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SUMMARY: 
This article provides a streamlined protocol for the dissection and dissociation of murine olfactory epithelium for the purpose of single-nucleus RNA-sequencing.

ABSTRACT: 
The murine olfactory epithelium is the initial entry point of the olfactory system, housing various cell types that include olfactory sensory neurons, their regenerating progenitors, and support cells. Olfactory sensory neurons transduce chemical odorants into neural signals, yet the mechanisms underlying how these cells develop and turnover, create synapses with the olfactory bulb, and regulate their odorant receptors remain areas of intense study. Located on the dorsal aspect of the nasal cavity, the olfactory epithelium adheres to intricate bony structures known as turbinates. This anatomy poses unique challenges for its extraction and dissociation, especially in the context of preparing viable single-cell suspensions. Because single-cell suspension protocols often involve preparatory steps (e.g. papain dissociation, FACS) that can stress cell viability and/or delay library preparation, minimizing tissue extraction time is crucial. This manuscript presents a streamlined method for the rapid dissection of the olfactory epithelium and protocol for generating high-quality single-nucleus suspensions.

INTRODUCTION: 
The murine olfactory epithelium (OE) is an essential component of the olfactory system and is responsible for detecting and transducing odorant signals into the central nervous system. Its most superficial layer contains the odorant detecting cilia of the olfactory sensory neurons, covered in a layer of mucous and surrounded by the supporting sustentacular and microvillar cells1, 2. OSNs are bipolar, extending their cilia apically to form a lattice within the mucus layer and their axons basally through the bony cribriform plate to coalesce into glomeruli within the olfactory bulb. These glomeruli are the site of synapses between OSNs and downstream neurons. Underlying OSNs, neuronal progenitor cells called globose basal cells constantly replenish OSNs as they die3 following direct exposure to environmental insults like airborne toxins, pathogens, and physical trauma. Globose basal cells are derived from a reserve pool of multipotent horizontal basal cells4, 5, located most basally and adherent to the basal lamina of bony protrusions called nasal turbinates. The nasal turbinates are tortuous, rendering the OE difficult to separate and homogenize. Furthermore, the OE is surrounded by bones of the skull, making access to the area difficult and traditionally requiring a time-intensive procedure. Prior studies have relied on an extended papain incubation to release the olfactory epithelium from the bone6–10, which can further delay downstream processing of the single-cell suspension. Because shearing of OSN axons triggers apoptosis11, minimizing the amount of time from tissue extraction to cDNA library preparation is imperative. Furthermore, the architecture of the OE and its projections to the olfactory bulb complicate the extraction of intact cells for successful single-cell RNA sequencing. Fortunately, single-nucleus RNA sequencing (snRNA-seq) has emerged as a powerful tool for profiling cells while preserving cell type distribution, particularly in tissues where single-cell dissociation is difficult or impractical12, 13.

This protocol presents a streamlined method designed to overcome these challenges, enabling the rapid dissection of the murine olfactory epithelium and efficient extraction of isolated nuclei. This approach facilitates high-quality single-nucleus sequencing, providing a reliable technique for investigating the molecular underpinnings of olfactory biology.

[Place Figure 1 here]

PROTOCOL:

All mice used in this study were female C57BL/6J (JAX:000664) and were used in compliance with Baylor College of Medicine IACUC.

Method 1: Olfactory Epithelium Dissection
1.1 Begin by deeply anesthetizing the mouse, performing transcardial perfusion with at least 10 mL of ice-cold 1X PBS, and removing the skin to expose the skull (Figure 2A). NOTE: Removal of the head from the body is optional. If one decides to remove the head, it is recommended to remove the skin and other soft tissue around the skull prior to decapitation. 

1.2 Using a pair of fine scissors, make a shallow incision from orbit to orbit, along the most anterior aspect of the frontal bone. Incise only the dorsal surface of the frontal bone, being careful not to cut any underlying structures or bones that comprise the orbit (blue line in Figure 2B).
1.3 Make two incisions to break the arches from the squamosal bone bilaterally (green lines in Figure 2B).

1.4 Cut along the midline of the skull from the foramen magnum, through the sagittal and interfrontal sutures, until the interorbital incision made in the frontal bone is reached (red line in Figure 2B).

