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SHORT ABSTRACT: 
This protocol combines in situ hybridization with immunofluorescence to identify olfactory and vomeronasal receptor genes expressed in olfactory sensory neurons after activation by chemical stimuli in the mouse.

LONG ABSTRACT: 
Animals rely on chemical communication to convey and perceive relevant environmental information, ranging from assessment of food quality to detection of available mating partners or threats. In mice, this task is executed primarily by the olfactory system and its underlying subsystems, including the main and accessory olfactory systems. Both have peripheral organs populated by sensory neurons expressing G-protein coupled receptors able to bind chemical cues that reach the nasal cavity. Even though the molecular characteristics of these receptors is well understood, little is known about their cognate specific ligands. The method described here combines in situ hybridization detection of olfactory or vomeronasal receptors with immunodetection of phosphorylated ribosomal protein S6 (pS6) – a marker of neuronal activation. This protocol was devised to identify neurons activated after a single event of exposure to purified or complex chemical stimuli detected by the olfactory organs. Importantly, this technique allows the investigation of neurons triggered in biologically relevant contexts. Ideally, this method should be used to probe the molecular biology of the olfactory system and to study olfactory behaviors.

INTRODUCTION: 
Chemosignaling is the most widespread form of communication in animals. In mammals, detection of chemical cues is mediated mainly through olfaction and is paramount for finding food, locating possible mating partners, and avoiding potential predators1–3. The mouse olfactory system is further divided into different subsystems, each with their own anatomical, physiological and molecular properties4. Among these, the main olfactory system (MOS) and accessory olfactory system (AOS) are the most widely studied and better characterized. 

The MOS is mostly responsible for the detection of volatile chemical molecules that reach the nasal cavity. This is accomplished by olfactory sensory neurons (OSNs), which populate the system’s sensory interface — the main olfactory epithelium (MOE). Each OSN expresses one out of thousands of olfactory receptors (ORs) in a monogenic and monoallelic fashion5. Furthermore, ORs tend to be broadly tuned6, and a single odorant may bind to more than one OR, generating a combinatorial code for odors7.
	
In turn, the AOS is mainly responsible for pheromone and kairomone detection. These ligands activate vomeronasal sensory neuros (VSNs) in the vomeronasal organ (VNO). VSNs in the apical zone of the VNO express receptors from the vomeronasal receptor 1 family (V1Rs)8, while neurons in the basal zone express the vomeronasal receptor 2 family (V2Rs)9. Importantly, it has been shown that some VSNs co-express more than one vomeronasal receptor10–12. 

Despite all available information on the molecular characteristics of ORs and VRs, knowledge on their cognate ligands is still very limited. The identification of specific olfactory neurons responsible for the detection of a molecule or complex stimulus is an important task for those investigating olfaction, olfactory-driven behaviors, and physiological responses. Several strategies have been attempted to deorphanize olfactory receptors, including calcium-imaging7, single-cell RNA sequencing13, 14, heterologous receptor expression15, and strategies based on immediate early genes (IEGs)16. More recently, some techniques have been employed to assess the modulatory effects of odorants in sensory neurons, using in vivo calcium imaging17, 18 and fluorescent-protein tagged single-cell RNA sequencing strategies19. Most of these techniques demand an artificial setup or are performed on dissociated neurons, making it impossible to simultaneously assess behaviors triggered by the odors used. 

The protocol described here allows the identification of sensory neurons activated after a single event of odor exposure, by combining riboprobes that detect specific ORs or VRs with the immunodetection of phosphorylated S6 ribosomal protein (pS6), a proxy for neuronal activation. This method is a reliable way to investigate the identity of sensory neurons activated by different chemosignals in a biologically relevant context.

PROTOCOL: 

Animal procedures were carried out in accordance with Animal Protocol #1883-1, approved by the University of Campinas (Institute of Biology’s Institutional Animal Care and Use Committee - Committee for Ethics in Animal Use in Research), which follows the guidelines established by the federal National Council for Animal Experimentation Control (CONCEA).

