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SUMMARY:
This protocol describes an optimized method for dissociating healthy and diseased mouse vascular tissues. It produces high-viability single-cell suspensions with balanced recovery of vascular and immune populations for single-cell RNA sequencing, fluorescence-based sorting, and optional chromatin-accessibility or multiomic profiling.

ABSTRACT:
Vascular diseases, including atherosclerosis, aneurysm, and restenosis, involve complex yet carefully orchestrated cellular transitions occurring at the vessel wall. Across these conditions, perturbations in each of the major vascular and immune cell populations can influence disease burden and progression, often through non-cell-autonomous mechanisms. Defining the behavior, interactions, and state transitions of these cell populations is therefore essential for understanding disease mechanisms and developing targeted interventions. 

In the context of atherosclerosis, single-cell multiomic profiling has transformed our understanding of the disease by enabling the comprehensive characterization of cellular states and interactions at single-cell resolution. However, due to the highly fibrous and elastic nature of the arterial wall, commonly used cellular dissociation protocols often result in imbalanced isolation of different cell types. Differences in cell type proportions observed from vascular single-cell RNA-sequencing are frequently different from histological or spatial transcriptomic observations and may inadvertently miss important cell populations seen from these alternative methodologies. 

Here, we present an optimized vascular-targeted digestion protocol for single-cell isolation that has been readily adapted across different single-cell capture platforms, with high reproducibility, low noise across replicates, and balanced isolation of cell types that better reflect histological observations. In addition to reducing cell-type-specific isolation bias, this protocol generates high-quality single-cell RNA sequencing data with robust library complexity across all cell types, enabling the discovery of expression differences in lowly expressed transcription factors critical to understanding vascular biology.

INTRODUCTION:
Atherosclerosis is the quintessential complex human disease involving carefully orchestrated pathological interactions between multiple cell types. A pathological lesion typically contains endothelial cells, smooth muscle cells (SMCs), fibroblasts, macrophages, lymphocytes, and additional immune populations that weave between dense, fibrous, and/or calcified matrices. Perturbation in each of these populations alone has been demonstrated to alter plaque pathology, with many of these cell types undergoing dynamic transitions during lesion initiation, growth, remodeling, and calcification. Understanding the detailed biology of each of these cell types and their interactions is critical to combating this disease. While the advent of single-cell techniques enabled us to study the biology of this disease in unprecedented detail, understanding this complex yet critical biological process requires efficient and consistent isolation of each of these cell types that releases cells from both the luminal, medial, and adventitial compartments of the diseased vessel wall.

Mouse models are widely used to investigate these cellular and molecular mechanisms underlying vascular homeostasis, remodeling, and disease progression. However, standard soft-tissue dissociation methods are often poorly suited to murine atherosclerotic arteries. Mild enzymatic digestion can preferentially recover leukocytes and endothelial cells, while failing to release cells embedded within the medial layer, fibrous cap, and intimal plaque, where dense extracellular matrix and calcified or lipid-rich plaque material may trap cells during dissociation. Conversely, harsh enzymatic and/or mechanical digestion can reduce cell viability, increase ambient RNA, induce dissociation-related stress programs, and damage fragile cells. Purely mechanical dissociation applies uneven stress to elongated SMCs in the media, resulting in limited smooth muscle recovery. Through multiple iterations, we have optimized a consistent protocol that balances enzymatic digestion with controlled mechanical dissociation to improve vascular cell recovery while preserving cell quality. The protocol presented herein consistently yields 100,000–200,000 cells from a small combined segment of the aortic root and ascending aorta of a single mouse, with viability exceeding 95% and cell-type proportions consistent with those seen in spatial transcriptomic and histology. 