1.5 Insert a pair of forceps into the incision made along the midline of the skull and firmly pull one hemisphere of the cranial vault laterally. This action will also remove the bones of the orbit (frontal, maxillary, and lacrimal), exposing the lateral aspects of the OE (Figure 2D). Take care to not inadvertently damage the OE from this point forward.

1.6 Holding the nasal bone and incisor teeth, break away the contralateral cranial vault. Allow the brain (including the olfactory bulbs) to be removed with the hemisphere of bone as it is torn away (Figure 1E). The only visible bony structures that should remain after this step are the base of the skull and the bones surrounding the OE (Figure 2F). 

1.7 Use bone nippers to cut the zygomatic arch at the maxillary bone adjacent to the orbit and remove the posterior premaxillary bone using fine-tipped rongeurs. Take care to not damage the underlying exposed OE from this point forward. 

1.8 Separate the frontal bone from the cribriform plate by cutting along the frontonasal suture with bone nippers.

1.9 Lift the nasal bone off the cribriform plate, fully exposing the dorsal OE (Figure 2H). If residual premaxillary bone obscures the dorsal OE, remove it before proceeding (black circles in Figure 1I).

1.10 If necessary, use a pair of bone nippers or rongeurs to remove any remaining frontal bone and premaxillary (incisive) bone up to the base of the incisor teeth (Figure 2G).

1.11 Using fine-tipped forceps, gently secure the dorsal aspect of the nasal septum at its junction with the cribriform plate and pull posteriorly (Figure 2J-K). With minimal resistance, the main olfactory epithelium will break free as a wholly intact structure (Figure 2L).

1.12 Proceed immediately with OE dissociation, or snap freeze the tissue for later processing.

[Place Figure 2 here]

Method 2: Olfactory Epithelium Dissociation and Single-Nucleus Isolation
2.1 Place one C-tube and two 15 mL conical tubes, per sample, on ice.

2.2 Prepare lysis buffer by adding RNAse inhibitor (to a final concentration of 0.2 U/µL) to the pre-made nuclei extraction buffer.

2.3 Add 4 mL of 1% BSA to each 15 mL conical tube, vortex briefly, and discard excess. This coats each of the 15 mL conical tubes with BSA to minimize nuclei adhesion to the tube.

2.4 For whole OE, add 2 mL ice-cold lysis buffer to each C-tube.

2.5 Add OE samples to the C-tubes. Using #2 forceps, hold each sample over its respective C-tube and cut it into small pieces using a pair of fine tip scissors.

2.6 Place the C-tubes containing each sample upside-down onto automated tissue dissociator blocks. On the dissociator screen, the square corresponding to each block will change from Free to Selected.

2.7 Press the folder icon to cycle into the Miltenyi folder. Using the arrows, scroll to the 4C_nuclei_1 program (a preset program within the dissociator). Press OK to apply the program to each block, and then press Start to begin the cycle. Remove the C-tubes from the dissociator immediately after cycle completion. NOTE: it is important to remove the samples from the dissociator immediately after cycle completion. and proceed with the next steps of the protocol to avoid over-lysis of the nuclei.

2.8 With a pipette, aspirate the homogenized suspension from the C-tube and filter it through a 70 µm strainer into the first BSA-coated conical tube. Avoid aspirating the bone fragments that have accumulated at the bottom of the C-tube. 

2.9 Rinse the strainer with 1 mL of ice-cold 1X PBS to ensure complete filtration.

2.10 Centrifuge the filtered suspension at 500 × g for 5 minutes at 4 °C in a swinging-bucket centrifuge.

2.11 Gently aspirate and discard the supernatant, taking care to avoid disturbing the pellet. Completely resuspend the nuclei pellet in 1 mL of ice-cold 1X PBS by gentle pipetting.

2.12 Pass the resuspended nuclei through a 30 µm strainer into the second BSA-coated conical tube. The concentration of nuclei can be quantified using a hemocytometer or an automated cell counter.

2.13 Proceed immediately with the chosen downstream protocol (with or without FACS) to preserve sample integrity and prevent degradation. 

