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SUMMARY:
This protocol presents a robust, reproducible model of vascularized composite allotransplant (VCA) geared toward simultaneous study of immunology and functional recovery. The time invested in meticulous technique in a right mid-thigh hind limb orthotopic transplant with hand sewn vascular anastomoses and neural coaptation yields the ability to study functional recovery.

ABSTRACT:
Limb transplant in particular and vascularized composite allotransplant (VCA) in general have wide therapeutic promise that have been stymied by current limitations in immunosuppression and functional neuromotor recovery. Many animal models have been developed for studying unique features of VCA, but here we present a robust reproducible model of orthotopic hind limb transplant in rats designed to simultaneously investigate both aspects of current VCA limitation: immunosuppression strategies and functional neuromotor recovery. At the core of the model rests a commitment to meticulous, time-tested microsurgical techniques such as hand sewn vascular anastomoses and hand sewn neural coaptation of the femoral nerve and the sciatic nerve. This approach yields durable limb reconstructions that allow for longer lived animals capable of rehabilitation, resumption of daily activities, and functional testing. With short-term treatment of conventional immunosuppressive agents, allotransplanted animals achieve morality up to 70 days post-operatively, and isotransplanted animals provide long lived controls beyond 200 days post-operatively. Evidence of neurologic functional recovery is present by 30 days post operatively. This model not only provides a useful platform for interrogating immunological questions unique to VCA and nerve regeneration, but also allows for in vivo testing of new therapeutic strategies specifically tailored for VCA. 

INTRODUCTION:
Limb transplant under the broader category of vascularized-composite allotransplant (VCA) or composite tissue allotransplant (CTA) has yet to fulfill its therapeutic promise. Since the first successful human hand transplants in Lyon, France and Louisville, Kentucky in 1998 and 1999, over 100 upper extremity transplants have been performed worldwide in carefully selected patients1. Wider applicability has been stymied by substantial immunosuppression and limited functional neuromotor recovery. Current immunosuppression strategies result in 85% incidence of acute rejection in the face of 77% incidence of opportunistic infection2. On the other hand, functional recovery after hand transplant occurs; mean Disability of Arm Shoulder and Hand (DASH) scores improve from 71 to 43, but that level of function may still qualify as a disability2. Given the nonlife saving nature of limb transplant, current techniques must be refined in animal models to take the next step in VCA.

Since the first rat model of limb transplant in 19783, many innovative animal models have been developed to advance the field of VCA4, incorporating vascular cuffed anastomoses to minimize operative time5,6, heterotopic osteomyocutaneous transplants to minimize physiologic insult to the recipient animal7-11, and novel immunologic approaches7, 12-14. The rat model of orthotopic right hind limb mid-thigh transplant presented here emphasizes meticulous, time-tested microsurgical techniques such as hand sewn vascular anastomoses and neural coaptation as an upfront investment in a robust, reproducible model platform to simultaneously investigate both aspects of current VCA limitation: immunosuppression strategies and functional neuromotor recovery. 

PROTOCOL:

All experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH) and were approved by the Northwestern University Animal Care and Use Committee. The specific procedures were performed under protocol IS00001663.

NOTE: Two strains of rats were used, Lewis rats and August Copenhagen x Irish (ACI) rats. Animals were divided into three treatment groups: allotransplant without immune suppression (ACI to Lewis), allotransplant with conventional immune suppression (ACI to Lewis), and isotransplant (Lewis to Lewis or ACI to ACI). Lewis is an inbred strain, while ACI rats represent an out-bred wild-type, therefore this combination was chosen to model the worse-case rejection response. Conventional immunosuppression was administered subcutaneously either as rapamycin 1 mg/kg from post-operative day (POD) minus 1 to POD 28 or as FK506 3 mg/kg from POD 0 to POD 14, and then once weekly thereafter. Both male and female rats were eligible recipients from 8 to 16 weeks old, weighing between 250 and 400 grams at the time of surgery.

1. Donor right hind limb harvest

1.1. Induce general anesthesia with 5% isoflurane in pure oxygen through a vaporizer with an appropriate scavenging system.

1.2. Confirm adequate depth of anesthesia with toe pinch, and then use hair clippers to trim the fur off of the right hind limb and right groin surgical site 

1.3. Down-titrate the isoflurane through a rodent nose cone to 2-2.5%.

1.4. Position the rat supine with spread limbs taped out to the sides on an operating board with a heating pad underneath. Disinfect the hairless skin with 70% rubbing alcohol and protect the surgical field with sterile gauze.