1.	Material preparation

1.1.	Prepare 1 L of 3% H2O2 (v/v) in 1x PBS. Dilute 100 mL 10&#215; PBS and 100 mL of 30% H2O2 in 500 mL of ultrapure water. Complete the volume with ultrapure water. Prepare this solution immediately before use. 

1.2.	Prepare a humidified chamber containing pieces of lint-free laboratory wipes wet with 5&#215; SSC solution.

1.3.	Prepare hybridization wash solutions: 5&#215; SSC (at 55 &#176;C), 2&#215; SSC (55 &#176;C), 0.2&#215; SSC (55 &#176;C) and 0.1&#215; SSC (55 &#176;C and room temperature). Dissolve the appropriate volumes of 20&#215; SSC stock solution in RNase-free ultrapure water. Prepare the diluted solutions fresh before the start of each experiment.

1.4.	Prepare immunohistochemistry blocking solution: 1&#215; PBS/1% BSA/0.1% Triton X-100. For 100 mL, dilute 10 mL of 10&#215; PBS, 10 mL of 10% BSA and 3.33 mL of 3% Triton X-100 in 70 mL of ultrapure water. Complete the volume with ultrapure water. Prepare the diluted solutions fresh before the start of each experiment.

1.5.	Prepare PTw solution: 1&#215; PBS/0.1% Tween-20. For 100 mL, dilute 1 mL of 10% Tween-20 and 10 mL of 10&#215; PBS in 70 mL of ultrapure water. Complete the volume with ultrapure water. Prepare this solution fresh before the start of each experiment.

1.6.	Prepare RNase-free 0.1 M triethanolamine solution. For 250 mL, dilute 3.33 mL of reagent-grade triethanolamine in 200 mL of RNase-free ultrapure water under agitation (use RNase-free glassware and magnetic stirrer when preparing this solution). Adjust pH to 8.0 with HCl. Complete the volume with RNase-free ultrapure water and store protected from light until use. Prepare this solution fresh before the start of each experiment.

1.7.	Prepare RNase-free 0.1% H2O2 (v/v) in 1&#215; PBS. For 1 L, dilute 100 mL of 10&#215; PBS and 3.3 mL of 30% H2O2 in 500 mL of RNase-free ultrapure water. Complete the volume with RNase-free ultrapure water. Prepare this solution immediately before use.

1.8.	Prepare RNase-free solutions of the following: 0.2 M HCl; 1 M Tris-HCl pH 8.0; 10 mg/mL yeast tRNA; 10% SDS; 10&#215; PBS; 100&#215; Denhardt’s solution; 20&#215; SSC; 50% dextran sulfate; 6 M HCl 

1.9.	Prepare RNase-free 4% paraformaldehyde fixative solution. For 100 mL, dissolve 4 g of paraformaldehyde in 80 mL of 1&#215; PBS. Adjust pH to 7.4 with 10 M NaOH. Complete the volume with 1&#215; PBS. This solution must be prepared fresh before the start of each experiment.

Caution: Paraformaldehyde is a hazardous substance that can potentially cause harm if inhaled. Prepare solution under a fume hood and wear protective gloves, mask, and safety goggles.

1.10.	Prepare RNase-free dissection solution: 30% sucrose/0.45 M EDTA pH 8.0/1&#215; PBS. For 100 mL, dissolve 30 g of sucrose in 60 mL of RNase-free 0.5 M EDTA pH 8.0. Add 10 mL of 10&#215; PBS. Complete the volume with RNase-free 0.5 M EDTA pH 8.0.