While the methodology presented here was first developed for atherosclerotic aortic root tissue from ApoE-/- mice, we have successfully applied this protocol to the descending thoracic and abdominal aorta from healthy mice and atherosclerotic mice, as well as angiotensin II-induced abdominal aortic aneurysm tissue, with comparable cell viability and recovery. The protocol has also been used in over a hundred single-cell captures spanning lineage-tracing studies, in vivo perturb-seq experiments, fluorescence-based enrichment strategies, and multiple single-cell capture workflows1–7. The main workflow generates a viable single-cell suspension for single-cell RNA sequencing (scRNA-seq) and related applications. The optional nuclei isolation module converts the resulting cell suspension into an intact nuclei preparation for chromatin accessibility profiling strategies, including single-cell ATAC sequencing (scATAC-seq) and multiomic workflows, enabling characterization of cell-type-specific regulatory landscapes and the integration of chromatin accessibility with gene expression.

PROTOCOL:
All animal procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of Stanford University (APLAC #10022 and #34388).

1. Preparation of reagents, equipment, and collection tubes

1.1. Chill phosphate buffered saline (PBS), Hanks' balanced salt solution (HBSS), fluorescence-activated cell sorting (FACS) tubes, and collection microcentrifuge tubes on ice.

1.2. Pre-cool the centrifuge to 4 °C. Use a swinging-bucket rotor when available.

1.3. Coat FACS collection 1.5 mL microcentrifuge tubes with bovine serum albumin (BSA) to reduce cell loss. Fill each tube with 10% BSA in PBS, remove the solution, allow residual liquid to drain to the bottom for several minutes, then remove the remaining liquid.

1.4. Thaw single-use aliquots of Liberase TM (thermolysin medium) immediately before use. Keep enzyme stocks and prepared buffers on ice while dissecting the tissue.

1.5. Prepare 1 mL of vascular digestion solution per sample, resulting in final working concentrations of 2 U/mL thermolysin medium and 2 U/mL elastase. For a 1 mL vascular digestion solution, combine: thermolysin medium (26 units/mL stock; 77 µL), elastase (125 units/mL stock; 16 µL), and HBSS (907 µL)

1.6. Mix the vascular digestion solution by gentle pipetting. Do not vortex.

2. Perfusion of the mouse and dissection of the vessel

2.1. Anesthetize the mouse by placing it in the induction chamber with isoflurane flow at 3% (1 L/min oxygen, 20 mmHg suction).

2.2. Confirm deep anesthesia by the absence of withdrawal response to toe pinch.

2.3. Place the mouse in the supine position on a dissection pad. Quickly position the nose cone over the mouse’s nose and redirect the isoflurane flow from the induction chamber to the nose cone. 

2.4. Secure the limbs to the dissection pad and spray the abdomen and thorax with 70% ethanol.

2.5. Using dissection scissors and blunt forceps, make a midline skin incision extending from the lower abdomen to the upper thorax.

2.6. Open the abdominal wall immediately below the rib cage. Carefully cut through the diaphragm and open the thoracic cavity to expose the heart and lungs.

2.7. (Optional) Collect blood via the left ventricle using a 25 G needle. Blood should be withdrawn slowly to prevent the heart from collapsing.

2.8. Insert a 25 G needle into the left ventricle and slowly inject 10 mL of PBS by gravity flow or a perfusion pump at low pressure. Immediately after initiating perfusion, make a small incision in the right atrial appendage to allow blood and PBS to drain from the circulation. Continue perfusion until the draining fluid runs clear and the liver appears blanched. 

NOTE: Place a small piece of lint-free absorbent tissue in the lower thoracic cavity, adjacent to but not contacting the heart or major vessels, to wick away the draining blood and PBS and minimize clot formation.

2.9. Open the ribcage and remove the lungs carefully to expose the descending aorta, vena cava, and esophagus.

2.10. Remove the vena cava and esophagus to improve access to the aorta.

2.11. Using a stereo microscope with an appropriate light source to visualize the tissues, carefully remove perivascular adipose tissue surrounding the heart, pulmonary artery, aortic root, and aortic arch. Avoid forceful stripping of the adventitia.

2.12. For aortic root/proximal aorta isolation, hold the heart gently with blunt forceps and cut below the aortic root to remove excess cardiac tissue.