1.5. Using an appropriate microsurgical microscope, microsurgical instruments, and with easy access to bipolar and monopolar electrocautery, begin the dissection.

1.6. Use scissors to make a circumferential skin/subcutaneous tissue incision around the right hindlimb. Start in the inguinal crease medially at roughly the same level as the inguinal ligament and extend dorsal-laterally to complete the circumferential incision.

1.7. Having exposed the muscular layer directly beneath the incision, dissect and cauterize the superficial epigastric vessels that lead from the muscular layer to the proximal skin/subcutaneous flap just created. 

1.8. [bookmark: _Hlk12796487]Reflect the proximal flap superomedially to the inguinal ligament and the distal skin/subcutaneous flap inferolaterally to the knee. 

1.9. Use a wire retractor or rolled gauze to help expose the field.

1.10. [bookmark: _Hlk12796614]Observe that the inguinal anatomy of the rat is similar to humans; from lateral to medial lie the nerve, artery, and vein.

1.11. Dissect out the femoral nerve, divide it sharply at the inguinal ligament, proximal to the bifurcation if possible. Retract the divided nerve inferiorly, keeping it safely out of the way, covered beneath moist gauze.

1.12. [bookmark: _Hlk12796721]Turning attention to the femoral artery and vein, use 4 cm 7-0 silk ties to atraumatically retract the vessels instead of handling them directly. 

1.13. Ligate all branches of the femoral vessels as they arise with 7-0 silk ties; divide the branches between the ties. For very small branches, bipolar cautery may be used instead of ties.

[bookmark: _Hlk12797042]NOTE: Arterial and venous branches which require division include the superficial circumflex iliac and the muscular vessels. The superficial circumflex iliac is usually largest and appears to dive deep as would the profunda femoral in humans, but the profunda is absent in the rat15. More distal branches of the femoral vessels such as the highest genicular and the saphenous branch do not usually require division.

1.14. [bookmark: _Hlk12797100]Systemically inject 500 international units of heparin through the penile vein in a male rat donor. Use the superficial epigastric vein if the donor rat is female.

1.15. Allow the heparin to circulate systemically for 2 min before proceeding with the next steps.

1.16. [bookmark: _Hlk12797156]Ligate the femoral artery with 7-0 silk ties as proximal to the inguinal ligament as possible and divide between the ties. 

1.17. [bookmark: _Hlk12797191]Similar to the artery, ligate and divide the femoral vein.

1.18. Reflect both artery and vein inferiorly, safely out of the way, covered beneath moist gauze together with the femoral nerve covered previously. Dissect the ventral muscle groups, taking care to cauterize any visible vessel that arises. Attention to hemostasis here will minimize recipient blood loss after reperfusion.

1.19. Deep to the ventral muscle groups, identify and sharply divide the sciatic nerve proximal to its branches. Three sciatic branches are usually visible: tibial, peroneal and sural. All three should all be preserved in the donor limb. A fourth cutaneous branch is not typically seen in this dissection15,16.

1.20. Finish dividing the remaining ventral and dorsal muscle groups at mid-thigh level with meticulous hemostasis. It may be necessary to retract the limb medially to complete dividing the muscles.

1.21. Transect the femur bone at midshaft using a hand-held cordless rotary saw.

1.22. Having removed the limb graft from the donor, cut the silk tied ends from the graft side femoral artery and vein stumps, thereby re-opening the vessels.

1.23. Insert a 24-gauge angiocatheter into the graft artery stump and flush the graft with 250 international units of heparin diluted in 5 mL of ice-cold normal saline, watching it flow out clear through the opened vein.

1.24. Slowly, gently flush the graft for around 3 min. Excess forceful flushing may damage the endothelium.

1.25. Place the graft in a chilled saline dish nested in an ice bucket until transplantation.

1.26. Euthanize the donor rat with bilateral thoracotomy.

1.27. Clean all surgical instruments appropriately.

2. Recipient native right hind limb amputation

2.1. Induce anesthesia with isoflurane at 5%, confirm depth, trim the fur, position the animal, and disinfect the skin with alcohol as described for the donor rat. 