1.11.	Prepare RNase-free glass or plastic graduated cylinders and beakers. 

1.12.	Prepare RNase-free pre-hybridization and hybridization solutions: 50% deionized formamide (v/v)/600 mM NaCl/200 &#956;g/mL yeast tRNA/0.25% SDS (w/v)/10 mM Tris-HCl pH 8.0/1&#215; Denhardt’s solution/1 mM EDTA pH 8.0/10% dextran sulfate (w/v). For 10 mL in a graduated cylinder, add 5 mL of deionized formamide, 1.2 mL of 5 M NaCl, 200 &#956;L of 10 mg/mL yeast tRNA, 250 &#956;L of 10% SDS, 100 &#956;L of 1 M Tris-HCl pH 8.0, 200 &#956;L of 50&#215; Denhardt’s solution, 20 &#956;L of 500 mM EDTA pH 8.0, and 2 mL of 50% dextran sulfate (M.W. 500,000). Complete the volume with RNase-free ultrapure water. Prepare this solution fresh before the start of each experiment.

NOTE: Dextran sulfate is very viscous. It is advisable to prepare an extra 20% of the total volume of hybridization/pre-hybridization solutions to account for pipetting errors. Yeast tRNA may be omitted from the pre-hybridization solution, if desired.

1.13.	Prepare thermoplastic laboratory film coverslips. Cut rectangular thermoplastic laboratory film pieces 1-2 mm shorter than the length and width of a microscope slide.

1.14.	Prepare TN buffer: 100 mM Tris-HCl/150 mM NaCl. For 100 mL, dilute 10 mL of 1 M Tris-HCl pH 7.5 and 3 mL of 5 M NaCl in 70 mL of ultrapure water. Complete the volume with ultrapure water. Prepare this solution fresh before the start of each experiment.

1.15.	Prepare TNB blocking buffer: 0.5% blocking reagent A (w/v) in TN Buffer. For 200 mL, dissolve 1 g of blocking reagent A in 200 mL of TN Buffer (see Table of Materials for commercial source of blocking reagent A).

1.16.	Prepare TNT buffer: 0.05% Tween-20 in TN Buffer. For 1 L, dilute 5 mL of 10% Tween-20 in 950 mL of TN buffer. Slowly complete the volume with TN buffer to avoid foaming. Prepare this solution fresh before the start of each experiment.

1.17.	Prepare Tyramide-Alexa 488 working solution: 1&#215; amplification buffer A/0.0015% H2O2/1:100 tyramide-Alexa 488. For 100 &#956;L, dilute 1 &#956;L of 0.15% H2O2 and 1 &#956;L of tyramide-Alexa 488 in 98 &#956;L of amplification buffer A (see Table of Materials for commercial sources of tyramide-Alexa 488 and amplification buffer A). Prepare this solution immediately before use.

1.18.	Prepare Tyramide-Alexa 555 working solution: 1&#215; amplification buffer A/0.0015% H2O2/1:100 tyramide-Alexa 555. For 100 &#956;L, dilute 1 &#956;L of 0.15% H2O2 and 1 &#956;L of tyramide-Alexa 555 in 98 &#956;L of amplification buffer A (see Table of Materials for commercial sources of tyramide-Alexa 555 and amplification buffer A). Prepare this solution immediately before use.

1.19.	Prepare Tyramide-biotin working solution: 1&#215; amplification buffer B/0.0015% H2O2/1:50 tyramide-biotin. For 100 &#956;L, dilute 1 &#956;L of 0.15% H2O2 and 2 &#956;L of tyramide-biotin in 97 &#956;L of amplification buffer B (see Table of Materials for commercial sources of tyramide-biotin and amplification buffer B). Prepare this solution immediately before use.

1.20.	Bake glassware at 200 &#176;C for at least 4 h. Treat non-disposable plasticware (including slide racks, Coplin jars and syringes) with 3% H2O2 for 15-30 min, followed by thorough washing under RNase-free water. Treat stainless steel metal instruments, such as dissection tools, forceps, and cryostat specimen holders, with 3% H2O2 for 15 min, followed by thorough washing under RNase-free water. Clean bench surfaces, heated plate, and dry blocks with RNase cleaning solution.