2.13. Using micro or spring scissors, trim away the remaining cardiac muscle until only the pale aortic root region is visible.

2.14. Cut the proximal aorta at the desired anatomical landmark. For aortic root and ascending aorta preparations, cut through the aorta below the brachiocephalic artery.

2.15. Transfer the dissected vessel to cold PBS in a well on a 12-well dish or small culture dish.

2.16. Wash the tissue three times in cold PBS to remove residual blood and debris. If using a 12-well dish, transfer the tissue to a clean well with cold PBS three times.

2.17. Keep the tissue in PBS on ice while collecting additional samples. Minimize the time between dissection and digestion.

3. Digestion of the vascular tissue

3.1. Open the vessel longitudinally with fine dissection scissors. Remove any obvious nonvascular tissue and large fat deposits. Avoid forceful stripping of the adventitia, as it may contain lymphocytes, macrophages, endothelial cells, and fibroblasts. 

3.2. Transfer the opened tissue into 1 mL of cold digestion solution in a well on a 12-well dish or a cut round-bottom tube that allows direct access with fine scissors.

3.3. Transfer the sample to a 37 °C incubator and place on a nutating rocker or equivalent. Use approximately 30 min for less diseased or less calcified vessels, and approximately 45 min for heavily diseased or calcified atherosclerotic samples. See Table 1 for suggested digestion times.

NOTE: Use gentle motion during incubation to keep the tissue immersed and evenly exposed to the digestion solution.

3.4. Remove the sample briefly and gently pipette up and down once or twice to assess the extent of tissue digestion. If the tissue is not readily dissociating, return the sample to 37 °C for an additional 10–15 min. 

NOTE: Avoid repeated or prolonged digestion, which can increase cell death, reduce RNA quality, and increase ambient. 

3.5. Remove the sample from the incubator and mince the tissue with iris scissors until the fragments are small and evenly dispersed in the digestion solution. For standard aortic root preparations, mincing should last for 1–3 min.

3.6. To complete dissociation, pipette the sample up and down 20–30 times using a P1000 pipette.

3.7. Inspect a small aliquot under a microscope. Confirm that the suspension contains mostly single cells with minimal clumps.

4. Washing and filtering the single-cell suspension

4.1. Transfer the digested suspension to a 1.5 mL microcentrifuge tube.

4.2. Centrifuge the suspension at 500 × g for 5 min at 4 °C.

4.3. Remove the supernatant carefully without disturbing the pellet.

4.4. Confirm that the pellet remains at the bottom of the tube.

4.5. Resuspend the pellet in 200–400 µL of cold HBSS or another buffer compatible with the downstream platform (adjust volume as needed).

4.6. Immediately before FACS and/or staining, pass the suspension through a 35 µm strainer-cap FACS tube. If needed, briefly spin at <500 × g to ensure the liquid passes through the strainer-cap.

4.7. (Optional) Assess cell viability using a separate aliquot of cell suspension by adding Calcein AM to a final concentration of 0.5 µM and incubating for 10–15 min, protected from light.

4.8. Keep the filtered suspension on ice and proceed immediately to cell sorting.

5. Sorting cells

NOTE: Perform any required instrument quality-control procedure in advance, to minimize the time the cells remain waiting before sorting.

5.1. Display forward-scatter area (FSC-A) against side-scatter area (SSC-A) and define a broad cell gate that includes the expected vascular cell populations while excluding subcellular debris.

5.2. Exclude doublets and larger aggregates using sequential singlet gates. First, plot FSC height (FSC-H) against FSC area (FSC-A), and retain events with a proportional height-to-area relationship. When sufficient events are available, apply an additional singlet gate using SSC-H versus SSC-A.

5.3. If using a fluorescent lineage-tracing reporter, separate singlets into reporter-positive and reporter-negative populations. Define these gates using tissue from a reporter-negative animal. Use conservative gates that encompass clearly resolved positive and negative populations to minimize ambiguous assignments.

