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SUMMARY:
This protocol provides a standardized method for performing cutaneous vesicostomy and postoperative wound management in rats, enabling continuous low-pressure urinary drainage for preclinical spinal cord injury research.

ABSTRACT:
The rat is the primary animal model for preclinical research on spinal cord injury (SCI)-induced neurogenic lower urinary tract dysfunction (nLUTD). Owing to its anatomical and functional similarity to humans, rats closely recapitulate key pathological consequences of SCI. However, a crucial translational gap remains: whereas standard bladder management in humans typically relies on continuous or intermittent catheterization, comparable approaches are not feasible in rodents. The common practice of manual bladder expression generates exceptionally high intravesical pressures, which may introduce methodological bias by independently promoting pathological bladder remodeling after SCI. This protocol describes cutaneous vesicostomy in rats, together with postoperative wound management, to establish continuous low-pressure urinary drainage for preclinical SCI research. Cutaneous vesicostomy—the surgical creation of a stoma between the bladder dome and the lower abdominal wall—enables continuous urinary drainage, thereby maintaining a low-resistance drainage route and bypassing the urethra. In this way, excessive urine retention and high intravesical pressures can be avoided, approximating the concept of continuous low-pressure decompression used clinically during the early post-injury phase with suprapubic or transurethral urinary diversion, while recognizing that normal storage and continence mechanisms are abolished. Therapeutic effects that might otherwise be obscured by repetitive overfilling and high-pressure manual bladder expression may thus be more readily detected. Moreover, vesicostomy offers a conceptual strategy to mitigate sex-related constraints in preclinical SCI research. The considerably greater urethral length in male rodents results in higher outflow resistance, making manual bladder expression substantially more difficult and effectively confining most preclinical studies to female animals, despite the predominance of male patients among clinical SCI cases. As an alternative drainage strategy, vesicostomy has the potential to broaden experimental bladder management paradigms and enhance the translational relevance of future studies, while its feasibility and outcomes in male rats will need to be established in dedicated follow-up work.

INTRODUCTION:
Healthy bladder function relies on the coordinated function of the bladder muscle and urethral sphincter, achieved through a complex neuronal network involving the brain, central nervous system (CNS), and peripheral nervous system (PNS), which enables conscious control of the lower urinary tract (LUT)1,2. The complexity of these mechanisms and their switch-like circuitry3 renders bladder function susceptible to a wide range of injuries and diseases. Accordingly, following spinal cord injury (SCI), almost all patients experience impaired bladder sensation and control4,5. The term neurogenic bladder encompasses a broad spectrum of dysfunctions affecting urine storage and/or voiding, depending on the characteristics of the injury. In particular, suprasacral injuries lead to detrusor overactivity in combination with sphincter overactivity, often accompanied by loss of coordination between the two—termed detrusor-sphincter dyssynergia (DSD)—resulting in excessive urine retention and high intravesical pressures6,7. This can severely damage the LUT, threaten the integrity of the upper urinary tract (UUT), and, if left untreated, result in life-threatening complications8. Intermittent or continuous urinary drainage via catheterization represents the current standard of bladder management in humans following SCI, preventing bladder overfilling through a safe, pressure-free procedure9–12.

With no effective treatment currently available for SCI and predominantly symptomatic management of associated neurogenic LUT dysfunction (nLUTD), the development of novel therapeutic strategies remains a major research priority. Animal models enable investigation of disease mechanisms at a level of complexity comparable to that in humans while providing exceptional intragroup homogeneity under standardized experimental conditions13. Among these, the rat is the primary preclinical model, with the majority of SCI studies conducted in this species14,15. This preference reflects its anatomical and functional similarity to humans, reproducible pathological response, and widespread availability. Nevertheless, an important translational gap remains that may limit the interpretation and clinical relevance of bladder-related findings derived from rodent models.