2.	Riboprobe synthesis

NOTE: The following procedure to synthesize 1 kb digoxigenin-labeled cRNA probes for in situ hybridization via in vitro transcription is based on previously published protocols20–23.

2.1.	Use appropriate oligonucleotide primer pairs to amplify a 1 kb DNA fragment from the gene of interest (e.g., olfactory receptor gene). Select primer pairs that amplify a region present in the mature mRNA to be detected (for example, the gene’s coding sequence). A selection of primers for different olfactory receptors is provided in the Table of Materials. For details on probes to detect other vomeronasal olfactory receptors, please check previous publications16,21.

2.2.	Run the PCR products on an 0.8% agarose gel and remove the desired 1 kb band.

2.3.	Purify the DNA fragment using a suitable mini column-based gel purification kit according to manufacturer’s protocol.

2.4.	Quantify the purified DNA fragment and clone it into a suitable PCR cloning vector according to manufacturer’s protocol. It is advisable to use cloning vectors containing T7 and SP6 RNA polymerase promoters flanking the cloned amplicon.

2.5.	Transform the recombinant plasmid into competent recombination-free bacteria via chemical transformation or electroporation according to manufacturer’s protocol.

2.6.	Seed isolated transformant bacterial colonies into rich medium and isolate the plasmid via DNA mini-preparation according to manufacturer’s protocol.

2.7.	Perform restriction digestion analysis with suitable restriction enzymes and/or Sanger sequencing to check the identity and orientation of the inserted DNA fragment according to manufacturer’s protocol.

2.8.	Perform restriction digestion to linearize 10 &#956;g of the plasmid using an appropriate restriction enzyme. To produce an anti-sense riboprobe after in vitro transcription, use a restriction enzyme that digests the plasmid DNA at the extremity of the insert opposite to the RNA polymerase promoter located downstream to the gene’s coding sequence. To produce sense riboprobes after in vitro transcription, use a restriction enzyme that digests the plasmid DNA at the extremity of the insert opposite to the RNA polymerase promoter located upstream to the gene’s coding sequence.

2.9.	Run an aliquot of the plasmid linearization reaction product on a 0.8% agarose gel to confirm completeness of digestion. Once complete linearization is confirmed, purify the remainder of the reaction using a column-based PCR cleanup kit according to manufacturer’s protocol.

2.10.	Synthesize digoxigenin-labeled cRNA probes by in vitro transcription using 1-2 &#956;g of the linearized plasmid as a template, the appropriate enzyme (e.g., T7 or SP6 RNA polymerase), and a suitable digoxigenin (DIG) labeling kit. 

2.11.	Remove the DNA template from the reaction by digesting with DNase I at 37 &#176;C for 30 min.

2.12.	Purify the cRNA probes using either a mini column-based RNA purification kit or a gel filtration-based purification kit. Elute the resulting probe in 50 &#956;L of RNase-free water.

2.13.	Quantify the resulting riboprobe, preferably using fluorometric methods. Usually, the expected yield is above 100 ng/&#956;L.

2.14.	Run the riboprobe on an automated electrophoresis system or on an RNase-free 0.8% agarose gel to check for probe quality and degradation. 

2.15.	Store the synthesized probe at -80 &#176;C until needed.

3.	Exposure of mice to olfactory stimuli

3.1.	Individually house each animal in a clean cage for at least 24 h prior to exposure. Remove the food grid at least 2 h before exposure. All animals used in this study were 8-12 weeks old male C57BL/6 mice (average weight: 20 g).

3.2.	Prepare the appropriate olfactory stimulus. Different stimuli can be used to activate olfactory neurons in the MOE (main olfactory epithelium) or VNO (vomeronasal organ). For a comprehensive list of olfactory stimuli, please consult other publications3, 16, 22–24. Liquid stimuli, such as chemical solutions, urine, or recombinant protein solution, can be deposited on a medical gauze or cotton ball.

