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SUMMARY: 
This protocol describes the generation and phenotypic characterization of a C57BL/6N-Cracdem1(c.538-83 to c.3352+255 del) mouse model using CRISPR/Cas9 technology to study the role of CRACD in cardiac remodeling following myocardial infarction. 

ABSTRACT: 
Myocardial infarction (MI) remains a major cause of morbidity and mortality worldwide. This protocol describes a method for generating and characterizing a Cracd-deficient mouse line on the C57BL/6N background using CRISPR/Cas9 technology. Zygotes were co-injected with Cas9 mRNA, a gRNA construct, and a donor template designed to generate a 3153-bp genomic deletion. The edited allele was confirmed by PCR genotyping and Sanger sequencing. To assess the functional role of CRACD in post-MI remodeling, Cracd-deficient and wild-type (WT, C57BL/6N) mice underwent MI induced by permanent ligation of the left anterior descending coronary artery. On postoperative day 7, cardiac function and left ventricular wall motion were assessed using transthoracic echocardiography and speckle-tracking strain imaging, followed by histopathological evaluation with H&E and Masson's trichrome staining. Representative results showed that Cracd-deficient mice exhibited reduced ventricular dilation and preserved systolic function compared to WT controls. This protocol provides a reliable experimental platform for mechanistic studies of CRACD in cardiac pathophysiology. 

[bookmark: OLE_LINK6]INTRODUCTION: 
Myocardial infarction (MI) remains a leading cause of morbidity and mortality worldwide, contributing to a significant burden on global cardiovascular health1. The long-term prognosis following MI is primarily determined by the process of left ventricular (LV) remodeling2, which involves ventricular dilation, wall thinning, and interstitial fibrosis3,4, which are key contributors to the progression to heart failure (HF). The global incidence of HF resulting from post-MI cardiac remodeling further exacerbates the burden of cardiovascular disease5. Despite these well‑established clinical observations, systematic studies that use sensitive, reproducible in vivo models to assess the role of specific genes in post‑MI remodeling are lacking. No protocol currently combines a CRISPR/Cas9‑engineered knockout model with advanced strain imaging to evaluate a cytoskeletal regulator like CRACD. Thus, a method enabling precise genetic manipulation and high‑resolution cardiac phenotyping is urgently needed.
[bookmark: OLE_LINK4]
[bookmark: OLE_LINK11]Capping protein inhibiting regulator of actin dynamics (CRACD), also known as KIAA1211, is a regulator of actin polymerization predominantly localized in the cytosol that plays a critical role in cytoskeletal dynamics6. It positively regulates actin polymerization by binding to actin-capping proteins (CAPZA1, CAPZA2, CAPZB) and preventing them from capping to the barbed ends of actin filaments7. In epithelial tissues, CRACD plays a critical role in maintaining cell morphology and signal transduction by preserving the integrity of the actin cytoskeleton8,9. In tumor cells, its dysregulation is associated with enhanced cell metastasis and proliferation6,10. The role of CRACD in the heart has not been fully understood. Cardiac transcriptome and experimental intervention studies show that Cracd gene expression responds to pathological stress and may regulate genes related to the cytoskeletal dynamics during ventricular remodeling9,11. Furthermore, its inhibiting protein CapZ has been closely linked to cardiac pathology: the phosphorylation of CapZ regulates the growth of myofibrils during hypertrophy induced by phenylephrine12. Our early research indicates that moderate downregulation of CRACD confers protection against myocardial damage and preserves myofilament contractility following acute ischemia13. These findings raise the possibility that CRACD plays a role in maladaptive ventricular remodeling after MI. However, systematic in vivo loss‑of‑function studies testing whether Cracd deficiency modulates post‑MI remodeling have been lacking, largely due to the absence of a validated step‑by‑step protocol for generating and phenotyping a Cracd‑deficient mouse under ischemic stress.

[bookmark: OLE_LINK23]Several approaches exist for generating constitutive knockout mice. Traditional homologous recombination in embryonic stem (ES) cells is precise but costly, time‑consuming (12–18 months), and limited to certain mouse strains14. ENU (N‑ethyl‑N‑nitrosourea) mutagenesis produces random point mutations requiring extensive backcrossing and sequencing15. In contrast, CRISPR/Cas9 offers distinct practical advantages for this study: (i) direct zygote injection shortens the timeline to 4–6 months; (ii) it allows deletion of a large genomic fragment (3153 bp) to ensure complete loss of function; (iii) it works directly on the C57BL/6N background without strain conversion; and (iv) it avoids a selectable marker, minimizing unintended transcriptional interference. Therefore, CRISPR/Cas9 is the most efficient choice for generating a Cracd‑deficient line suitable for routine cardiovascular phenotyping. This technology has been widely used for conducting precise in vivo loss-of-function studies16,17. 

[bookmark: OLE_LINK14]Speckle‑tracking strain imaging is a post‑processing technique that follows the movement of natural acoustic speckles within the myocardium frame by frame, allowing the calculation of myocardial deformation parameters such as strain (fractional change in length) and strain rate (rate of deformation)18. Unlike conventional M‑mode or two‑dimensional echocardiography, which provides global functional indices (ejection fraction, fractional shortening, left ventricular internal diameter) and is relatively insensitive to regional wall‑motion abnormalities, strain imaging can quantify segmental contractile function. This is particularly important in the early post‑infarction period, where compensatory hyperkinesis of non‑infarcted segments may preserve global ejection fraction despite significant regional dysfunction. Speckle‑tracking offers several advantages over standard endpoints: it yields segmental strain and strain rate, displacement, and velocity, thereby detecting subtle subclinical changes19; it can identify dyssynchrony and early contractile deficits before irreversible remodeling occurs; and it directly interrogates the subendocardium, the layer most vulnerable to ischemia20. In this study, CRACD is a cytoskeletal regulator that may influence myofiber contractility at the microscopic level. Conventional cavity‑based measurements could easily miss such local mechanical effects. Thus, integrating speckle‑tracking analysis into this protocol enhances the ability to detect early protective effects of Cracd deficiency. Accordingly, integrating speckle‑tracking into this protocol provides a sensitive and quantitative tool to evaluate post‑infarction remodeling, especially during the first week after MI when early dilation and contractile dysfunction emerge21,22. 