2.2. Down-titrate isoflurane to 2-2.5% and inject subcutaneous preoperative analgesia with buprenorphine 1.2 mg/kg, and preoperative prophylaxis with enrofloxacin 7.5 mg/kg.

2.3. Same as for the donor, make a circumferential incision in the inguinal crease, reflect skin flaps assuring hemostasis, and dissect out the femoral nerve, artery and vein, ligating the same branch vessels as above.

2.4. Divide the femoral nerve more distally than for the donor, but proximally to the bifurcation if possible.

2.5. Dissect out the femoral artery and vein with enough space to clamp each separately at the level of the inguinal ligament. Clamp the vein and artery with microsurgical bulldog clamps. Once clamped, divide each vessel sharply with scissors.

2.6. Divide the ventral and dorsal muscles of the thigh at mid-thigh level with meticulous hemostasis, retracting the limb medially as necessary. 

2.7. Identify and divide the sciatic nerves proximal to their branch points as above.

2.8. Transect the femur at midshaft using the saw.

2.9. Remove the recipient native right hind limb and dispose appropriately.

2.10. Down-titrate the isoflurane to 1-1.5% through the nose cone.

3. Donor to recipient limb implantation

3.1. Using the hand-held power saw, shave off any irregularities from both donor and recipient femur cut ends. 

3.2. Using the saw, cut off the hub end of an 18-gauge needle, which will become the femur intramedullary rod.

3.3. Before manipulating the bone, apply a small amount of bone wax to the recipient cut end of femur bone to reduce marrow bleeding during the reaming process.

3.4. Coapt the donor and recipient femoral bones using the 18-gauge needle as an intramedullary rod. Some force is necessary, but do not ream either bone so far as to fracture the cortex.

3.5. As needed, remove the needle and trim it to an appropriate length so that both bones fit smoothly over the needle with no needle showing in between the bone.

3.6. Place a small support such as a pad of gauze or a small rock or modelling clay underneath the donor limb to keep it off tension.

3.7. Reapproximate the ventral muscle groups with eight to ten simple interrupted 5-0 polyglactin sutures so that the graft does not rotate around the femur needle. This gives the limb stability for the anastomoses.

3.8. Periodically irrigate the graft and surgical field with ice-cold saline for better visualization and to reduce warm ischemic reperfusion injury.

3.9. Align the donor and recipient femoral arteries and anastomose them in end to end fashion using simple interrupted 10-0 nylon suture, avoiding both tension and looping. The artery requires an average of six sutures.

3.10. Similar to the artery, anastomose the donor and recipient femoral veins in end to end fashion. The vein requires six to eight sutures.

NOTE: Generous cold saline irrigation, atraumatic vessel handling technique, and leaving long tails to serve as stay sutures for vessel retraction are important tools for effective microsurgical anastomoses.

3.11.  Place a small amount of hemostatic cellulose powder around both anastomoses, and then remove the proximal microsurgical bulldog clamps on the vein and the artery. 

3.12. Inspect both anastomoses for good patency and flow. Use cotton swab sticks to gently prod the vein and assure good hemostasis of both anastomoses. Hold pressure over bleeding sites and place more hemostatic cellulose powder if needed. Another suture may be placed through a bleeding hole at the risk of “back-walling" the needle only as a last resort.

3.13. When both anastomoses are confirmed satisfactory, trim any remaining long stay suture tails short to match the others.

3.14. Reposition the rat to the left lateral decubitus position, use liberal electrocautery to attain meticulous hemostasis of any reperfusion muscle bleeding.

3.15. Turn attention to the nerve anastomoses once muscle hemostasis is assured. Trim back any nerve cut ends that appear ragged. 

3.16. Reapproximate the dorsal muscle groups under sciatic nerve with simple interrupted 5-0 polyglactin sutures.

3.17. Reapproximate the sciatic nerve. Eight to ten 10-0 nylon neural simple interrupted sutures will usually suffice.

3.18. Reapproximate the reminding dorsal muscle groups and then close the dorsal skin with 4-0 polyglactin continuous suture.

3.19. Reposition the rat back to supine position and reapproximate the femoral nerve. Two to three 10-0 nylon neural simple interrupted sutures will usually suffice.

3.20.  Close the ventral skin with 4-0 polyglactin continuous suture. Avoid excess suture tail, which can be irritating to the rat once awake. 