[Place Figure 3 here]


TABLE OF MATERIALS:

	Name of Material/ Equipment
	Company
	Catalog Number

	15mL Centrifuge Tube
	Celltreat
	cat# 229411

	Bone Nipper 
	Fine Science Tools
	cat# 16102-11

	Bonn Miniature Iris Scissors 
	Miltex 
	cat# 18-1392

	Bovine Serum Albumin Solution
	Sigma-Aldrich
	cat# A1595

	Dumont #2 Laminectomy Forceps 
	Fine Science Tools
	cat# 11223-20

	gentleMACS C tubes 
	Miltenyi Biotec
	cat# 130-093-237

	gentleMACS Octo Dissociator 
	Miltenyi Biotec
	cat# 130-096-427

	MACS SmartStrainers 30 um 
	Miltenyi Biotec
	cat# 130-098-458

	MACS SmartStrainers 70 um 
	Miltenyi Biotec
	cat# 130-098-462

	Micro Friedman-Pearson Rongeurs
	Fine Science Tools
	cat# 16220-14

	Nuclei Extraction Buffer 
	Miltenyi Biotec
	cat# 130-128-024

	Phosphate-Buffered Saline (PBS), 1X without calcium and magnesium, PH 7.4 ± 0.1
	Corning
	cat# 21-040-CV

	Protector RNAse Inhibitor 
	Millipore Sigma
	cat# 3335402001

	Sorvall Legend XTR Refrigerated Centrifuge
	Thermo Scientific
	cat# 50119927-5

	Attune CytPix Flow Cytometer
	Thermo Scientific
	Cat# A51845




REPRESENTATIVE RESULTS: 
The following representative data was generated using the techniques described in this manuscript. While flow cytometry is not essential following nuclei isolation, representative data was generated for those who plan to use it and for the purpose of displaying the quality of nuclei produced by the methods described in this manuscript. Shown are the gates to identify single nuclei (Figure 4A) and the amount of high-quality nuclei assessed by imaging flow cytometry (low eccentricity, high circularity) (Figure 4B). The majority of ‘all events’ were nuclei (53.69%) and the majority of imaged nuclei were of high-quality (53.89% high circularity). 
For data representing OE sequencing results, four individual OE samples were collected from wild-type female C57BL/6 mice under identical conditions and processed in the manner described14. Classical quality control assessment metrics of the dataset prior to any filtering are presented (Figure 5A-B) so that the reader may judge the quality of the sample preparation without bias. Apparent in this data is a standard proportion of total RNA counts to total genes expressed per nucleus. Furthermore, these results provide appropriate marker genes, cell type distribution, and the final UMAP from the dataset (Figure 5C-E). The dataset’s marker genes are consistent with many of the well-established marker genes for each cell type, and the cell type distribution is similar to those of prior mouse OE single-cell sequencing studies.

FIGURE AND TABLE LEGENDS: 
Figure 1. Anatomy of the relevant sutures and bones of C57BL/6 mouse skull, for reference when performing OE dissection. (A) Sutures of the skull color-coded. Sutures are color-coded on one side of the skull, while the other side is left unmarked for reference (left). Names of the sutures color-coded accordingly (right). (B) Bones of the skull color-coded. Bones are color-coded on one side of the skull, while the other side is left unmarked for reference (left). Names of the bones color-coded accordingly (right).

Figure 2. Technique for rapid dissection of the olfactory epithelium. (A) The mouse head following removal of the surrounding soft tissue. (B) Color-coded guides for cranial vault incisions. (C) Appearance following cranial vault incisions. (D) Removal of the first hemisphere of the cranial vault along with the portion of the orbit adjacent to the olfactory epithelium. (E) Removal of the contralateral portion of the cranial vault along with the brain. (F) The head following removal of the brain and cranial vault. (G) Removal of the anterior-most frontal bone and posterior premaxilla, following incision at the frontomaxillary suture. (H) Removal of the nasal bones. (I) Black circles highlight areas of residual premaxillary bone that can be optionally removed. (J) Placement of forceps for removal of intact olfactory epithelium. (K) Pull posteriorly to release the olfactory epithelium. (L) Total release of the olfactory epithelium. 

Figure 3. Olfactory epithelium dissociation and single-nucleus isolation workflow. Following dissection, the olfactory epithelium is mechanically and chemically dissociated. The lysate is then filtered through a 70 µm strainer, rinsed with 1X PBS, and centrifuged at 500 × g for 5 minutes. The pellet is resuspended in 1X PBS before being filtered through a 30 µm strainer. The resulting nuclei suspension is available for various downstream sequencing applications. Created in BioRender. Belfort, B. (2025) https://BioRender.com/5418352.