This protocol is designed for researchers investigating the functional impact of a specific gene deletion on acute (7‑day) post‑MI remodeling using a combination of constitutive knockout and high‑resolution imaging. It is appropriate for hypothesis‑generating studies where global loss of the target gene is acceptable and the main endpoint is early systolic function and structural changes. However, several limitations should be considered. First, the Cracd‑deficient mouse is a global knockout; therefore, observed cardioprotective effects cannot be exclusively attributed to loss of CRACD in cardiomyocytes, as systemic contributions may also play a role. Future studies using conditional knockout strategies will be needed to achieve cardiac‑specific deletion. Second, the protocol focuses on a single time point (day 7) and does not address chronic remodeling or HF progression. Longitudinal studies beyond the acute phase will be required. Third, speckle‑tracking analysis demands high‑quality images (clear endocardial borders) and dedicated software, which may not be available in all core facilities. Despite these limitations, the protocol provides a robust, reproducible platform for initial functional characterization of genes involved in post‑MI cardiac remodeling.

[bookmark: OLE_LINK5]This study aimed to utilize the CRISPR/Cas9 system to generate and validate a Cracd-deficient mouse model (C57BL/6N-Cracdem1 (c.538-83 to c.3352+255 del)) for investigating the impact of Cracd deficiency on post-MI cardiac remodeling and ventricular wall motion. MI was induced in both wild-type (WT, C57BL/6N) and Cracd-deficient mice, and comprehensive evaluations were performed one week after MI. Assessments included conventional echocardiographic parameters, speckle-tracking strain analysis, and histopathological evaluation. We specifically focused on the early post-MI phase (day 7) to capture initial remodeling events and to determine whether Cracd deficiency affects ventricular dilation and systolic function during the acute phase of MI. The findings are expected to provide valuable insights into the role of CRACD in modulating adverse cardiac remodeling after MI.

PROTOCOL: 
All animal experiments were approved by the Institutional Animal Care and Use Committee of the Guangdong Institute of Biotechnology (Approval No. IACUC2025179). The study utilized 20 SPF Cracd-deficient and 20 age- and weight-matched WT mice. All mice were 10–12 weeks old and weighed 20–25 g. All male animals were housed in an AAALAC-accredited facility (License No. SYXK (Yue) 2016-0122) at the Guangdong Institute of Biotechnology (Guangdong Laboratory Animals Monitoring Institute). The housing environment was maintained at 22–25 °C with 50–70% relative humidity under a 12 h light/12 h dark cycle.

1. Generation of Cracd-deficient mice using CRISPR/Cas9
1.1. Use CRISPR/Cas9 gene editing technology to generate Cracd-deficient mice on a C57BL/6N background. Delete the genomic sequence from c.538-83 to c.3352+255 (partial intron 5 to intron 6) of Cracd by homology-directed repair.

NOTE: The mouse Cracd gene (NCBI RefSeq: NM_001163793.1; Ensembl: ENSMUSG00000036377) is located on chromosome 5 and contains 9 exons, with the ATG start codon in exon 2 and the TAA stop codon in exon 9. 

1.2. Design the sequence of gRNA targeting vector and donor oligonucleotide (with targeting sequence flanked by 120 bp homologous sequences combined on both sides).

1.2.1. Log in to the NCBI website, select the Primer-BLAST function, and design PCR primers for genotyping.

1.2.2. Paste the NCBI reference sequence number of Cracd (NM_001163793.1) into the PCR template field, specify the exon range for amplification, and click “Get Primers” to retrieve multiple pairs of candidate primers for PCR-based detection of the deletion and wild-type alleles.

1.3. Design single-guide RNAs (gRNAs) to target sites flanking the intended deletion interval in the Cracd gene. 

1.3.1. Select four gRNA sequences (20 nt upstream of the PAM) using online CRISPR design tools. 

1.3.2. To minimize potential off-target effects, score the candidate gRNAs with CRISPRater and select the two optimal sequences (including the NGG PAM). 

NOTE: Example selected sequences: 
[bookmark: OLE_LINK7]gRNA-A1: CGGCGCTCTTAACATCCAGAGGG (score: 0.71)
gRNA-A2: CCCTTCAGTCTGGGTAGTAGAGG (score: 0.71)
[bookmark: OLE_LINK16][bookmark: OLE_LINK28]Accept gRNAs with a CRISPRater score ≥ 0.5. For in vitro validation, accept gRNAs with > 50% cleavage efficiency in a Cas9/gRNA target efficiency detection kit.

1.4. Design a single-stranded donor oligonucleotide to promote efficient joining of the intended breakpoints. Example donor sequence: TTAACCATCAACGGGCCGCTGCAAGGGCTGCTGTGTCTATA CTCAGGACCACCTGCCCTCTAGAGGCAGGAAGGTAGAGTTCCAAGCTCTGCTGTGCTAGGTTAAATGCAACTTAACATC.

1.5. Co-inject Cas9 mRNA, gRNA and donor oligonucleotide into fertilized eggs to generate Cracd-deficient mice. Prepare Cas9 mRNA and gRNA by in vitro transcription.

1.5.1. Preparation of gRNA. 

1.5.1.1. Transcribe gRNAs in vitro from DNA templates using the MEGAshortscript™ T7 transcription kit (see Table of Materials) following the manufacturer's protocol. 