5.4. Collect each population into a BSA-coated tube containing a small volume of chilled HBSS. Position the collection tube so that sorted droplets contact the liquid.

5.5. Maintain the collection tubes at 4 °C during sorting and periodically inspect the collection tubes to confirm that the sample has not accumulated on the tube wall.

NOTE: When additional cell yield is required, equivalent cell populations from multiple mice may be pooled into the same collection tube. Pool only samples from mice belonging to the same experimental group and combine corresponding reporter-positive or reporter-negative fractions separately.

5.6. Keep the sorted cells on ice and proceed immediately to the downstream single-cell workflow. For scATAC-seq or multiome workflows requiring nuclei, proceed directly to the nuclei-isolation module.

6. Isolation of nuclei for single-cell ATAC-seq/Multiome

NOTE: The nuclei-isolation conditions described below were optimized and validated using the 10x Genomics Chromium Single Cell ATAC or Multiome platforms. These conditions have not been systematically validated with other single-cell ATAC-seq or multiomic platforms and may require platform-specific optimization. Perform all nuclei isolation steps on ice or at 4 °C unless otherwise specified.

6.1. Prepare nuclei isolation buffers.

6.1.1. Prepare wash buffer containing: 10 mM Tris, pH 7.4, 10 mM NaCl, 3 mM MgCl₂, 1% BSA, and 0.1% Tween-20.

NOTE: Wash buffer can be prepared ahead of time and stored at 4 °C. Add BSA before use.

6.1.2. Prepare 0.1× lysis buffer immediately before use. Combine 196 µL of wash buffer, 2 µL of digitonin, and 2 µL of NP-40. Dilute this mixture 1:10 by adding 200 µL of the mixture to 1,800 µL of wash buffer.

6.1.3. Prepare 1× diluted nuclei buffer according to the requirements of the selected scATAC-seq or Multiome platform.

6.2. Pellet and lyse cells.

6.2.1. Centrifuge sorted or unsorted cells at 500 × g for 10 min at 4 °C.

6.2.2. Remove the supernatant carefully using a P1000 pipette. Remove residual supernatant with a P100 or P10 pipette without disturbing the pellet.

6.2.3. Add 45 µL of cold 0.1× lysis buffer to the cell pellet and, using the same pipette tip, mix gently three times.

6.2.4. Incubate the sample on ice for 10 min. 

NOTE: Increase the lysis time cautiously up to 15 min if >10% intact cells remain after lysis.

6.2.5. Add 50 µL of chilled wash buffer without mixing.

6.2.6. Centrifuge the sample at 500 × g for 10 min at 4 °C.

6.2.7. Remove 95 µL of supernatant carefully with a P100 pipette.

6.3. Wash nuclei.

6.3.1. Add 45 µL of 1× diluted nuclei buffer without mixing.

6.3.2. Centrifuge the sample at 500 × g for 10 min at 4 °C.

6.3.3. Remove approximately 40 µL of supernatant with a P100 pipette.

6.3.4. Remove the remaining supernatant with a P10 pipette while leaving the nuclei pellet undisturbed.

6.3.5. Resuspend the nuclei in 10 µL of 1× diluted nuclei buffer.

6.3.6. Keep nuclei on ice.

6.4. Count nuclei and prepare for capture.

6.4.1. Mix nuclei buffer and Trypan blue 1:1 to make enough for 10 µL per sample.

6.4.2. Mix 1 µL of nuclei suspension with 9 µL of diluted Trypan blue.

6.4.3. Load the diluted nuclei onto a hemocytometer and count nuclei using a standard light microscope.

6.4.4. Confirm that nuclei are intact, single, and free of large debris.

6.4.5. Calculate the nuclei concentration accounting for the 10-fold dilution factor.

6.4.6. Dilute nuclei with 1× nuclei buffer if needed.

6.4.7. Aim to load approximately 10,000–15,000 nuclei per scATAC-seq capture or follow the loading recommendation for the selected platform.

NOTE: For common issues encountered during tissue dissociation, cell sorting, and nuclei isolation, refer to Table 2 for troubleshooting strategies.