Although rats develop nLUTD following SCI that resembles key features observed in humans, bladder management differs substantially between species. Because intermittent catheterization and other permanent urinary drainage approaches are generally not feasible in rats, urine evacuation is routinely achieved by manual bladder expression16. This technique, analogous to the Credé maneuver17, which is generally not recommended in clinical practice, generates markedly elevated intravesical pressures. Consequently, it may introduce methodological bias by independently promoting pathological bladder remodeling after SCI, thereby reducing the translational relevance of experimental findings or obscuring genuine therapeutic effects. An additional limitation arises from sex-related anatomical differences. The considerably greater urethral length in male rodents results in higher outflow resistance, making manual bladder expression substantially more difficult and effectively restricting most preclinical SCI studies to female animals14. Given that the majority of clinical SCI cases occur in males18,19, this discrepancy further emphasizes the need for alternative bladder management strategies in preclinical rat SCI models.

Cutaneous vesicostomy involves the surgical creation of a stoma between the bladder and the lower abdominal wall by advancing the bladder dome to the skin and securing it with sutures. This enables continuous urinary drainage while maintaining a low-pressure drainage route and bypassing the urethra. Primarily used in children with complex medical conditions or when conventional drainage options are unsuitable, cutaneous vesicostomy provides reliable urinary diversion with minimal maintenance requirements and a low complication rate20–22. Beyond its clinical application, vesicostomy has also been successfully performed in rodent models23–26, although not in the context of SCI.

In a recent study16, we addressed the translational limitations associated with manual bladder expression in preclinical SCI models and introduced vesicostomy in rats together with a postoperative wound management regimen that enabled extended follow-up. Direct comparison of the two bladder management approaches demonstrated greater structural bladder alterations following manual bladder expression, whereas vesicostomy animals exhibited values closer to those of healthy controls across several parameters. Most notably, bladder wall thickness increased from a mean of 768.26 µm (SD 28.05) in healthy rats to 1181.94 µm (SD 289.56) two months after SCI with manual bladder expression, with some animals reaching values of up to 1485 µm. In contrast, rats managed by vesicostomy showed a mean bladder wall thickness of 963.08 µm (SD 68.82), and only one animal exceeded 1000 µm.

This study provides a standardized protocol for performing vesicostomy in rats, including perioperative care and postoperative wound management, to enable reproducible continuous low-pressure urinary drainage in preclinical SCI research. The protocol is intended to facilitate reproduction of the technique and assist investigators in determining its suitability for studies in which high-pressure manual bladder expression may introduce methodological bias or in which the inclusion of male animals is desirable. The aim of this project was to establish a standardized vesicostomy protocol for rats with SCI and to evaluate its feasibility and safety over a two-month follow-up period. In addition, a standardized postoperative wound management regimen was applied to minimize skin-related complications and maintain stomal patency through regular calibration.

PROTOCOL:
Three-month-old female Lewis rats were used for this study. Although this protocol was primarily developed to avoid manual bladder expression following SCI, details of the contusion SCI procedure are not provided here but have been described previously. All procedures were approved by the Austrian Governmental Legal Entity on Animal Research (BMWFW-2022-0.062.928 and BMWFW-2023-0.848.340) and were conducted in accordance with local guidelines for animal use and the ARRIVE guidelines. Overall, the vesicostomy procedure requires approximately 15 min.

1. Preoperative Preparation

1.1. Prepare a sterile working area, including a microscope or magnification glasses (2.5–3.5× magnification), all required surgical instruments, and a heating pad.

1.2. Prewarm the heating pad to 30°C–35°C (hand-warm) and maintain this temperature throughout the surgery. Replace the heating pad if its temperature drops below 30°C during prolonged surgical procedures.

2. Animal Preparation

2.1. Anesthesia

2.1.1. Use a general anesthetic regimen appropriate for the surgical procedure.

2.1.2. Prepare a fresh anesthetic mixture containing medetomidine (0.15 mg/kg), midazolam (2 mg/kg), and fentanyl (0.005 mg/kg) according to the provided calculation table (Table 1). Select the anesthetic dose and corresponding final injection volume based on the body weight closest to the animal’s exact weight, and administer the mixture intramuscularly using a 1 mL syringe fitted with a 27G needle.