1.5.1.2. Purify the transcribed gRNAs using an RNA purification kit (see Table of Materials) and elute them in RNase-free water.

1.5.1.3. Assess gRNA cleavage activity using an in vitro Cas9/gRNA target efficiency detection kit (see Table of Materials). 

1.5.1.4. Perform all RNA preparation steps on ice using RNase‑free consumables (pipette tips, tubes, water). Keep RNA samples on ice at all times to prevent degradation.

1.5.2. To perform the cleavage assay: mix the transcribed gRNA (25 ng/µL) with recombinant Cas9 protein (50 ng/µL) and a PCR-amplified DNA fragment containing the target sequence (50 ng).

1.5.2.1. Incubate the reaction at 37 °C for 30 min. 

1.5.2.2. Run the products on a 2% agarose gel to visualize uncleaved and cleaved bands. 

1.5.2.3. Calculate cleavage efficiency as the ratio of cleaved band intensity to total (cleaved + uncleaved) band intensity. 

1.5.2.4. Accept gRNAs with > 50% cleavage efficiency. 

1.5.3. Preparation of Cas9 mRNA. 

1.5.3.1.Thaw the reagents from the T7 ARCA mRNA Kit (see Table of Materials). 

1.5.3.2. At room temperature, combine 10 µL of 2× ARCA/NTP mix, 1 µL of template DNA, 2 µL of T7 RNA polymerase mix, and nuclease-free water to 20 µL. 

1.5.3.3. Mix thoroughly, pulse-spin in a microfuge (5 s at 5000 × g), and incubate at 37 °C for 30 min.

1.5.4. Remove the template DNA by adding 2 µL of DNase I (1 U/µL), mix well, and incubate at 37 °C for 15 min to obtain Cas9 mRNA. Optionally add 1 µL of RNase inhibitor (40 U/µL) (see Table of Materials) to the reaction to prevent RNA degradation.

1.5.4.1. Perform all steps on ice with RNase‑free consumables. Keep the Cas9 mRNA on ice until use.

1.5.5. Superovulate 4-week-old C57BL/6N female mice by intraperitoneal injection of 5 IU of pregnant mare serum gonadotropin (PMSG), followed 48 h later by 5 IU of human chorionic gonadotropin (hCG). 

CAUTION: PMSG and hCG are hormones that may cause skin sensitization. Wear gloves and dispose of needles in a sharps container.

[bookmark: OLE_LINK3]1.5.6. Approximately 14–18 h after hCG injection, euthanize the C57BL/6N female mice and one 8–12-week-old C57BL/6N male mouse by cervical dislocation. Collect oocytes from the oviducts of the females and sperm from the cauda epididymis of the male.

CAUTION: Euthanasia must be performed in accordance with institutional guidelines. Cervical dislocation should only be performed by trained personnel.

1.5.7. Capacitate the sperm in capacitation medium (see Table of Materials). 

1.5.7.1. Add a small volume of the sperm suspension to the oocytes for in vitro fertilization and co-culture for 3–4 h at 37 °C to obtain fertilized zygotes.

1.5.8. Dilute the transcribed gRNA and Cas9 mRNA with RNase-free water to working concentrations (typically 25 ng/µL for gRNA and 50 ng/µL for Cas9 mRNA) and donor oligonucleotide at 10 ng/µL. 

[bookmark: OLE_LINK9]1.5.8.1. Microinject 1–2 pL of the mixture into the cytoplasm of fertilized zygotes using a microinjection system (see Table of Materials). 

1.5.8.2. Identify healthy zygotes by the presence of two distinct pronuclei and an intact polar body under a stereomicroscope.

1.5.8.3. Transplant 300 healthy fertilized zygotes into the oviducts of pseudopregnant female mice that have been mated with vasectomized males. 

NOTE: This results in the generation of 2 positive founder mice (F0).

1.5.8.4. Use RNase‑free water and ice‑cold conditions during dilution to maintain RNA integrity.

1.5.9. Identify F0 mice by PCR genotyping of tail biopsies (see section 1.6). 

1.5.9.1. Breed F0 founders with WT mice to generate F1 heterozygous offspring, to obtain germline transmission of the deletion.

1.5.9.2. Intercross heterozygous F1 mice to produce F2 homozygous Cracd-deficient mice.

1.6. Genotype by Polymerase Chain Reaction (PCR)

[bookmark: OLE_LINK12][bookmark: OLE_LINK17]NOTE: The following protocol uses a commercial TIANamp Genomic DNA Kit (see Table of Materials). Buffer GL is the lysis buffer, Buffer GB is the binding buffer, and Buffer WA and Buffer WB are wash buffers.

1.6.1. Place approximately 2–5 mm of mouse tail tissue in a microcentrifuge tube containing 180 µL of Buffer GL, 20 µL of Proteinase K (20 mg/mL stock solution), and 10 µL of RNase A (10 mg/mL stock solution). 

1.6.1.1. Incubate the sample at 56 °C overnight to digest the tissue.

1.6.2. Centrifuge the tube at 13800 × g for 2 min at room temperature to pellet tissue debris and transfer the supernatant to a new tube.

1.6.3. Add 200 µL of Buffer GB and 200 µL of 100% ethanol to the supernatant, mix thoroughly, and apply the mixture to a spin column placed in a collection tube. 

1.6.3.1. Centrifuge at 13800 × g for 2 min at room temperature and discard the flow-through.

1.6.4. Add 500 µL of Buffer WA to the column, centrifuge at 13800 × g for 1 min at room temperature and discard the flow-through.