3.3.	Insert the olfactory stimulus into the cage and leave the animal undisturbed for 1 h.

3.4.	Euthanize the mouse subject and quickly dissect the MOE or VNO using RNase-free dissecting tools.

4.	Tissue dissection and freezing

4.1.	Dissect the MOE or VNO under a stereomicroscope using dissection solution.

4.1.1. For the VNO, remove the thick septal bones, leaving the softer cartilage shells surrounding the organ.

4.2.	Prepare specimen for cryo-sectioning.

4.2.1. Blot the specimen dry on a piece of blotting paper and place it inside a histological plastic mold containing embedding medium.

4.2.2. For VNO, arrange each organ vertically and pull it to the bottom of the plastic mold with the help of a 1 mL syringe (Figure 1A).

4.2.3. For MOE, place it at the bottom of the plastic mold with the cribriform plate facing down. 

4.2.4. Remove the excess of bubbles around the specimen since these can interfere with sectioning.

4.2.5. Freeze specimens on dry ice.

4.2.6. Store the specimen block at -80 &#176;C.

NOTE: Frozen specimens may be stored for several months before sectioning.

4.3.	Perform cryo-sectioning.

4.3.1. Turn the cryostat on and set the temperature to -23 &#176;C at least 4 h prior to use.

4.3.2. Remove the frozen block from the histological plastic mold and trim it with a razor blade. 

4.3.3. Leave 5 mm around the specimen, as this makes section handling easier (Figure 1B).

4.3.4. Use embedding medium to attach the block to the cryostat’s specimen holder.

4.3.5. Collect 16 &#956;m sections onto positively charged microscope slides.

4.3.6. Store the slides at -80 &#176;C.

NOTE: Slides may be stored at -80 &#176;C for several months before in situ hybridization.

5.	Step-by-step in situ hybridization protocol

5.1.	Dry the slides for 10 min using a hair dryer. Use the warm jet to defrost the slides, then switch to room-temperature jet until the embedding medium is opaque.

5.2.	Add 500 &#956;L per slide of RNase-free 4% paraformaldehyde fixative solution and incubate at 23-26 &#176;C for 15 min to fix the histological sections.

5.3.	Wash the slides twice in RNase-free 1&#215; PBS for 5 min each.

5.4.	Add 500 &#956;L per slide of RNase-free 0.2 M HCl and incubate at 23-26 &#176;C for 10 min.

5.5.	Wash the slides twice in RNase-free 1&#215; PBS for 5 min each.

5.6.	Add 500 &#956;L per slide of RNase-free 0.1% H2O2/1&#215; PBS and incubate for 30 min at 23-26 &#176;C. Perform this step in the dark to prevent light-induced degradation of hydrogen peroxide.

5.7.	Wash slides twice in RNase-free 1&#215; PBS for 5 min each.

5.8.	Perform acetylation by transferring slides to a jar containing 250 mL of RNase-free triethanolamine 0.1 M pH 8.0 and a magnetic stir bar, in a fume hood. Add 625 &#956;L of acetic anhydride under constant stirring. Turn stirring speed down, add another 625 &#956;L drop by drop onto the slides, then turn stirring off and incubate for 10 min.

5.9.	Wash slides twice in RNase-free 1&#215; PBS for 5 min each.

5.10.	Wash slides once in RNase-free 1&#215; PBS at 60 &#176;C for 5 min.

5.11.	Perform pre-hybridization by removing slides from 1&#215; PBS one at a time and blotting each of them dry using lint-free laboratory tissue paper. Pipet 400 &#956;L of pre-hybridization solution onto each slide and place it inside a humidified chamber pre-warmed at 60 &#176;C in a water bath or heated oven. Incubate at 60 &#176;C for 1 h.

5.12.	Heat up enough hybridization solution to 60 &#176;C, aliquot 200 &#956;L per slide in microfuge tubes, and heat them up to 85 &#176;C for 10 min. 