REPRESENTATIVE RESULTS:
Successful dissection and dissociation of mouse vascular tissue using the protocol described here generates a high-quality cell suspension suitable for FACS and downstream single-cell applications. The complete workflow, from vascular tissue isolation and digestion through cell sorting and optional nuclei-isolation procedure, is summarized in Figure 1.

To demonstrate a representative sorting strategy, vascular SMCs were lineage traced using the SMC-specific Myh11-CreERT2 allele and a Cre-responsive tdTomato reporter on an ApoE-/- background. Mice were maintained on a high-fat diet for 16 weeks, as previously described1–4. Enzymatic digestion and mechanical dissociation of the aortic root produced a predominantly single-cell suspension, with some residual debris remaining before sorting (Figure 2). FACS further reduced debris and enriched for intact single cells suitable for downstream analysis.

Following exclusion of debris and cell aggregates, tdTomato-positive and tdTomato-negative populations were sorted for downstream single-cell sequencing (Figure 3). UMAP visualization of the resulting aortic root scRNA-seq dataset demonstrates recovery of the major cell populations and their relative abundance (Figure 4). 

To test if the cell-type composition recovered following enzymatic dissociation and sorting is reflective of that present within the intact vessel, cell population proportions were compared with 10x Genomics Xenium datasets from the mouse aortic root and descending aorta. Because Xenium profiling is performed directly in tissue sections without enzymatic dissociation, as such it provides a realistic comparison of vascular cell composition. The major vascular stromal and immune cell populations and their relative proportions were broadly comparable between the dissociated scRNA-seq preparation and the Xenium datasets, supporting effective recovery of the major cell populations using this protocol (Figure 4).

For scATAC-seq and Multiome applications, nuclei can be isolated from the sorted cell suspension using the optional nuclei-isolation procedure. Successful nuclei isolation results in intact, individual nuclei with minimal residual cellular material or large aggregates. These preparations can subsequently be counted and used for downstream single-cell chromatin accessibility or Multiome capture.

FIGURE AND TABLE LEGENDS:
Figure 1: Overview of the vascular tissue dissociation and single-cell preparation workflow. The protocol consists of five main steps: (1) preparation of buffers, collection tubes, and digestion solution; (2) PBS perfusion and isolation of vascular tissue; (3) enzymatic digestion and controlled mechanical dissociation; (4) centrifugation, resuspension, and filtration; (5) flow-cytometric gating and collection. The resulting high-quality single-cell suspension contains vascular SMCs, endothelial cells, fibroblasts, and immune populations and is suitable for scRNA-seq applications. An optional nuclei-isolation procedure can be used to generate nuclei for scATAC-seq and Multiome profiling.

Figure 2: Representative aortic dissection and post-digestion cell isolation. (A) Representative image of the exposed aorta prior to isolation of the aortic root and ascending aorta. (B) Dissected aortic root, ascending aorta, and aortic arch. Intended cut site in the ascending aorta indicated by the red dashed line. (C) Representative image of the cell suspension following enzymatic digestion and mechanical dissociation. Scale bars: 2 mm (A,B) and 100 µm (C).

Figure 3: Sorting strategy and representative post-sort cell populations. (A) Gating strategy for identification of cells, (B) singlet gating to exclude doublets and larger aggregates, and (C) optional separation of tdTomato-negative (tdT-Neg) and tdTomato-positive (tdT-Pos) populations for subsequent scRNA-seq. Representative images of sorted (D) tdT-Neg cells and (E) tdT-Pos cells. Scale bars: 100 µm (D,E).