[Place Table 1 here.]

2.2. Surgical Preparation

2.2.1. Once the rat is anesthetized, shave the lower abdomen to the vaginal region.

2.2.2. Wash the surgical field twice with warm soapy water.

2.2.3. Wash the surgical field twice with warm clean water.

2.2.4. Disinfect the surgical field twice with a mixture of 7.5% povidone-iodine and 70% alcohol, including the vaginal region.

2.2.5. Administer 1.5 mg enrofloxacin and 0.2 mg long-acting meloxicam, dissolved in 0.2 mL pre-warmed 0.9% sodium chloride (NaCl), subcutaneously.

2.2.6. Administer 3 mL pre-warmed 0.9% NaCl subcutaneously to compensate for fluid loss.

2.2.7. Apply 2% dexpanthenol ophthalmic ointment to both eyes to prevent corneal desiccation.

2.2.8. Position the animal supine on the pre-warmed heating pad and adjust the microscope or magnification glasses.

2.2.9. Confirm an adequate surgical plane of anesthesia by performing a nociceptive withdrawal test on both hindlimbs before beginning surgery.

2.2.10. If the withdrawal reflex is still present, wait 2 min and repeat the nociceptive withdrawal test. Continue this procedure at 2-min intervals until the reflex is absent.

3. Bladder Preparation

3.1. To allow a tension-free vesicostomy, make a 3 mm longitudinal midline skin incision using a No. 11 scalpel blade while stabilizing the skin with hooked (Adson) forceps, approximately two-thirds of the distance between the second and third teat pairs (counted from caudal to cranial). This incision corresponds to the level of the bladder dome.

3.2. Identify the subcutaneous abdominal muscles and the linea alba. Incise the outer fascia with the scalpel, bluntly dissect the abdominal muscle layers using micro scissors, then carefully incise the peritoneum and open the abdominal cavity using hooked micro forceps.

3.3. To identify the bladder within the abdominal cavity, gently elevate both sides of the abdominal muscle layers at the incision to improve visualization and locate the bladder beneath the fatty tissue. If the bladder cannot be identified, perform transurethral catheterization and repeat the localization.

4. Transurethral Catheter Placement

4.1. Fill the bladder through a transurethral catheter to facilitate bladder identification.

4.2. Apply lubricating gel to a 24G peripheral venous catheter (without stylet) and to the urethral meatus. Lift the periurethral skin with small serrated forceps and insert the catheter at approximately 110° to facilitate atraumatic placement.

4.3. Advance the catheter atraumatically through the urethra to the level of the pubic bone. Lower the catheter until it is parallel to the animal’s body and continue advancing it gently into the bladder. If resistance is encountered approximately 1 cm into the urethra, withdraw the catheter completely and repeat the insertion. If the catheter advances smoothly for at least 2 cm, proceed with bladder filling.

4.4. Confirm successful catheter placement by slowly infusing sodium chloride into the bladder without resistance. If catheter placement is unsuccessful, the syringe becomes blocked, and slight withdrawal of the catheter results in leakage of sodium chloride from the urethra.

5. Bladder Positioning

5.1. Fill the bladder with a maximum of 400 µL of prewarmed 0.9% NaCl. Ensure that filling proceeds smoothly without increased infusion pressure. Visually monitor bladder filling and confirm that the bladder remains centered within the abdominal cavity. Note that the physiological bladder volume depends on the animal’s age, body weight, and strain and may vary. For 12-week-old Lewis rats (LEW/Crl) weighing 200–230 g, the maximum physiological bladder volume is approximately 500 µL. Leave the transurethral catheter in place and refill the bladder if necessary. 

