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One major obstacle in current diabetic wound research is a lack of an ischemic wound model that can be safely used in diabetic animals. Drugs
that work well in non-ischemic wounds may not work in human diabetic wounds because vasculopathy is one major factor that hinders healing of
these wounds. We published an article in 2007 describing a rabbit ear ischemic wound model created by a minimally invasive surgical technique.
Since then, we have further simplified the procedure for easier operation. On one ear, three small skin incisions were made on the vascular
pedicles, 1-2 cm from the ear base. The central artery was ligated and cut along with the nerve. The whole cranial bundle was cut and ligated,
leaving only the caudal branch intact. A circumferential subcutaneous tunnel was made through the incisions, to cut subcutaneous tissues,
muscles, nerves, and small vessels. The other ear was used as a non-ischemic control. Four wounds were made on the ventral side of each ear.
This technique produces 4 ischemic wounds and 4 non-ischemic wounds in one animal for paired comparisons. After surgery, the ischemic ear
was cool and cyanotic, and showed reduced movement and a lack of pulse in the ear artery. Skin temperature of the ischemic ear was 1-10 °C
lower than that on the normal ear and this difference was maintained for more than one month. Ear tissue high-energy phosphate contents were
lower in the ischemic ear than the control ear. Wound healing times were longer in the ischemic ear than in the non-ischemic ear when the same
treatment was used. The technique has now been used on more than 80 rabbits in which 23 were diabetic (diabetes time ranging from 2 weeks
to 2 years). No single rabbit has developed any surgical complications such as bleeding, infection, or rupture in the skin incisions. The model has
many advantages, such as little skin disruption, longer ischemic time, and higher success rate, when compared to many other models. It can be
safely used in animals with reduced resistance, and can also be modified to meet different testing requirements.

Video Link

The video component of this article can be found at https://www.jove.com/video/3341/

Protocol

1. Anatomic Basis

The rabbit ear has been a favored study material for wound care since the early 20" century. The ear is supplied by three vascular bundles
(central, cranial, and caudal); the central bundle is the largest, while the vessels in the cranial and caudal bundles vary in size. Occasionally, the
caudal artery may be absent." All of these vessels are easily identified on the dorsal side after the ear is shaved (Fig. 1). On the ventral side,
the distal skin does not receive blood supply from the proximal vessels. The three vessel bundles on the dorsal ear have numerous branches
that penetrate through the cartilage to provide blood supply to the distal ventral skin (Fig. 2). In some rabbits, a very small subcutaneous vessel
also occurs on the ventral side, which supplies blood to no more than 1/3 of the ventral skin. In an open circumferential skin incision, there is
essentially no bleeding from a ventral incision.

2. Surgical Procedure

The rabbit is weighed and the ears are shaved, along with the back of the neck.

A premedication of Buprenorphine (0.01 mg/kg) is given IM one hour before surgery.

Anesthesia is induced by a mixture of ketamine (50 mg/kg) and Xylazine (5 mg/kg) IM.

The rabbit is protected with a heating pad during surgery, the eyes are protected with ointment, and its vital signs are monitored during
surgery.

The surgical field is prepared aseptically with a surgical scrub and draped so that the two ears are exposed.

One ear is rendered ischemic, while the other ear serves as a paired non-ischemic control.

The three vascular pedicles are identified by the arteries and veins.

Using a #15 blade, three small vertical incisions (1-1.5 cm) are made on the vascular pedicles, about 1-2 cm from the ear base.

The central vein is isolated from the surrounding tissues and a suture is used to encircle it for retraction. The central artery is ligated with 4-0
sutures and divided.

10. The accompanying central nerve is also cut.
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The whole cranial pedicle is ligated and divided.

The caudal pedicle is preserved.

A subcutaneous tunnel is made through the 3 incisions. This is accomplished by blunt dissection with a clamp and sharp dissections with a
knife and scissors. All of the subcutaneous tissues, muscles, nerves, and small vascular branches are discontinued. The small vasculatures
underneath the dermis are totally divided. All of the subcutaneous tissues are cut to the level of the cartilage with the blade.

Further sharp and blunt dissections are used to clean up the base, leaving a bare cartilage about 5-10 mm wide.

This procedure interrupts all of the subcutaneous vascular branches to prevent them from rapidly establishing collaterals.

Bleeding is minimal. If there is any, it is easily controlled by gauze compression, without the need for electrocautery.

The skin inside the ear does not carry much blood supply and thus is not incised.

The 3 skin incisions are closed using 4-0 or 5-0 sutures, and covered with sterile gauze.

The procedure results in 3 small skin incisions and incurs much less skin damage than an open surgery.