1.6.5. Carefully add 700 µL of Buffer WB (wash buffer containing ethanol, pre-mixed with 100% ethanol) to the spin column, centrifuge at 13800 × g for 1 min at room temperature and discard the flow-through. 

1.6.5.1. Apply Buffer WB to the inner wall of the column to wash residual salts.

1.6.6. Repeat step 1.6.5 once, then transfer the column into a new collection tube and centrifuge at 13800 × g for 2 min at room temperature to dry the membrane and remove residual ethanol.

1.6.7. Place the column into a new 1.5 mL microcentrifuge tube. Add 50–200 µL of sterilized water or elution buffer (preheated to 65 °C) to the center of the membrane, incubate for 5 min.

1.6.7.1. Centrifuge the column at 13800 × g for 2 min at room temperature to elute the DNA. 

1.6.7.2. To increase DNA yield, either reapply the flow-through to the membrane or add an additional 50–200 µL of sterilized water, incubate for 5 min.

1.6.7.3. Perform a final centrifugation at 13800 × g for 2 min. 

NOTE: Expect DNA yield of 50–200 ng/µL from tail tissue; A260/A280 ratio of 1.8–2.0 indicates pure DNA.

1.7. Genotyping by multiplex PCR using three primers in a single reaction.

[bookmark: OLE_LINK18]1.7.1. Design three primers to distinguish WT, heterozygous, and homozygous genotypes in one PCR reaction: Forward primer F1 (5’-CAGAAGTCATAGCAGCAAGGCAG-3’, binds upstream of the deletion), Forward primer F2 (5’-GAGGGAATTGAGAGGGAGCC-3’, binds within the deleted region, present only in the WT allele), and Reverse primer R1 (5’-GCCAATTTAGCTGCTTCAAATGTTC-3’, common reverse primer downstream of the deletion). 

NOTE: The targeted allele generates a 421 bp amplicon (F1 + R1) only when the deletion is present; the WT allele generates a 357 bp amplicon (F2 + R1) only when the intact allele is present. 

1.7.2. Set up the PCR reaction in a 25 µL total volume containing 50–100 ng genomic DNA, 0.2 µM of each primer (F1, F2, and R1), 200 µM dNTPs, 1.5 mM MgCl₂, and 1 U Taq DNA polymerase (see Table of Materials). 

1.7.3. Use the following thermocycling program: initial denaturation at 95 °C for 3 min; 35 cycles of denaturation at 95 °C for 15 s, annealing at 60°C for 15 s, and extension at 72 °C for 25 s; and a final extension at 72 °C for 5 min. 

1.7.3.1. Separate the PCR products by 1–2% agarose gel electrophoresis (120 V, 30 min) in 1× TAE buffer.

1.7.4. Genotype interpretation based on band pattern: WT shows only a 357 bp band (F2+R1); Heterozygous shows both 421 bp (F1+R1) and 357 bp (F2+R1) bands; Homozygous shows only a 421 bp band (F1+R1).

2. Myocardial infarction model establishment

2.1. Anesthetize the mice via inhalation of 3% isoflurane (delivered in 100% oxygen at 1 L/min), place them in a supine position on a surgical platform, and confirm deep anesthesia by the absence of pedal withdrawal reflex.

CAUTION: Isoflurane is a volatile anesthetic. Use only in a well-ventilated area or under a fume hood to avoid inhalation. 

2.2. Perform orotracheal intubation using a 20-gauge intravenous catheter sheath. 

2.2.1. Connect the tube to a mechanical ventilator upon successful intubation to maintain ventilation and anesthesia with 2% isoflurane. 

NOTE: Successful intubation is confirmed by visible chest movements synchronized with the ventilator.

2.3. Remove hair from the anterior chest with depilatory cream, disinfect the surgical area with 70% ethanol. 

2.3.1. After fully exposing the skin, make a 1–1.5 cm incision in the left chest wall between the 2nd and 3rd intercostal spaces to open the thoracic cavity. 

2.3.2. Incise the pericardium to fully expose the heart. 

CAUTION: Surgical procedures must be performed under sterile conditions. Use appropriate personal protective equipment (PPE), including gloves and a surgical mask.

2.4. Using the inferior border of the left auricle as a landmark, pass a 7–0 atraumatic suture needle beneath the left anterior descending coronary artery (LAD) approximately 2–3 mm distal to its origin.

[bookmark: OLE_LINK33]2.4.1. Pass the needle to a depth of approximately 0.5–1 mm and tighten the ligature slowly to avoid myocardial tearing. 

2.4.2. Confirm successful occlusion by observing pallor (whitening) of the left ventricular anterior wall distal to the ligation site within 30 s.

2.4.2.1. In sham-operated controls, open the chest and pass the suture beneath the coronary artery without tying the knot.

2.5. After establishing the model, sequentially suture the ribs (4-0 absorbable suture, simple interrupted pattern) and skin (4-0 absorbable suture, continuous pattern) to close the thoracic cavity. Remove the endotracheal tube once the mouse resumes stable spontaneous breathing.

2.6. Place mice on a heating pad (37 °C) until fully conscious. 

2.6.1. Administer postoperative analgesia (e.g., buprenorphine 0.05–0.1 mg/kg, subcutaneously, every 12 h for 48 h) according to institutional IACUC guidelines and closely monitor the postoperative health status for several days. 

NOTE: Monitor for signs of distress (hunched posture, ruffled fur, reduced mobility, weight loss > 20%).

2.7. Mortality and exclusion criteria. 

2.7.1. Record the number of mice that die within the first 7 days after MI surgery. 

[bookmark: OLE_LINK24]Note: In a typical cohort, expect a mortality rate of approximately 10–20% by postoperative day 7, with no significant difference between WT and Cracd‑deficient mice. Common causes of death include extensive infarction leading to acute heart failure, surgical bleeding, or pneumothorax. Exclude any mouse with persistent arrhythmia (heart rate < 350 bpm) or signs of severe distress (e.g., hunched posture, ruffled fur, weight loss > 20%) from subsequent echocardiographic and histological analyses. For sham‑operated mice, mortality should be < 5%.