5.2. Inspect the bladder and identify the planned vesicostomy site below the bladder dome on the ventral bladder wall.

5.3. Place two superficial stay sutures using 6-0 coated Vicryl at the 3 and 9 o’clock positions on either side of the planned incision site. Secure the suture ends with clamps to maintain bladder position.

6. Bladder Vesicostomy

6.1. Carefully grasp the bladder dome with hooked micro forceps and make a 3 mm longitudinal incision using a No. 11 scalpel blade. Ensure that the incision transects all layers of the bladder wall to allow immediate urine drainage.

6.2. Inspect the incision and, if necessary, enlarge it with micro scissors to approximately 3 mm.

6.3. Use the stay sutures to position the bladder for suturing. Remove the transurethral catheter.

6.4. Begin suturing with 6-0 coated Vicryl at the 12 o’clock position, passing the suture from the luminal side of the bladder wall through the skin while excluding the muscle layer. Place subsequent sutures at the 6, 8, 10, 2, and 4 o’clock positions until the bladder opening is completely approximated to the skin. Remove the stay sutures once the bladder is securely fixed.

6.5. Consider the vesicostomy complete once the bladder mucosa is fully apposed to the abdominal skin without visible gaps and the 3–5 mm vesicostomy opening can be readily intubated with a calibration stick.

6.6. Place four stainless-steel wire sutures approximately 4–5 mm from the stomal edge to discourage the animal from licking or chewing the surgical site. Pass each wire through the skin using a 20G needle, secure it with two simple overhand knots, and trim the wire ends to approximately 2 mm.

7. Calibration and Wound Dressing

7.1. Clean the surrounding skin with clean water, followed by incubation for 10 min with a mucosa-compatible antiseptic agent, such as 0.2% sodium hypochlorite solution.

7.2. Insert a sterile calibration stick of approximately 6–11 Charrière (1 Charrière = approximately 0.33 mm diameter) into the vesicostomy to assess stomal diameter. 

7.3. Use a calibration stick that passes smoothly while filling the stomal lumen without causing inward invagination of the wound edges.

7.4. Apply topical skin adhesive generously to the shaved abdominal skin, the tissue surrounding the vesicostomy, and the stomal opening.

7.5. Continuously rotate the calibration stick within the vesicostomy until the adhesive has dried (approximately 10 s), preferably with assistance from a second person, to prevent closure of the vesicostomy. Representative images of the vesicostomy immediately after surgery and after healing are shown in Figure 1.

[Place Figure 1 here.]

8. Antagonism

8.1. Antagonize general anesthesia (no earlier than 1 h after anesthetic administration) by administering a mixture of atipamezole (0.76 mg/kg) and flumazenil (0.2 mg/kg) subcutaneously using a 1 mL syringe fitted with a 27G needle according to Table 2.

[Place Table 2 here.]

8.2. To allow stress-free recovery, place the animal in its home cage before administering the antagonistic drug mixture. Monitor the animal continuously until full consciousness is regained. Keep the home cage under a heating lamp in a separate recovery room for 3 h.

9. Waste Disposal

9.1. Dispose of sharps (e.g., syringe needles and stainless-steel wire remnants) in an approved sharps container. Dispose of all biological and surgical waste according to institutional biosafety regulations.

10. Postoperative Management

10.1 Postoperative Care

10.1.1. Administer enrofloxacin (1.5 mg, once daily, subcutaneously) and long-acting meloxicam (0.2 mg, twice daily, subcutaneously) for the first 5 days after surgery. Supplement pre-warmed 0.9% NaCl subcutaneously as required to compensate for fluid loss.

10.1.2. Continue low-dose enrofloxacin (0.5 mg/kg, once daily, subcutaneously) throughout the follow-up period.

10.1.3. Resume or intensify antibiotic and/or analgesic treatment if signs of pain or infection are observed during daily examinations. In such cases, administer the same antibiotic and analgesic doses used during the initial 5-day postoperative period.

