decreasing, these
currents’ amplitude will decrease. Under the current clamp configuration, action potentials can be recorded either spontaneously (Figure 2B) or
by injection of a depolarizing current (Figure 2C). The firing properties induced by current injection characterize the excitability of the recorded
neuron. The excitability of different OSNs’ population can be compared (using classical frequency and ISI calculations).

A multibarrel pipette loaded with different odorants and/or different concentrations of odorants can be used to stimulate the cells by pressure
ejection. This allows to measure the odorant induced responses. The odorants and concentrations must be chosen depending on the OR
expressed in the cell of interest, for example Lyral is the ligand for MOR23, acetophenone for M71, eugenol for mOREG. In the experiment
illustrated on the Figure 3, the recorded MOR23-IRES-tauEGFP neurons responded to different concentrations of Lyral, a ligand for
MOR23, under current clamp mode (Figure 3A) or under the voltage clamp mode (Figure 3B). In voltage clamp mode recordings, different
characteristics can be monitored to quantify the response (maximum amplitude, rise-time, total current elicited, etc.) as performed classically
in electrophysiology. Using the maximum amplitude of the odorant-induced response, dose-response can be plotted and fitted using the Hill
equation. These results provide information about the encoding properties of each OSN: detection threshold, temporal dynamic, dynamic range
and saturation level. Examples of dose-response curves are shown on Figure 3C. All these details can be compared between individual OSNs
to measure potential heterogeneity within a population; they can also be compared between OSNs with or without application of a treatment to
measure potential modulation and plasticity.
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Figure 1: Representative images of a healthy preparation. (A) Intact olfactory epithelium extracted from the nasal cavity of a SR1-IRES-
tauGFP transgenic mouse observed under bright field condition at the 40X magnification. OSN dendritic knobs (black arrow heads) are enclosed
in a mesh of supporting cells (SC) and Bowman glands (BG). (B) Dendritic knobs of SR1 expressing OSNs observed under bright field condition
(white and red arrow heads). (C) The same field as in (B) under fluorescent light showing dendritic knobs of SR1 expressing OSNs. (D)
Recording pipette approaching a SR1-expressing OSN under bright field. The red arrowhead represents the same SR1 OSN in (B-D). Scale bar:
5 µm.
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Figure 2: Representative membrane properties results obtained with the protocol: patch-clamp recordings on the dendritic knob of a
SR1-IRES-tauGFP OSN. (A) Voltage gated currents elicited by increasing depolarizing steps from the membrane potential -67 mV to +40 mV.
(B) Spontaneous activity recorded in the current clamp configuration; action potentials can be observed during the 15 sec recording epoch. (C)
Action potentials elicited by a +7 pA excitatory current; this protocol provides information about the excitability of the cell.
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Figure 3: Representative examples of odorant induced responses in a MOR23-IRES-tauEGFP neuron. Increasing concentrations of Lyral,
a ligand of the MOR23 receptor, induce increasing responses both in current clamp (A) and in voltage clamp (B). The membrane potential was
clamped at -67 mV. (C) Examples of individual dose-response curves acquired on three M71 neurons in response to increasing concentrations of
acetophenone and fitted with the Hill equation.

Discussion

The ability of this protocol to correctly monitor the properties of healthy OSNs depends heavily on the quality of the preparation. Therefore, the
dissection steps are critical. First it is critical to pay attention to the quality (pH, osmolarity), oxygenation and temperature (ice-cold but not frozen)
of the dissection medium. Second, the manipulation of the epithelium with dissecting tools must be as limited as possible to avoid damages.
Finally, it is critical to obtain a preparation as flat as possible in order to access the largest OSN population as possible.

The dissection quality is fundamental to obtain a healthy preparation. However, different approaches can be used for the dissection: here we
present a ventral to dorsal dissection but some users can prefer to start the dissection dorsally to open the nasal cavity rapidly and have a rapid
access to the septal recess of the olfactory epithelium. Each user can hence adapt the protocol for the most efficient strategy to reach a healthy
preparation of the area of interest.

Once the preparation is under the microscope, permanent monitoring of the preparation’s health is required. Indeed, an unhealthy preparation
leads to a low probability to reach a gigaseal. A low efficiency in obtaining gigaseals can be improved by changing the area of interest on the
preparation in order to find healthier OSNs. A more drastic solution is to replace the preparation entirely by a new one. Once the seal is reached,
a low probability to reach the “opened” state can take place. This may be due to the internal solution’s quality. The internal solution must be
prepared shortly before the experiment. The use of vortex and sonication are critical since the solubility of nystatin is rather low. To improve the
probability of opening, the internal solution should be again vortexed for 10 sec and then sonicated for 30 to 60 sec. This usually improves the
efficiency of the cell opening.