3. Echocardiographic assessment

3.1. Animal Preparation and Anesthesia

3.1.1. Power on the high-resolution small animal ultrasound imaging system (see Table of Materials) and its integrated heated stage. 

3.1.1.1. Ensure that the appropriate high-frequency transducer is securely connected to the mounting apparatus following the manufacturer’s instructions. Set the temperature of the heated stage to 37 °C and allow it to stabilize. 

3.1.2. Place mice in an induction chamber and anesthetize them with 3% isoflurane in oxygen (1–2 L/min) until the pedal withdrawal reflex is absent. Transfer anesthetized mice to the heated platform in a supine position. 

3.1.2.1. Maintain anesthesia with 1–1.5% isoflurane delivered via a nose cone, adjusting to maintain heart rate between 450–550 beats per min. 

3.1.3. Apply ophthalmic ointment to both eyes to prevent corneal drying. 

3.1.3.1. Shave the thoracic region, evenly apply depilatory cream for no longer than 3 min, then remove the depilatory cream thoroughly with wet gauze. 

3.1.3.2. Rinse the skin gently with warm saline if necessary and dry the area. Attach surface ECG electrodes to the limbs using electrode gel at the contact sites and secure them with tape. 

NOTE: Confirm stable ECG and heart rate within 450–550 bpm before proceeding to ultrasound imaging.

3.2. Conventional Echocardiography Image Acquisition

3.2.1. Position the mouse in a horizontal, supine posture on the heated stage, with a slight leftward tilt if needed to optimize cardiac imaging.

3.2.1.1. Apply a generous amount of pre-warmed ultrasound coupling gel to the hairless left precordial region, avoiding air bubbles. 

3.2.1.2. Place the transducer gently on the chest wall at the left parasternal position. Adjust its orientation so that the index mark points toward the mouse’s right shoulder and fine-tune the angle and pressure to optimize image quality.

3.2.2. Switch to B-mode (two-dimensional) imaging, adjust depth, focus zone, and frame rate to obtain a clear parasternal long-axis view of the left ventricle. Acceptable image quality requires clear visualization of the endocardial border with no dropouts.

3.2.3. Once the heart rate stabilizes (450–550 bpm), acquire three separate parasternal long-axis B-mode cine loops, each containing at least 3–5 consecutive cardiac cycles. 

3.2.3.1. Save each loop by pressing “Cine Store”, and store representative still frames using “Frame Store”. 

3.2.4. From the long‑axis view, rotate the transducer 90° clockwise to obtain a short‑axis view at the mid‑papillary level. 

3.2.4.1. Acquire three separate short‑axis B‑mode cine loops (each with ≥ 3–5 cycles). 

3.2.4.2. Activate M‑mode, position the cursor perpendicular to the interventricular septum and posterior wall, and record three separate M‑mode tracings.  

NOTE: Acceptable M‑mode tracings require clear endocardial borders throughout the cardiac cycle.

[bookmark: OLE_LINK26]3.2.5. Use the VevoLab 3.2.0 software (see Table of Materials) to measure the following parameters from M‑mode tracings according to the American Society of Echocardiography leading‑edge method: interventricular septum thickness at diastole and systole (IVSd, IVSs), left ventricular internal diameter at diastole and systole (LVIDd, LVIDs), and left ventricular posterior wall thickness at diastole and systole (LVPWd, LVPWs). 

[bookmark: OLE_LINK27]3.2.5.1. Calculate left ventricular ejection fraction (EF) and fractional shortening (FS) using the Teichholz formula: EF (%) = [(LV Vold - LV Vols) / LV Vold] × 100, LV Vold = ((7 / (2.4 + LVIDd)) × LVIDd3), LV Vol;s = ((7 / (2.4 + LVIDs)) × LVIDs3), FS (%) = [(LVIDd – LVIDs) / LVIDd] × 100.

NOTE: For each mouse, measurements were averaged from three consecutive cardiac cycles per M‑mode recording, and the average was taken across three separate recordings, resulting in a total of 9 measurements per parameter per mouse.

3.3 Speckle-Tracking Strain Analysis 

3.3.1. Perform speckle-tracking analysis using the dedicated analysis software (VevoStrain module within VevoLab 3.2.0). 

[bookmark: OLE_LINK25]3.3.1.1. Open a clear parasternal long-axis B-mode cine loop, select "Vevo Strain" to enter the strain analysis mode, retain only complete cardiac cycles, and choose "Long Axis".

3.3.2. Manually trace the endocardial border at the end‑diastolic frame. After the endocardial border is drawn, the software automatically generates an epicardial border (adjust as needed). Then start the strain analysis and activate the "toggle contour/vector/orbit line/B mode" function to visualize the motion trajectory.

3.3.3. Assess tracking quality via the colour‑coded mesh: it should appear green, closely follow the endocardial and epicardial borders without jerking, and move synchronously with myocardial contraction/relaxation. If not, manually refine the borders and re‑analyze.

3.3.4. Activate "Time‑to‑peak analysis" to divide the left ventricle into six segments (basal anterior, mid anterior, apical anterior, apical posterior, mid posterior, basal posterior), with each colour representing an individual segment. Once satisfactory tracking is achieved, export data for wall motion parameters: velocity (cm/s), displacement (cm), strain (%), strain rate (1/s) for both longitudinal and radial.

NOTE: If tracking quality remains poor after three acquisition attempts (e.g., erratic strain curves, or inability to visualise clear motion trajectories), exclude the mouse from strain analysis. 