Figure 4. Representative flow cytometry following OE dissection and dissociation. (A) Gating for flow cytometry of all events, nuclei, and singlets. (B) Analysis of the quality of isolated single nuclei using flow cytometry imaging, showing the amount of highly eccentric (poor quality) and highly circular (high-quality) nuclei, as well as a representative image of a high-quality isolated nucleus.

Figure 5. Representative results from a single-nucleus RNA-sequencing experiment using the described techniques. (A) Scatter plot of detected genes vs. total counts per nucleus across four wild-type female C57BL/6 mice prior to QC filtering. (B) Violin plots showing total UMI counts, number of detected genes, and percentage of mitochondrial gene counts per sample prior to QC filtering. UMI = unique molecular identifier. (C) Dot plot representing the top cell type specific markers used for cluster annotation. (D) Total cell count per cell type. (E) UMAP projection of 20,081 nuclei across 18 distinct OE cell types. Panels C-E have been reprinted from previously published work14. 


DISCUSSION:
While a number of studies6–8, 10, 15, 16 have performed single-cell sequencing of the mouse OE, none offer a detailed dissection procedure optimized for consistent and expedient tissue collection, which is necessary given the OE’s fragility and encasement by various bones of the skull. Additionally, existing dissection guides17 are focused on preserving anatomical structure rather than speed, leading to potentially lengthy dissection times. Because expedient tissue preparation is essential to minimize RNA degradation and maximize the quality of prepared nuclei18, 19, an optimized protocol for the rapid dissection and homogenization of murine OE into a single-nucleus suspension for use in various downstream applications is warranted.

The procedure described here enables the consistent removal of an intact OE following intracardiac 1X PBS perfusion. This represents a notable improvement in speed compared to previous methods17 and is of particular importance given that OSNs begin to degenerate following axotomy2, which happens during brain removal.

Careful removal of the frontal, premaxillary, and nasal bones is crucial for consistent extraction of an intact OE. Additionally, during the final step of removing the OE with forceps, a portion of the nasal septum may occasionally remain attached. Given that the nasal septum contains a substantial number of respiratory epithelial cells20, its separation from the OE is recommended to minimize inclusion of non-olfactory cell types in subsequent analyses. Additionally, while this procedure is presented alongside a homogenization protocol, it can be modified for various immunohistochemical or imaging applications by additionally transcardial perfusion with 10 mL of 4% PFA in 1X PBS after initial 1X PBS perfusion, a fixation technique already commonly employed21.

Like the dissection protocol, the dissociation procedure is optimized for consistency and expedience. Therefore, mechanical dissociation with an automatic tissue dissociator (a popular technique for obtaining single-cell and single-nuclei suspensions in other murine tissue types22–26 was combined with enzymatic dissociation to maximize efficiency. Importantly, the 5-minute run-time of the 4C_nuclei_1 program is minimal compared to the 20-minute6–8, 40-minute9, and 90-minute10 papain and additional 1-hour collagenase/trypsin-EDTA16 dissociations previously described. Furthermore, the dissociation in ice-cooled C-tubes avoids high-temperatures that can induce stress responses and changes in gene expression, which may confound sequencing results20,24. Finally, because horizontal basal cells are adherent to the basal lamina of the nasal turbinates and sheltered under the superficial cell types of the olfactory epithelium4, chemical dissociation without mechanical dissociation may be unable to adequately release these cells.. Notably, the robust populations of horizontal and globose basal cells identified in a  recent study employing this protocol14 indicate its effectiveness in addressing this concern. OE tissue lining the nasal turbinates also motivates preference for the automatic tissue dissociator over Dounce homogenization, as the latter tends to compress the turbinates in the bottom of the homogenizer. This can trap portions of OE tissue between layers of flattened bone and jeopardize complete dissociation of the OE.
Conversely, over-lysis by enzymatic processes should similarly be avoided. To this end, reagents should be prepared day-of and stored on ice. If excessive digestion is encountered, minimize the time the OE spends in lysis buffer by reducing the time the tissue stands in lysis buffer prior to mechanical dissociation and by proceeding with initial straining, centrifugation, and resuspension in 1X PBS as quickly as possible. To minimize the likelihood of doublets, concentrated samples can be diluted in 1X PBS and the centrifugation speed and time can be modified as needed.
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