4. Post-operative care

4.1. [bookmark: _Hlk12799666]Recover animals in their cages with a heating pad under the cage and ready access to food and water, monitoring for early complications daily for the first week.

4.2. [bookmark: _Hlk12799641]Provide post-operative analgesia with subcutaneous meloxicam 1 mg/kg daily injection through POD 2. Provide post-operative antibiotic prophylaxis dilute enrofloxacin spray. Provide disincentive for autotomy (self-mutilation) with Bitter Safe Mist sprayed twice daily to the graft through POD 7.

4.3. Maintain transplanted rats in cages with other rats, to stimulate return to daily activities and rehabilitate the transplanted limb.

5. Post-operative sensation testing

5.1. Apply the Hargreaves testing of thermal sensation protocol, also described elsewhere17,18. 

5.2. [bookmark: _Hlk12799952]Place the rat in the testing container and allowed it to acclimatize for 20 minutes. The apparatus glass is confirmed clean, and the heat source confirmed to be working with the investigator’s finger. 

5.3. Before testing, confirm that  the rat is awake and the tested paw is positioned over the infrared motion detector. 

5.4. Transmit thermal energy at intensity level 90. Time delay in the animal moving its paw away from the heat source is recorded. If no movement occurs within 20 seconds, the test is aborted to prevent injury. 

5.5. [bookmark: _Hlk12799991][bookmark: _Hlk12799980]Obtain five trials per tested limb, excluding the highest and lowest value before calculating the mean withdrawal latency time for each animal. 

6. Post-operative motor testing

6.1. [bookmark: _Hlk12800074]Using a gait analysis treadmill and integrated software analysis platform, select candidates for treadmill testing at four to six weeks post-surgery. 

6.2. [bookmark: _Hlk12800099]Trim all rat toenails one or two days before testing.

6.3. Acclimatize animals to the testing room for one hour before testing, and allow for one minute of pre-test petting to calm anxiety. 

6.4. Placing the rat inside the treadmill, run the treadmill at trials of increasing speed, from 10 cm/s, to 14 cm/s, to the goal 18 cm/s. If the rat is reticent and cannot be coaxed to walk, abort the testing that day to avoid negative conditioning. Allow high performers to walk up to 24 cm/s.

6.5. Rinse the treadmill apparatus with 70% ethanol in between tested animals.

6.6. Gait parameters are output from the analysis platform’s proprietary software.

REPRESENTATIVE RESULTS:
[bookmark: _Hlk12800194]Survival and recovery depend on meticulous surgical technique. Attention to the vascular anastomoses and the neural anastomoses, as well as the bone coaptation as described above is crucial maximizing the success of this model. Operative design and representative anastomotic results are shown in Figure 1.

Overall mortality was dependent on immunosuppression strategy, with the majority of isotransplanted animals attaining the study endpoint of 100-200 post-operative days as seen in Figure 2. Once out of the acute post-operative window, treated allotransplanted animals could experience survival up to 58 post-operative days. Isografted rats lived indefinitely over the course of study while allograft transplanted rats had variable mortalities from rapamycin and FK506. Out of the treatments FK506 promoted the longest viability (day 57), while rapamycin was second best (day 20) over the untreated control (day 10).

Sensory and motor recovery can be shown in Figure 3. Animals were shown to have recovered sensory nerve function of the transplanted paw using the Hargreaves apparatus by day 30. Animals displayed significant recovery by four weeks after surgery (Aii). Animals shown marked improvements in motor function of the transplanted limb using a gait analysis treadmill and integrated software analysis platform. Example gait parameter based on specific limbs are shown (Bii) and a Sciatic Function Index (SFI) are also presented (Biii).

Figure 1: Operative design is depicted in cartoon format. (A) The rat is shown with (B) right hind leg cross-section depicting (i) the femoral bundle (nerve, artery, and vein) (ii) the sciatic nerve, and (iii) the bone. (C) Representative micrographs from the operating microscope (donor left and recipient right) were taken of the (i) sciatic nerve anastomosis (ii) the femoral nerve artery, and vein anastomoses (shown from top to bottom), and (iii) the 18-gauge needle intramedullary rod-femur bone coaptation. Note the donor structures appear to the left in each photo. Also note the femur is shown before full coaptation when both bones are opposed and the needle is concealed within.