5.13.	Add the appropriate cRNA probe(s) to the hybridization solution tubes (1 &#956;g/mL each probe) and denature at 85 &#176;C for 5 min. 

5.14.	For hybridization, take one slide at a time from the humidified chamber, blot it dry and place it onto a 60 &#176;C heated plate. Add 200 &#956;L of riboprobe-containing hybridization solution and cover the slide with a glass coverslip. Incubate for 12-16 h in the humidified chamber at 60 &#176;C.

NOTE: Do not allow slides to cool down after pre-hybridization. Hybridization temperature must be empirically determined for each probe. Sixty degrees Celsius is suggested as a starting point, since it generally works well for 1 kb probes.

5.15.	Heat SSC wash solutions to 55 &#176;C in separate jars and place them in a water bath at the appropriate temperature.

5.16.	After hybridization is finished, remove the coverslip from each slide using a bath containing 5&#215; SSC solution at 55 &#176;C. Hold each slide horizontally inside the warm SSC solution. When the coverslip has detached, tilt the slide and let the coverslip fall down to the bottom.

5.17.	Wash with 2&#215; SSC at 55 &#176;C for 30 min in a slide jar.

5.18.	Wash with 0.2&#215; SSC at 55 &#176;C for 20 min in a slide jar.

5.19.	Wash with 0.1&#215; SSC at 55 &#176;C for 20 min in a slide jar.

5.20.	Transfer to 0.1&#215; SSC at 23-26 &#176;C and incubate for 3 min in a slide jar.

5.21.	Wash in PTw for 10 min in a slide jar.

5.22.	Wash twice in TN Buffer, for 5 min each, in a slide jar.

5.23.	Pipet 600 &#181;L of TNB blocking buffer onto each slide and incubate for 3 h at 23-26 &#176;C.

5.24.	Pipet 600 &#181;L of primary antibody solution (peroxidase-conjugated anti-DIG antibody diluted 1:400 in TNB solution) onto each slide. Carefully overlay a piece of thermoplastic laboratory film onto each slide and incubate for 12-16 h.

5.25.	Wash slides 6 times with TNT Buffer for 5 min each, under mild stirring in a slide jar.

5.26.	Pipet 100 &#181;L of tyramide-biotin working solution onto each slide. Cover with thermoplastic laboratory film coverslips and incubate for 12 min at 23-26 &#176;C.

NOTE: Perform this incubation step in a staggered fashion, with 2 or 3 slides per batch, to allow good control over incubation times. Duration of tyramide incubation may need to be optimized, depending on cRNA probe sensitivity and concentration.

5.27.	Wash slides 6 times with TNT Buffer for 5 min each, under mild stirring in a slide jar.

5.28.	Pipet 200 &#181;L of solution containing peroxidase-conjugated streptavidin (SA-HRP, diluted 1:100 in TNB buffer) onto each slide and cover with a thermoplastic laboratory film coverslip. Incubate at 23-26 &#176;C for 1 h.

5.29.	Wash slides 6 times with TNT Buffer for 5 min each, under mild stirring in a slide jar.

5.30.	Pipet 100 &#956;L of tyramide-Alexa 488 working solution onto each slide, cover with thermoplastic laboratory film coverslip and incubate at 23-26 &#176;C for 12 min in the dark. 

5.31.	Wash slides 6 times with TNT Buffer for 5 min each, under mild stirring in a slide jar.

5.32.	Incubate in 3% H2O2/1&#215; PBS in a slide jar for 1 h, to inactivate peroxidases from the previous steps.

5.33.	Wash slides 6 times with TNT Buffer for 5 min each, under mild stirring in a slide jar.

6.	pS6 immunostaining

6.1.	Pipet 500 &#956;L of 4% paraformaldehyde/1&#215; PBS solution onto each slide and incubate at 23-26 &#176;C for 15 min to fix sections.