10.1.4. Initiate a 5-day course of antibiotics at the standard dose if urine characteristics change (e.g., hematuria or cloudy urine persisting for 3 days) and/or if the condition of the skin surrounding the vesicostomy changes (e.g., reddened skin persisting for 2 days without improvement). Resume analgesic treatment during periods of hematuria and/or upon the onset of skin plaque formation, and continue treatment until the symptoms resolve.

10.1.5. Perform vesicostomy calibration daily. Begin with a calibration stick at least one size smaller than the previously documented stomal diameter and apply lubricating gel before insertion. If the calibration stick passes smoothly, repeat the procedure with the next larger size and record the largest size that passes smoothly.

10.1.6. Reduce the calibration frequency to every second day no earlier than 3 weeks after surgery and only if the calibration size has remained stable for at least 3 consecutive days.

10.1.7. Once the skin adhesive begins to detach (typically 3–5 days after surgery), clean the surrounding skin daily with a mucosa-compatible antiseptic agent, such as 0.04% sodium hypochlorite solution, followed by application of an oil-based moisturizing protective film. Assess wound healing according to the wound scoring system and representative wound appearances shown in Figure 2A,B.

[Place Figure 2 here.]

10.1.8. Remove the stainless-steel wires 7 days after surgery.

10.2. Postoperative Monitoring

10.2.1. Monitor all animals closely throughout the postoperative period.

10.2.2. Examine each animal at least twice daily for signs of pain or discomfort according to the Rat Grimace Scale27, abnormal swelling, bleeding, other changes at the surgical site, and excessive porphyrin discharge. Assess the vesicostomy using the wound scoring system shown in Figure 2A,B and record the calibration size as shown in Figure 2C.

10.2.3. Maintain detailed records for each animal and regularly document the following parameters:

10.2.3.1. Body weight (relative to the preoperative value)

10.2.3.2. General condition (fur, eyes, whiskers, ears, and respiration)

10.2.3.3. Walking behavior (e.g., stilted or unsteady gait)

10.2.3.4. Urine characteristics (e.g., discoloration or strong odor)

10.2.3.5. Vesicostomy calibration size

10.2.3.6. Condition of the skin surrounding the vesicostomy

REPRESENTATIVE RESULTS:
A total of 18 rats underwent vesicostomy. To establish the technique, the procedure was first performed in six animals without SCI to verify its basic safety and feasibility and to evaluate postoperative management in healthy animals. Subsequently, vesicostomy was performed in combination with a thoracic contusion SCI at the T8/T9 vertebral level in 12 animals. Of these, six animals were used to further refine the postoperative wound management protocol for SCI animals. The resulting regimen was then applied to a second cohort of six animals as proof of concept. General condition was compared with animals receiving thoracic contusion SCI alone (Table 3).

[Place Table 3 here.]

The vesicostomy procedure was technically straightforward, with no intraoperative complications, bleeding, or injury to surrounding organs (Figure 1). During the initial series of experiments, the postoperative wound management protocol required revision in consultation with a wound care specialist because of skin irritation caused by the combination of restricted mobility following SCI and continuous urine exposure. After implementation of the revised postoperative wound management protocol described above, no higher-grade skin deterioration was observed. With regular calibration to maintain vesicostomy patency, all six animals in the proof-of-concept cohort completed the 2-month follow-up period, resulting in a procedural success rate of 100%. Reservoir function of the bladder, indicated by urine outflow from the vesicostomy following gentle abdominal compression, was observed in 91.84% of assessments throughout the study.