Figure 2: Percent survival of animals as presented days post-surgery (POD). Groups shown include isograft, allografts with no treatment, rapamycin, and FK506 immunosuppressant drugs.

Figure 3: Sensory nerve recovery is demonstrated in (A) Hargreaves testing transplanted animals each at six post-operative time points and in (B) still shot of treadmill testing using DigiGait. (i) Representative pictures are shown with (ii) respective paw data. Respective color-coded images of paws are also in 0.025 ms frames. Digigate models (iii) are also shown. Significance was determined using a one-way ANOVA with a Bonferroni's multiple comparison test and SEM, where n=7 and p< 0.05. These particular DigiGait data were taken from an isogeneic animal tested at post-operative day 28. 

DISCUSSION:
Limb transplant, under the broader category of vascularized component allotransplantation (VCA), has widely applicable therapeutic promise as yet unfulfilled. The main roadblocks lie in unsolved immunological issues unique to VCA and neuromotor recovery techniques used currently. Development of new techniques will depend on animal modeling that is flexible, robust, and reproducible.

Many animal models have been established in VCA, each with specific advantages4. Non-human primate models offer attractive translatability to human patients, but have been hampered by cost concerns and toxic levels of immunosuppression required4. Canine models have been seen as advantageous for specific similarities of muscular structure as humans as well as a more experienced immune system19,20. Porcine models offer the benefits of a large animal model where the immune system is increasingly well studied21,22. Mouse model systems present the most advanced techniques to study immunology, but despite important advances in cuffed vascular microsurgical anastomosis23, mouse limb transplant remains technically challenging and has some limitations in functional recovery assessment5,24-26.

Rat models in VCA have been utilized since 19783, providing a mature platform to investigate both immunological and neuromotor hypotheses6,9,13,14,17,27,28,38. The model here combines the advantages of hindlimb orthotopic approach, suture anastomosis, nerve re-approximation, and potential for gait analysis. Hindlimb orthotopic as opposed to forelimb transplant is less of an encumbrance to the rat during the recovery process and allows for continued normal grooming and feeding behaviors post operatively. Suture anastomosis although painstaking may potentially offer less technical confounding for long term studies. Nerve re-approximation allows for future investigation17,18 and gait analysis. This protocol relies on meticulous, time-tested microsurgical techniques well-described elsewhere29, requiring constant attention to avoid the immediate pitfalls of anesthetic overdose, anastomotic failure, anastomotic thrombosis, and excessive surgical blood loss. Although multiple microsurgeons can improve the workflow, we have described a method by which a single operating microsurgeon can achieve sufficient experimental output. 

Autotomy or self-mutilation has been a phenomenon noted in several microsurgical models, and it has been hypothesized to inversely correlate with nerve healing30,31. Autotomy was overall controlled in this model, possibly related meticulous neural anastomotic technique. Autotomy also decreased farther into the learning curve. Bitter Safe Mist was a valuable adjunct in controlling this phenomenon.

Gait analysis in rats has been studied for multiple models of injury32-34, most relevantly for sciatic nerve injury35,36. Rats even when not limb transplant recipients are known to be heterogenous subjects for gait analysis, and investigators still debate which analysis parameters describe recovery37. In this model we have described several methods to obtaining the best data from transplanted recipients who are willing and able to walk. Preselection of adequate walkers was not predictive of post-operative cooperation. Although animals are able to move about their housing as soon as several hours after surgery, they are not ready for treadmill ambulation until at least four to six weeks after surgery.

A protocol’s ability to measure nerve recovery in VCA is dependent on its strategy for rehabilitation. This protocol explicitly promotes transplant recipients interacting with other rats as inducement to function. This strategy is cognizant of the importance of modeling rehabilitation, yet is simple, economical, and is largely standard. Future strategies may include more active rehabilitation such as treadmill training.

The immunologic techniques applicable to this model are beyond the scope of this discussion, but in particular, comparing isotransplant versus allotransplanted animals provides a useful control to differentiate allograft immunologic phenomena and rejection from the ischemic reperfusion injury, inflammation, revascularization, and post-surgical infection processes inherent in the transplant surgery itself. Isotransplants provide a similar control for nerve function studies for the same reason.

[bookmark: _Hlk12800227]Using this platform, investigators may be able to advance both VCA immunology and neuromotor recovery.
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