6.2.	Pipet 500 &#956;L of 1&#215; PBS/0.1% Triton X-100 onto each slide and incubate for 5 min to permeabilize sections.

6.3.	Wash twice with 1&#215; PBS in a slide jar.

6.4.	Pipet 2-3 drops per section of commercially available tyramide signal amplification blocking solution B (Table of Materials) and incubate at 23-26 &#176;C for 1 h.

6.5.	Pipet 400 &#956;L of immunohistochemistry blocking solution onto each slide and incubate at 23-26 &#176;C for 30 min to block sections.

6.6.	Pipet 200 &#956;L of rabbit anti-pS6 primary antibody solution (diluted 1:200 in immunohistochemistry blocking solution; final concentration: 1 &#956;g/mL) onto each slide, cover with thermoplastic laboratory film coverslip, and incubate at 4 &#176;C for 12-16 h.

6.7.	Wash 3 times with 1&#215; PBS/0.1% Triton X-100, for 5 min each in a slide jar.

6.8.	Pipet 2-3 drops per slide of commercially available peroxidase-conjugated anti-rabbit secondary antibody solution (Table of Materials) and incubate at 23-26 &#176;C for 1.5 h.

6.9.	Wash 3 times with 1&#215; PBS/0.1% Triton X-100, for 5 min each in a slide jar.

6.10.	Blot slides dry and pipet 100 to 200 &#956;L of tyramide-Alexa 555 working solution onto each slide, overlay with a piece of thermoplastic laboratory film coverslip, and incubate for 7 min in the dark.

6.11.	Wash twice with 1&#215; PBS for 5 min each in a slide jar.

6.12.	Pipet 500 &#956;L of diluted nuclear stain (in 1&#215; PBS) onto each slide and incubate at 23-26 &#176;C for 30 min.

6.13.	Wash twice with 1&#215; PBS at 23-26 &#176;C for 5 min each in a slide jar.

6.14.	Mount slides with anti-fading mounting medium and let the mounting medium cure for 24h in the dark.

6.15.	Store slides at the appropriate temperature until imaging, to avoid fluorescence fading.

7.	Microscopy imaging

7.1.	Image slides using a epifluorescence or confocal microscope equipped with appropriate filters for the fluorophores used.

REPRESENTATIVE RESULTS: 
The current protocol aims at obtaining microscopy images in which the experimenter’s gene of interest and the neuronal activity marker pS6 are fluorescently labeled. The described method involves Tyramide Signal Amplification, which produces clear and strong labeling with little to no background. pS6 immunostaining appears as cytoplasmic fluorescent signal that usually fills the entire neuronal cell body, whereas in situ hybridization signal for olfactory receptor neurons shows as cytoplasmic staining. pS6 is a transient marker of olfactory neuron activation and therefore the associated immunostaining signal will appear stronger in cells that have been activated in the 1 h period preceding sensory organ fixation. Fluorescence crosstalk between staining for pS6 and receptors is not expected, provided the appropriate bandpass microscopy filters are used. 

Labeled sections can be used to evaluate co-localization between the two types of staining, allowing for the identification of genes expressed by the population of activated neurons under study. Figure 2A,B shows VNO images from a mouse exposed to cat odor, with co-localization of signals for V2R receptors in clade A4 and for pS6, indicating that neurons expressing those olfactory receptors are activated by the stimulus used. Conversely, when activated neurons do not express the olfactory receptors under scrutiny, no co-localization between signals is expected (Figure 2C,D).

Challenges inherent to this protocol include maintaining the integrity of cryostat sections, particularly because the olfactory organs are dissected without fixation. This may result in torn sections (Figure 3A) or partially deformed or curled sections during subsequent incubations (Figure 3B). Another potential problem is high fluorescence background staining, possibly derived from insufficient blocking or excessive signal development in amplification steps, in both pS6 immunohistochemistry (Figure 3C) or in situ hybridization steps (Figure 3D).