The vesicostomy was evaluated regularly using a four-point wound scoring system to assess postoperative wound healing (Figure 2A). A score of 1 represented normal skin, a score of 2 indicated skin redness, a score of 3 indicated signs of inflammation, and a score of 4 indicated ulcer formation (Figure 2B). Animals with open skin lesions would have been excluded from the study. After an initial decline in wound condition during the first 2 weeks after surgery, with a mean wound score of 1.88 (SD 0.32), wound healing remained stable, with mean scores ranging from 2.00 to 2.33 throughout the 2-month follow-up period (Figure 2A). No animals required exclusion. In a total of 10 instances, the low-dose enrofloxacin regimen was temporarily increased from 0.5 mg to 1 mg (once daily, subcutaneously) for 2–5 days because of deterioration in wound score, body weight loss, or a noticeable change in urine odor that could indicate an acute urinary tract infection. Enrofloxacin did not require replacement with an alternative antibiotic in any animal.

Starting from a mean vesicostomy diameter of 10.33 Charrière (SD 0.94) on the day of surgery, calibration size decreased rapidly during the first 3 weeks to a mean of 6.70 Charrière (SD 1.09). Thereafter, the reduction slowed, reaching a mean calibration size of 5.33 Charrière (SD 0.94) at the end of the 2-month follow-up period (Figure 2C). A tendency toward spontaneous stomal narrowing was observed. In seven instances, temporarily closed vesicostomies were carefully reopened by gradually increasing the calibration stick size, beginning at least two sizes below the last documented diameter. Five of these events occurred within the first 7 postoperative days.

Following the initial healing phase, no signs of pain or discomfort were observed. Animals exhibited minimal behavioral restrictions attributable to the vesicostomy. General condition, including body weight, was comparable between animals managed with vesicostomy and those receiving SCI alone (Figure 3).

[Place Figure 3 here.]

FIGURE AND TABLE LEGENDS:
Figure 1. Representative appearance of the vesicostomy immediately after surgery and following healing. Representative images of the vesicostomy site immediately after surgery and wound dressing at day post-injury (DPI) 0 (left) and after healing at DPI 53, shortly before completion of the 56-day (2-month) follow-up period (right). The inset shows a higher-magnification view of the vesicostomy immediately after surgery. Scale bars = 1 cm (overview images) and 2 mm (inset).

Figure 2. Postoperative wound healing and vesicostomy calibration during follow-up. (A) Wound score of the vesicostomy site during the 7-week follow-up period. (B) Representative images of wound scores 1–4, illustrating the progression from normal wound appearance to ulcer formation. Animals with open skin lesions were excluded according to the predefined study criteria. Scale bars = 5 mm. (C) Vesicostomy calibration size measured in Charrière during the follow-up period. Data in panels A and C are presented as mean ± standard deviation (SD).

Figure 3. Body weight change following spinal cord injury. Percentage change in body weight relative to the preoperative value in rats with spinal cord injury (SCI) managed by manual bladder expression (SCI) or vesicostomy (Vesicostomy + SCI) during the 7-week follow-up period. Data are presented as mean ± standard deviation (SD).

Table 1. Intramuscular anesthesia dosing for rats. Volumes of medetomidine (1 mg/mL), midazolam (5 mg/mL), and fentanyl (0.05 mg/mL) required to prepare the intramuscular anesthetic mixture for rats weighing 100–600 g. The total injection volume represents the sum of the individual drug volumes.

Table 2. Subcutaneous anesthetic antagonism dosing for rats. Volumes of atipamezole (5 mg/mL) and flumazenil (0.1 mg/mL) required to prepare the subcutaneous anesthetic antagonist mixture for rats weighing 100–600 g. The total injection volume represents the sum of the individual drug volumes.

Table 3. Experimental groups. Overview of the experimental groups included in the study, including animal number, vesicostomy status, spinal cord injury (SCI), injury characteristics, maximum Basso, Beattie, and Bresnahan (BBB) locomotor score, and follow-up period. BBB scores are presented as mean (standard deviation, SD).