To stimulate the recorded OSN with odorants, the protocol presented uses a 7 barrel stimulating pipette. This type of pipette implies a limitation
in the number of odorants and/or concentration of odorants tested on each recorded cells to seven. This limitation is relatively not significant in
the case of a dose response curve since it can cover up to 7 log units of concentration. However, in the case of screening experiments, in which
different odorants are tested, a seven barrel pipette may show limitations. In screening experiments, the goal is to find a ligand for labeled OSNs
expressing an orphan OR. Using this protocol will require the use of odorant mixtures. Each mixture eliciting a response will be then divided
into individual odorants. This was done to screen amine odorants on TAAR expressing OSNs16. In these experiments, the fluorescent neurons
expressed TAARs and the ligand was unknown. Using the protocol, authors could screen several dozens of amine odorants in mixtures. The
mixtures eliciting a response were then broken down to single odorants in order to find the most efficient ligand.
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The distance between the recording site and the stimulating pipette should be chosen wisely in order to minimize the mechanical stimulation
of the cell20. If the pressure is too high (above 30 psi in our recording conditions) and/or the distance too small (below 20 µm), the mechanical
response in some OSNs can even mask the odorant response. Pressure and distance between the puffing pipette and the recording site are
also critical to control solution exchange during stimulation. The concentration reaching the neuron was previously evaluated to be as close as
possible to the concentration present in the pipette through a series of tests13. These tests used a solution colored with blue dye to measure the
onset and offset of the stimulation. Using 20 psi pressure and 30 µm distance, the maximum intensity of the stimulus was reached within 300
msec. The offset of the stimulus was also carefully evaluated: since the preparation is under continuous flow of perfused solution, the stimulus
was washed out within 0.8 to 0.9 sec13.

The odor coding properties of OSNs were historically measured either through extracellular recordings in vivo or through experiments on
isolated cells. In mammals, extracellular recordings were performed at first in vivo in rats21. In extracellular recordings, the OR expressed in
the recorded cell is unknown thus limiting the success ratio to find a cell responding to the odorant tested. The protocol allows the recording
and characterization of defined receptors in neurons in the cellular environment of the epithelium. The receptors’ properties can therefore be
analyzed at different levels: the specific ligand/OR interactions during the first step of the transduction pathway; consequently, the agonist/
antagonist interactions of diverse ligands tested; the properties of mixtures integration of defined ORs and the role of the transduction pathway
for OSNs' specificity; the influence on olfactory coding of cell-to-cell interactions (such as GAP junction) within the epithelium; and finally the
modulation of the transduction pathway using pharmacological agents.

In the dissociated cell recordings, as mentioned earlier, the dissociation process removes the mucus and the cell-to-cell interactions within
the olfactory epithelium. This may induce changes in the coding properties of the OSNs. Calcium imaging experiments on isolated cells were
frequently reported. For example, dose-response curves of M71 expressing OSNs in response to acetophenone were reported7. These dose-
response curves are steeper than the dose-responses curves obtained using the protocol presented here4. These discrepancies may be due to
the cell-to-cell interactions in the intact preparation and also to the removal of mucus in isolated cells. Mucus is known to contain many protein
and enzymes involved in perireceptor events fundamental for the olfactory transduction22,23. In the protocol reported here, the preservation of
the structure of the olfactory epithelium and the putative presence of the mucus contribute to preserve the native features of odorant coding in
OSNs. The concentrations used in the protocol are indicated in mol/L and usually are in the 10-7-10-3 range. These concentrations are higher
than concentrations used in air-phased recordings (either in local field potential or extracellular recordings). These discrepancies might be due to
i) the liquid phase of the recordings (and therefore of the stimulation) and ii) the slow washout of the mucus by the perfusion during recordings.
In fact, the washout of the mucus and the section of the OSNs' axons during dissection may support that the preparation presented be potentially
qualified as a "pseudo-intact" rather than a "fully-intact" preparation. This preparation represents, however, recording conditions as close to in
vivo as possible and yet eliciting patch-clamp recordings. As any in vitro preparation from a mammalian organism, the survival remains time-
limited. This limit might be due to the washout of the mucus, the section of OSNs'  axons as well as the absence of blood circulation within the
preparation.

The protocol presented here allows one to record membrane properties of olfactory sensory neurons. This technique can have multiple
applications such as analysis of membrane properties of OSNs, pharmacological investigations of OSNs, modulation of odorant coding
properties of OSNs, and deorphanization of ORs. The events recorded during calcium imaging are slow and long lasting. Patch-clamp recordings
in the present protocol lead to data about rapid events in olfactory transduction pathway at the membrane level.

The recordings presented here are performed in the patch-clamp configuration. In this configuration, the membrane properties of the recorded
cell can be analyzed, whether it is the olfactory transduction pathway machinery or the voltage gated currents involved. Experiments using this
protocol can provide data about the modulation of the odorant coding properties of OSNs. Pharmacological agents can be used to investigate
the olfactory transduction in different conditions: for example, MDL12330A, a blocker of adenylate cyclase III (ACIII)24,25 can be applied in the
perfusion solution to investigate the role of ACIII in an odorant response. Additionally, this protocol can be used to investigate how olfactory
coding properties are modulated in different conditions such as the olfactory environment18 or under the influence of hormones involved in
feeding behaviors26. Finally, this protocol can also lead to data about OR/ligand interaction and deciphering agonist/antagonist activities on
defined ORs or even in randomly chosen receptors27.

Finally, with the limitations due to the 7 barrel stimulating pipette, this protocol can be also be used for deorphanizing ORs. As mentioned earlier,
in this case, several odorant mixtures can be tested. Mixtures eliciting a response should then be divided into individual odorants tested on other
cells.

By targeting OSNs expressing defined ORs, this protocol provides powerful data about the ORs, ligands/ORs interactions, transduction pathway
properties and to compare properties of defined populations of OSNs in different conditions.
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