FIGURE AND TABLE LEGENDS: 
Figure 1. Schematic representation showing vertical placement of the VNOs inside the embedding medium to obtain transversal cryostat sections. (A) Use of a syringe to place the VNOs inside the histology mold, with the bone shell facing sideways. (B) Instructions for trimming the specimen block and attaching it to the cryostat holder (grey).

Figure 2. Representative images of dual in situ hybridization/pS6 immunohistochemistry staining of VNOs after mouse exposure to cat odors. (A) Microscopy image after in situ hybridization using riboprobes for V2R receptors in clade A4 (green fluorescence) and pS6 immunostaining (red). Middle panel: overlay of dual staining and nuclear counterstaining (blue). Arrowheads indicate co-localization of in situ hybridization and pS6 immunohistochemistry signals. (B) High magnification images from different VNO sections subjected to dual staining in A. (C) Microscopy image after in situ hybridization using probes for V2R receptors in clade A8 (green fluorescence) and pS6 immunohistochemistry (red). Middle panel: overlay of dual staining and nuclear counterstaining (blue). (D) High magnification images from different VNO sections subjected to the same dual staining as in C. Scale bars are 100 &#956;m.

Figure 3. Representative suboptimal results. (A) Damaged, teared VNO (arrow). (B) Curled VNO section (arrow). (C) High background in pS6 immunostaining signal. Arrow shows an example of border effect. (D) High background staining after riboprobe in situ detection. Arrowheads indicate true staining. Scale bars are 100 &#956;m.

Table 1. Troubleshooting table with the most frequent problems and proposed solutions. This table presents steps to troubleshoot the protocol, in cases where tears are found in sections or when there is difficulty sectioning. Other problems are also addressed, such as loss of sections during staining, low in situ hybridization signal, and high staining background.

DISCUSSION: 
The protocol described here reliably identifies sensory neurons activated by chemical cues in the olfactory system through a combination of in situ detection of OR or VR receptors with immunodetection of pS6, an indirect marker of neuronal activity. The experimenter must take extra caution to maintain histology integrity and perform all steps before hybridization under RNase-free conditions. Failure to do so may cause mRNA degradation and compromise riboprobe labeling. Care must be exercised during dissection of the olfactory organs, as unfixed tissue is particularly fragile and may be easily damaged.

In situ hybridization in this protocol involves two rounds of signal amplification, and it must be noted that fluorescence intensity may be affected by factors related to hybridization or signal development. For example, incubation temperatures and periods must be empirically optimized. Weak labeling may be due to low probe concentration, high hybridization temperature, or short tyramide labeling. Conversely, high background may be due to low hybridization temperature or over-development in tyramide incubation steps. These parameters must be adjusted to attain optimal signal-to-background ratio (see Table 1 for a thorough troubleshooting discussion). 

Similarly, pS6 immunodetection may lead to low fluorescence intensity or high background staining. These problems generally arise from inadequate duration of tyramide incubation steps, insufficient blocking, or inadequate quenching of endogenous peroxidases (Table 1).

Despite such methodological concerns, the procedure described here has important advantages. pS6 immunodetection is simpler and faster than double in situ hybridization with riboprobes designed to target popular IEGs, such as c-fos, Arc, and Egr-1. The method described here generally produces very clear labeling in olfactory sensory neurons23, 25, 26. Furthermore, the technique allows the identification of activated neurons in biologically relevant contexts (i.e., upon the detection of odors from a potential mating partner or from a predator), in experimental paradigms where behaviors can be simultaneously assessed and recorded. Other types of investigation aiming to detect olfactory neuron activation do not share this advantage, as they employ artificial settings in which the animal is head-fixed or euthanized prior to neural recordings or calcium imaging. The ability to identify neurons activated by specific chemical cues in freely moving mice is a powerful asset in several research areas, ranging from those studying the molecular biology of the olfactory system and chemical ecology to those interested in behavioral neuroscience and ethology. This protocol provides a reliable method for the investigation of chemodetection in these studies.
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