DISCUSSION:
This protocol provides the first detailed description of vesicostomy in rodents as a method for continuous, low-pressure urinary drainage following SCI. Beyond describing the operative technique, we provide a comprehensive postoperative wound management protocol, which proved critical for achieving prolonged and successful follow-up. Because the rat is a small animal model and the objective is to create a minimal bladder opening to limit confounding influences and promote wound healing, magnifying glasses (2.5–3.5× magnification) or an operating microscope proved exceptionally helpful. A direct comparison of vesicostomy sizes (3 mm vs. 5 mm) corroborated the superiority of the smaller incision in our hands. If this minimally invasive approach is not technically feasible, increasing the abdominal incision size may facilitate access. Before suturing the bladder, however, the abdominal incision should again be reduced to 3 mm to create optimal vesicostomy dimensions. Furthermore, our approach was designed to create a high vesicostomy, enabling partial bladder reservoir function (observed in 91.84% of cases throughout the follow-up period) and a controlled degree of bladder distension with ureteral involvement. Although the surgical procedure itself is technically straightforward and carries a low risk of intraoperative complications, the subsequent intensive wound care—particularly during the initial postoperative phase—may represent the primary drawback of this method. Preventing spontaneous vesicostomy closure is essential for maintaining continuous urinary drainage and requires regular calibration. Performing this procedure safely and reproducibly requires two operators, placing considerable demands on personnel, particularly because calibration must be performed at least daily during the first 3 postoperative weeks, followed by every other day thereafter.

Equally important is a rigorous wound management and skin protection regimen. The vesicostomy inherently represents a potential entry point for pathogens, and the surrounding skin is continuously exposed to urine, rendering the site susceptible to maceration and infection. Working in collaboration with a wound care specialist, we systematically developed and refined the pre- and postoperative wound management protocols described herein. Key elements include preparation of a clean surgical field with generous hair removal, application of a skin adhesive to seal the fresh wound edges during the initial healing phase, and subsequent regular cleansing with a dilute mild soap solution and a mucosa-compatible antiseptic agent. Skin lubrication emerged as a particularly important determinant of wound recovery, facilitating rapid skin regeneration and hair regrowth. Daily liberal application of an oil-based moisturizing protective film proved highly effective in preserving skin hydration and providing a barrier against direct urine contact. Once hair regrowth was established, skin integrity was generally restored, and the intensity of wound care measures could be reduced.

While catheterization is the standard bladder management strategy in patients following SCI9–12, preclinical animal studies—primarily performed in rats14,15—are substantially limited in this regard. The common practice of manual bladder expression introduces methodological bias into studies investigating the LUT by generating non-physiological intravesical pressures and excessive tissue strain. In addition, its practical restriction largely to female animals constitutes a relevant limitation for preclinical SCI research in rats. Transurethral catheterization is feasible in female rats but typically requires sedation (e.g., isoflurane), which represents a major limitation. Moreover, rats void approximately every 8–10 min27; therefore, catheterization would need to be performed multiple times per day to prevent bladder overdistension, further limiting its practicality as a routine drainage strategy. Vesicostomy provides a feasible approach for continuous, low-pressure urinary drainage in awake rats following SCI16 and may reduce the confounding effects associated with repeated manual bladder expression. However, its translational relevance requires careful qualification. In contrast to clinical bladder management strategies, such as intermittent catheterization, indwelling catheters, or reflex voiding, vesicostomy establishes a state of continuous urinary diversion without physiological filling and voiding cycles. As such, it does not directly replicate common clinical conditions but rather models a persistently decompressed bladder.