Figure 4: Single-cell RNA-sequencing and Xenium spatial transcriptomic analysis of the aortic root and ascending aorta. (A) Single-cell library quality assessed by violin plots showing the percentage of mitochondrial genes relative to total genes per cell. (B) percentage of ribosomal genes relative to total genes per cell, and (C) library complexity, calculated as the logarithm of the number of genes detected per cell relative to the number of unique genes. (D) Single-cell library quality assessed by violin plots showing the total number of transcripts per cell for each library, (E) number of unique genes detected per cell for each library, and (F) number of unique genes detected per cell type. (G) UMAP visualization of major cell types identified by scRNA-seq and (H) the corresponding proportion of major cell types. (I) Xenium single-cell spatial RNA sequencing of the aortic root showing the spatial distribution of major cell types in situ and (J) the corresponding proportion of major cell types within the dotted boundary delineating the aortic root, excluding cardiomyocytes. The area marked by the dotted line indicates the aortic root region. (K) Xenium single-cell spatial RNA sequencing of the ascending aorta showing the spatial distribution of major cell types in situ and (L) the corresponding proportion of major cell types. Scale bars: 200 µm (I) and 100 µm (K).

Table 1: Recommended digestion times for murine vascular tissues. Suggested enzymatic digestion times for vascular tissues based on anatomical location and disease severity. Digestion time should be adjusted empirically according to tissue composition and the extent of vascular remodeling or calcification.

Table 2: Troubleshooting guide. Common problems encountered during the protocol, potential causes, and recommended actions.

DISCUSSION:
We present here our version of an optimized single-cell dissociation protocol for murine vascular tissue that we have utilized for over a hundred single-cell captures across different murine vascular disease models. The protocol was initially inspired by the poor isolation and capture of lineage-traced vascular SMCs using commonly utilized protocols despite multiple iterations. This was due, in part, to the fact that most commonly utilized murine aortic dissociation methods use combinations of collagenase I or XI and hyaluronidase and were initially developed or widely applied for flow-cytometric characterization of endothelial cells and myeloid cells embedded in the arteries8,9. Although these methods can recover multiple vascular cell types, efficient recovery of readily released leukocytes and endothelial cells does not ensure proportional isolation of SMCs, fibroblasts, and other stromal populations embedded within the dense medial and adventitial extracellular matrix. A distinguishing feature of the present method is the use of Liberase TM together with elastase, alongside gentle mechanical dissociation. Liberase TM contains purified collagenase I and II combined with an intermediate concentration of thermolysin, a neutral protease. Neutral proteases act synergistically with collagenases during tissue dissociation by degrading non-collagenous protein components of the extracellular matrix, which may facilitate the release of cells from fibrous vascular tissue. Elastase further supports the disruption of the elastic lamellae that are abundant in the arterial media. Together with controlled mechanical dissociation, this enzyme combination is intended to improve recovery of matrix-embedded vascular populations without requiring prolonged or highly aggressive digestion. The resultant single-cell suspension contains predominantly vascular SMCs in a healthy vessel, which is consistent with the histological evaluation. This protocol has been adapted by numerous collaborating vascular labs to improve mural cell isolation and consistency. 

Nonetheless, several factors should be considered when adapting this method to different vascular tissues and experimental settings. Digestion efficiency may vary with vessel size, anatomical location, as well as mouse age and disease severity. As such, the digestion time may require careful empirical adjustment. Moreover, no dissociation method can be assumed to reproduce the precise in situ abundance of every cell population, and cell-type recovery should ideally be evaluated against histology, spatial transcriptomics, or other tissue-based measurements. The protocol presented exposes vascular cells to enzymatic digestion at 37 °C, which may itself alter gene expression compared to nuclei isolation from flash-frozen tissue10. However, in internal comparisons, the resulting single-cell libraries are robust and of high complexity, enabling improved detection of subtle expression differences in low-abundance genes such as transcription factors. In well-controlled experiments performed by experienced operators, digestion-associated transcriptional changes generally did not dominate the biological signal. In our experience, the robust quality and depth of the single-cell transcriptomic data outweighed the potential effects introduced by enzymatic digestion.

Despite these limitations, this protocol provides a reproducible approach for obtaining high-viability cell suspensions containing immune, endothelial, and vascular stromal populations from healthy and diseased mouse arteries suitable for a broad range of downstream applications.
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