4. Histopathological analysis

4.1 After echocardiography, administer a lethal dose of isoflurane to deeply anesthetized mice and apply a secondary physical method (e.g., cervical dislocation) according to institutional guidelines. 

4.1.1. Open the thoracic cavity, rapidly harvest the hearts and rinse the hearts gently in cold phosphate-buffered saline (PBS).

CAUTION: Euthanasia must be performed according to institutionally approved protocols.  

4.2. Trim the hearts, remove the great vessels and cut transversely from apex to base into 2–3 slices (approximately 2–3 mm thick).

4.2.1. Immerse the tissue slices in 4% paraformaldehyde in PBS and fix them at 4 °C for 12–24 h. 

NOTE: Use a volume ratio of fixative to tissue of at least 10:1.

CAUTION: Paraformaldehyde is toxic and a suspected carcinogen. Handle in a fume hood and wear appropriate PPE (gloves, lab coat, safety goggles). Dispose of paraformaldehyde waste as hazardous chemical waste according to institutional guidelines.

4.3. Dehydrate tissue through a graded ethanol series (50%, 70%, 80%, 95%, 100% ethanol, each for 1 h), clear them in xylene (2 changes, 30 min each), embed them in paraffin, and section them at 4–5 µm thickness using a microtome. 

NOTE: Sections should be free of folds and tears. 

CAUTION: Xylene is flammable and toxic. Use only in a fume hood and avoid skin contact. Collect xylene waste in a designated container and dispose of as hazardous chemical waste.

4.4 Deparaffinize the sections in xylene (2 changes, 5–10 min each), rehydrate them through descending ethanol series (100%, 95%, 80%, 70%, each for 3 min) to water.

[bookmark: OLE_LINK13]4.4.1. Stain them using standard Hematoxylin and Eosin (H&E) (see Table of Materials) and Masson’s trichrome protocols (see Table of Materials). 
  
CAUTION: Xylene is toxic. Use only in a fume hood and avoid skin contact. Dispose of xylene waste as hazardous material.

[bookmark: OLE_LINK21]4.5. Examine the stained sections under a light microscope (see Table of Materials). 

4.5.1. For quantitative analysis, capture digital images at 4×, 20×, and 40× magnification using a digital camera attached to the microscope. Measure infarct size and fibrotic area using ImageJ. 

NOTE: Infarct size (%) = (infarct area / total LV area) × 100; collagen content (%) = (blue-stained area / total myocardial area) × 100.

[bookmark: OLE_LINK29]REPRESENTATIVE RESULTS: 
[bookmark: OLE_LINK1][bookmark: _Hlk218293393]Generation of Cracd-deficient mice
[bookmark: OLE_LINK30]A heritable mouse model carrying a targeted deficiency in the Cracd gene was generated using CRISPR/Cas9-mediated genome editing (Figure 1A, Figure 1B). To distinguish WT, heterozygous, and homozygous genotypes, a multiplex PCR was performed using three primers (F1, F2, R1) in a single reaction. Mice homozygous for the deletion (Cracd‑deficient) displayed only the 421 bp band, WT mice showed only the 357 bp band (Figure 1C). Sanger sequencing of genomic DNA from Cracd-deficient mice confirmed the predicted deletion in the target gene compared to WT controls (Figure 1D). Western blot analysis further demonstrated a marked reduction in CRACD protein levels in cardiac tissues from Cracd-deficient mice compared with WT controls (Figure 1E). Together, these data confirm the successful establishment of the Cracd-deficient mouse line.

Echocardiography
Echocardiographic assessment on postoperative day 7 revealed pronounced pathological cardiac remodeling in WT mice after MI (WT-MI) compared with sham-operated controls (Figure 2A). The WT-MI group showed thinning of the interventricular septum (Figure 2B, C), significant left ventricular (LV) dilation as reflected by increased LVIDd (Figure 2D) and LVIDs (Figure 2E), and thinning of the posterior wall (Figure 2F, G). These structural alterations were associated with a pronounced decline in global systolic function, as demonstrated by significantly reduced EF (Figure 2H) and FS (Figure 2I). In contrast, Cracd-deficient mice displayed a cardioprotective phenotype following MI. LV dilation was significantly attenuated, with notably smaller LVIDd and LVIDs compared with the WT-MI group. Furthermore, these mice exhibited improved systolic thickening of the posterior wall and maintained significantly higher EF and FS values. These findings indicate that Cracd deficiency effectively attenuates post-infarction LV dilation and preserves global systolic function.

Speckle-tracking strain analysis
Left ventricular myocardial motion and deformation were further evaluated by speckle‑tracking echocardiography using only parasternal long‑axis views (Figure 3A). To ensure data reliability, we defined pragmatic criteria for acceptable output based on the capabilities of the VevoStrain software. Acceptable strain analysis required: (i) a clear parasternal long‑axis view with endocardial borders visible throughout the cardiac cycle; (ii) a stable heart rate between 450–550 bpm during acquisition; (iii) after automatic tracking, the colour‑coded mesh (activated via “toggle contour/vector/orbit line/B mode”) had to closely follow the endocardial and epicardial borders without jerking or losing contact; and (iv) strain curves had to be smooth, show consistent waveforms across segments, and lack sudden spikes or arrhythmic interruptions. Suboptimal output—most commonly erratic strain curves or inability to visualise clear motion trajectories—led to manual adjustment of endocardial or epicardial contours and re‑analysis. If quality remained poor after three attempts, the mouse was excluded. Using these criteria, we obtained reliable strain data in WT‑MI mice and Cracd‑deficient MI mice.