In the present study, vesicostomy was deliberately created as a high stoma at the bladder dome, allowing partial reservoir function, a controlled degree of bladder distension, and ureteral involvement. This configuration maintains low outlet resistance while avoiding complete bladder collapse, thereby more closely approximating the concept of continuous low-pressure drainage used clinically to protect the upper urinary tract in children with outlet obstruction or neurogenic bladder28. Although normal storage and continence mechanisms remain abolished, the high-vesicostomy configuration may mitigate extreme bladder wall stress and promote a more physiologically distributed filling of the bladder and ureteral inflow than simple suprapubic venting or repeated manual bladder expression. Recent work using a murine model of cutaneous vesicostomy demonstrated that disruption of the normal storage–voiding cycle under conditions of temporary urinary diversion induces pronounced bladder remodeling, including a marked increase in lamina propria thickness, a reduced detrusor smooth muscle proportion, impaired contractile responses, upregulation of Mrgprb2, and enhanced sensitivity to Substance P. These findings support the concept that continuous low-pressure drainage per se represents a distinct pathophysiological state rather than a neutral approximation of standard clinical bladder management26. In line with these findings, vesicostomy in rats after SCI should therefore be regarded primarily as a model of sustained bladder decompression and disrupted bladder cycling rather than a direct surrogate for intermittent catheterization or reflex voiding.

This feature may be advantageous for studying bladder-intrinsic responses to denervation under conditions of minimal outlet resistance. At the same time, complete bypass of the urethra eliminates clinically relevant components of lower urinary tract dysfunction, including urethral resistance, external sphincter activity, and DSD. Consequently, the model is less suitable for investigations focusing on outlet obstruction or bladder–sphincter interactions.
Furthermore, continuous urinary drainage effectively abolishes normal storage and continence mechanisms, which may independently influence bladder physiology, compliance, and tissue remodeling. Findings from the murine vesicostomy model26 suggest that disruption of the normal storage–voiding cycle can reduce cholinergic sensitivity despite unchanged muscarinic receptor expression, indicating alterations in downstream signaling pathways. These factors should be considered when interpreting the translational applicability of findings obtained with this model. Moreover, vesicostomy offers the conceptual possibility of modeling different phases of bladder management after SCI within the same animal. During the acute phase after injury, continuous low-pressure drainage via a high vesicostomy may mimic clinical strategies such as indwelling urethral or suprapubic catheters and other forms of urinary diversion that aim to protect the bladder and UUT by avoiding high intravesical pressures and urinary retention. During a later chronic phase, surgical closure of the vesicostomy could allow a transition to a high-pressure storage and voiding condition, more closely resembling patients managed with clean intermittent catheterization, in whom bladder filling, incomplete emptying, and elevated storage pressures contribute to long-term remodeling and dysfunction.

Such a staged approach could facilitate longitudinal studies comparing structural, functional, and molecular bladder adaptations under continuous decompression versus restored storage conditions within the same SCI model. It may thereby help disentangle injury- and drainage-related components of nLUTD and bridge the gap between preclinical experimental paradigms and the temporal evolution of bladder management in clinical practice. At present, this concept remains hypothetical and requires dedicated future studies to establish the feasibility, safety, reproducibility, and resulting urodynamic profiles following vesicostomy closure. Finally, although vesicostomy may theoretically facilitate bladder management in both sexes by circumventing challenges associated with urethral catheterization, the present study was conducted exclusively in female rats. Existing vesicostomy models in rodents, including the murine study described above, have likewise been established predominantly in female animals, underscoring that robust evidence supporting sex-independent applicability remains limited. Therefore, the current data demonstrate feasibility only in female rats, and further studies are required to determine whether comparable outcomes can be achieved in males and to assess potential sex-specific differences.

Vesicostomy in rats with SCI provides a straightforward and reproducible method for continuous, low-pressure urinary drainage, particularly when performed as a high vesicostomy that permits partial reservoir function. Although the model does not replicate intermittent catheterization and bypasses urethral resistance and sphincter dynamics, it provides a controlled setting for investigating bladder-intrinsic responses to denervation and disruption of the storage–voiding cycle under conditions of minimal outlet resistance. Its translational application is therefore primarily limited to investigations of bladder remodeling, decompression, and general bladder maintenance, and the current data are limited to female animals. Future studies should extend the model to males and evaluate staged closure of the vesicostomy to re-establish high-pressure storage conditions, thereby better reflecting chronic clinical bladder management.
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