[bookmark: OLE_LINK31]Compared with the sham group, WT-MI mice exhibited significantly reduced radial velocity (Figure 3B) and longitudinal velocity (Figure 3C), as well as radial displacement (Figure 3D) and longitudinal displacement (Figure 3E), indicating impaired global myocardial motion. The absolute values of radial strain (Figure 3F), radial strain rate (Figure 3G), longitudinal strain (Figure 3H), and longitudinal strain rate (Figure 3I) were also markedly decreased, reflecting severely compromised regional myocardial deformation and function. In contrast, Cracd-deficient mice showed significant improvement in these parameters. Compared with the WT-MI group, they displayed better recovery of radial and longitudinal displacements. Furthermore, radial velocity, radial strain, and radial strain rate were maintained at higher levels, while longitudinal strain and longitudinal strain rate were significantly improved. These results suggest that Cracd deficiency not only preserves global systolic function but also enhances regional LV myocardial deformation after MI. 

The speckle‑tracking imaging analysis also included visualization of segmental strain distribution and cardiac motion trajectories. Parasternal long‑axis B‑mode images with segmented six regions (BA, MA, AA, AP, MP, BP) and color gradient mapping are displayed in Figure 4A. Cardiac motion trajectories, time‑to‑peak curves for radial and longitudinal strain, parametric distribution maps of strain synchrony, and three‑dimensional reconstructions are presented in Figure 4B. These data further support the functional improvements observed in Cracd‑deficient mice.

Histological examination
To assess the protective effect of Cracd deficiency against MI, histopathological examination was performed on heart sections from WT and Cracd-deficient mice at 7 days post-MI using H&E and Masson's trichrome staining. Whole‑heart longitudinal sections are shown in Figure 5A, with quantitative analysis of infarct size and collagen content presented in Figure 5B and Figure 5C, respectively. High‑magnification views of the infarct zone, border zone, and remote zone are displayed in Figure 5D. In WT-MI hearts, H&E staining showed pronounced left ventricular wall thinning and a well-demarcated infarct zone. Within the infarct region, extensive inflammatory cell infiltration, myocardial necrosis, and marked fibrosis with scar formation were observed. In the border zone, inflammatory infiltration, myocardial necrosis, fibrosis and cardiomyocyte hypertrophy were evident, while the remote zone displayed prominent hypertrophic changes. Corresponding Masson's trichrome staining further demonstrated extensive interstitial fibrosis within both the infarct and border zones of WT hearts following MI. In contrast, Cracd-deficient mice exhibited substantially attenuated pathological alterations, including reduced wall thinning, diminished inflammatory infiltration and myocardial necrosis, less pronounced cardiomyocyte hypertrophy, and markedly decreased interstitial fibrosis compared with WT-MI hearts. These histological findings indicate that Cracd deficiency mitigates post-infarction myocardial damage and adverse remodeling.

Successful protocol execution should yield: (i) a well‑demarcated infarct zone with extensive collagen deposition in WT-MI hearts; (ii) clear cellular morphology without staining artifacts; and (iii) significantly attenuated pathology in Cracd‑deficient MI hearts. Although infarct size may vary with ligation precision, the genotype‑dependent difference is a reliable indicator of successful performance.

FIGURE AND TABLE LEGENDS:

[bookmark: OLE_LINK19]Figure 1: Generation of Cracd-deficient mice. (A) Construction of Cracd-deficient mice. (B) Schematic of the Cracd gene modification strategy. (C) PCR genotyping of tail genomic DNA. WT mice show a single 357 bp band, while homozygous (Cracd‑deficient) mice show a single 421 bp band. (D) Sanger sequencing of genomic DNA confirmed the predicted deletion in the Cracd locus of deficient mice compared to WT controls. (E) Western blot analysis showed significantly reduced CRACD protein levels in the hearts of Cracd-deficient mice compared to WT controls. n = 6 mice per group. Data are presented as mean ± SEM. Statistical significance was calculated with a two-tailed unpaired Student's t-test.

Figure 2: Echocardiographic assessment of cardiac function. (A) Representative B-mode and M-mode echocardiographic images of mouse hearts at diastole and systole. Quantitative analysis of (B) interventricular septum thickness at diastole (IVSd) and (C) systole (IVSs), (D) left ventricular internal diameter at diastole (LVIDd) and (E) systole (LVIDs), (F) left ventricular posterior wall thickness at diastole (LVPWd) and (G) systole (LVPWs), (H) ejection fraction (EF), and (I) fractional shortening (FS). n = 10 mice per group. Data are presented as mean ± SEM. Statistical significance was determined by one-way ANOVA followed by Tukey's multiple comparisons test.

Figure 3: Speckle-tracking strain analysis. (A) Representative images of left ventricular wall motion and deformation at diastole and systole. Quantitative analyses of the following parameters: (B) radial velocity, (C) longitudinal velocity, (D) radial displacement, (E) longitudinal displacement, (F) radial strain, (G) radial strain rate, (H) longitudinal strain, and (I) longitudinal strain rate. n = 10 mice per group. Data are presented as mean ± SEM. Statistical significance was determined by one-way ANOVA followed by Tukey's multiple comparisons test.

Figure 4: Speckle-tracking imaging in WT-Sham, WT-MI, Cracd-deficient Sham, and Cracd-deficient MI groups at 7 days post-MI. (A) Parasternal long‑axis B‑mode images. Left ventricular wall was segmented into six regions: BA (basal anterior), MA (mid anterior), AA (apical anterior), AP (apical posterior), MP (mid posterior), and BP (basal posterior). Color gradient from blue to red represents increasing strain magnitude. (B) Cardiac motion trajectories; time-to-peak curves for radial and longitudinal strain values along with corresponding peak times. Parametric distribution maps of strain synchrony (blue/red indicate direction: radial – away from/toward center; longitudinal – away from/toward apex). White dots = highest velocity regions, black dots = lowest velocity. Three-dimensional reconstructions (X: time, Y: spatial position, Z: strain magnitude).

[bookmark: OLE_LINK2]Figure 5: Histopathological analysis of cardiac remodeling after MI. (A) Whole-heart longitudinal sections with H&E and Masson's trichrome staining. Scale bars: 2 mm. (B) Quantitative analysis of infarct size and (C) collagen content. (D) High‑magnification views of infarct zone (IZ), border zone (BZ), and remote zone (RZ). H&E: yellow circles = inflammatory infiltration; black arrows = myocardial necrosis; green stars = fibrosis; blue arrows = hypertrophy. Masson’s trichrome: blue indicates collagen deposition. Scale bar: 50 μm. n = 5 mice per group. Data are presented as mean ± SEM. Statistical significance was determined by one-way ANOVA followed by Tukey's multiple comparisons test.

[bookmark: OLE_LINK10][bookmark: OLE_LINK8]DISCUSSION:
In this study, we generated a CRISPR/Cas9-engineered Cracd-deficient mouse and set up a workflow to phenotype it after MI using conventional echocardiography, speckle‑tracking strain imaging, and histology. The protocol produced knockouts with confirmed loss of CRACD protein. Cracd‑deficient mice showed less ventricular dilation, better EF, and reduced fibrosis than WT controls after MI, confirming the model’s utility for studying cardiac remodeling.

[bookmark: OLE_LINK22]The success of this model depends on several critical steps. gRNA design and in vitro validation directly affect the efficiency of zygote editing23. We use CRISPick or Benchling to select gRNAs with CRISPRater scores ≥ 0.5 and then test cleavage efficiency with an in vitro Cas9/gRNA assay. Only gRNAs achieving > 50% cleavage are microinjected. Proper LAD ligation is equally crucial: the 7‑0 suture must pass 2–3 mm from the LAD origin at a depth of 0.5–1 mm to avoid puncturing the right ventricle (too deep) or failing to occlude the vessel (too shallow); immediate whitening of the anterior wall confirms occlusion. Heart rate control during echocardiography is also essential24, maintaining 450–550 bpm by adjusting isoflurane (typically 1–2%) improves reproducibility of conventional and strain measurements. Finally, for speckle‑tracking analysis, visual assessment of the colour‑coded mesh is essential25. The mesh must follow myocardial borders without jerking, otherwise manual refinement is needed; if quality remains poor after three attempts, the mouse is excluded.

[bookmark: OLE_LINK32]Even when the protocol is followed meticulously, certain technical difficulties may arise. Systematic troubleshooting can resolve most of them. Low germline transmission rates (below 10%) usually point to poor donor oligonucleotide integration or weak gRNA activity26. Consequently, increasing the donor oligo to 20 ng/µL, extending homology arms to 120–200 bp, and re‑checking gRNA cleavage (> 50%) can improve transmission. High post‑MI mortality (above 30%) often comes from pneumothorax, bleeding and a large infarction27. Hence, keeping mice on continuous oxygen until they wake and using a heating pad to maintain body temperature reduces death rates noticeably. If the anterior wall does not turn pale after ligation, the LAD has probably been misidentified or the suture is too shallow. In this case, relocating the LAD (a bright red diagonal vessel) and re‑passing the needle to a depth of 0.5–1 mm, sometimes with a dissecting microscope, resolve this issue. For poor speckle‑tracking quality, low frame rate, fuzzy borders, or motion artifacts are the usual suspects28. Accordingly, raising the frame rate, fine‑tuning gain, manually correcting the endocardial trace, and discarding cycles with arrhythmias help.

Beyond these operational considerations, the method has clear limitations. The Cracd knockout is global, so CRACD is missing in all tissues. Consequently, the observed protection cannot be attributed exclusively to cardiomyocytes, as systemic contributions may also play a role. A conditional knockout would be needed to separate cell‑type‑specific roles. Another limitation is the single time point at day 7; we see nothing about chronic remodeling. Therefore, later time points (4 or 8 weeks) should be added for long‑term studies. Reproducibility also suffers from image quality dependence: not every ultrasound system can deliver clean endocardial borders, and operator experience matters. Thus, having a professionally trained person perform all surgeries and measurements is recommended. 

[bookmark: OLE_LINK15]In view of these limitations, it is useful to compare our approach with alternative strategies for studying gene function in post‑MI remodeling. AAV‑mediated gene manipulation and antisense oligonucleotides (ASOs) are two common alternatives29,30. AAV9 can deliver cardiac‑specific, transient overexpression or knockdown without breeding, but its packaging limit (-4.7 kb), variable transduction efficiency, and off‑target effects are drawbacks31. In contrast, our CRISPR/Cas9 knockout model offers permanent, complete loss of function, which is advantageous for long‑term studies. ASOs provide reversible, dose‑dependent knockdown with rapid onset, making them suitable for acute interventions; however, they need repeated dosing and lack tissue specificity32. Therefore, the constitutive knockout described here is best for initial discovery and chronic phenotyping.

Finally, the protocol can be extended well beyond CRACD. The same workflow—CRISPR/Cas9 generation of knockout mice combined with echocardiography, strain imaging, and histology—can evaluate any candidate gene in post‑MI remodeling. The phenotyping framework also fits other cardiovascular disease models like transverse aortic constriction (pressure overload) or ischemia‑reperfusion injury. Additionally, the tissue samples obtained from this protocol can be used for multi‑omics analyses (transcriptomics, proteomics, metabolomics) to uncover molecular mechanisms. The Cracd‑deficient model can serve as a tool for drug testing: compounds suspected to act through the CRACD pathway can be evaluated. Thus, this protocol provides a platform adaptable to a wide range of mechanistic and translational studies in cardiovascular research.
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