Four circular full-thickness skin wounds are created on the ventral side of each ear with a 6-mm stainless steel punch. The distance between
the wounds is at least 20-30 mm. The skin inside the punch wound is removed from the cartilage. The perichondrium is also removed, with
the skin or separately. The base on which granulation and epithelization take place is the cartilage, but the cartilage is not perforated (Fig. 3).
When the wounds on both ears are completed, testing drug is applied to one side of two wounds while the control drug is applied to the
wounds on the other side. An occlusive dressing (TegaDerm, 3M) is used to cover the wound site. This prevents the wounds from becoming
desiccated.

The wounds at the bottom portion of the ear normally heal faster than the wounds at the top of the ear. For wound healing comparison study,
it is recommended to compare the two wounds on one side with the two wounds on the other side, or to compare the top and bottom wounds
separately.

3. Postoperative Care

1.
2.
3

Noos

A Duragesic patch is attached to the back skin to release Fentanyl (25 pg/hour) for 2-3 days to reduce possible pain.

The rabbits are allowed free access to food and drink.

Dressing changes are carried out daily. The old dressings are removed and the wounds are cleaned with sterile cotton swabs. Digital photos
are taken for comparison. New dressings are applied, and the wounds are covered again by TegaDerm. No anesthetic is needed during
dressing changes.

Skin temperature is measured daily on each ear for comparison.

Additional ear blood circulation can be measured with a transcutaneous oxygen tension meter or a laser Doppler flowmeter.

The sutures may be removed after one week.

For non-diabetic animals, most of the ear wounds usually heal within 2-3 weeks.

4. Potential Complications and How to Avoid Them

This minimally invasive surgery is safe and complications are rare. Except for a transitional postoperative mild ear edema, none of our rabbits
has had any severe surgical complications. Nevertheless, there are several potential complications for this procedure:

1.

Bleeding. Bleeding may occur in the incisions if hemostasis is incomplete or if a larger blood vessel (such as one of the main pedicle vessels)
is damaged. This is easily avoided by careful dissection. In addition to the three major vascular bundles, there are many minor subcutaneous
vascular branches. When the subcutaneous tunnel is made, these vessels are being cut but no tying is necessary. Hemostasis can be
achieved simply by gauze pressing. This is easily done by inserting a corner of gauze into the tunnel for a few minutes. Before closing the
incision, make sure no active bleeding is present.

Incision infection and dehiscence: These complications may occur if the incisions are contaminated. This can be avoided by use of stringent
aseptic technique and no antibiotic is needed. However, if infection does occur, appropriate drainage and dressing changes are needed.

Ear edema: Due to vascular ligations and disruption of lymph circulation, mild ear edema may present for a few days. However, it disappears
by itself and no treatment is necessary.

5. Representative Results

Since 2007, we have used this procedure in more than 70 rabbits, including 23 diabetic animals. In the diabetic group, surgery was performed at
different diabetic times: seven rabbits had two weeks of diabetic time, four of them had two months, ten had 12 months, and 2 had 24 months of
diabetic time.

Immediately after surgery, the ischemic ear appeared cool and cyanotic, with mild edema. The most important ear artery-the central artery-had a
strong pulse in the normal ear, but this pulse was not present in the ischemic ear. Ear movement was reduced, but did not totally disappear. The
skin showed clear depressions over the tunnel, but no ischemia or necrosis was found in any animal (Fig. 4).

The skin temperatures of the normal and ischemic ears were measured with a digital thermometer (Omron by Omron Healthcare, Bannockburn,

IL,

or a Type K infrared spot thermometer by Fisher Scientific, Pittsburgh, PA). The temperature differences between the non-ischemic and

ischemic ear ranged from 1 to 10 °C, with most rabbits falling within the range of 2-6 °C. Fig. 5 shows the average temperature differences from
30 rabbits. The temperature difference was higher in the early days after surgery, decreased gradually after day 15, but was still maintained at
the end of one month.

Tissue high-energy phosphate contents were measured in some animals after they were sacrificed. Six tissue samples were taken from each ear
and high-energy phosphate contents were measured by HPLC. Both ATP and total energy concentrations were higher in the normal ears than in
the ischemic ears. Fig. 6 shows an example of a rabbit sacrificed 23 days after surgery. The mean tissue ATP contents were 0.349+0.047 yMol/
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g (meanSD) in the normal ear vs. 0.237+0.059 yMol/g in the ischemic ear (p<0.005). Mean total energy (ATP+ADP+AMP) was 0.882+0.137
pUMol/g in the normal ear vs. 0.556+0.115 pMol/g in the ischemic ear (p<0.001).

Wound healing times were always longer for the ischemic ear than for the non-ischemic ear in all groups (non-diabetic or diabetic). Fig. 7 shows
a comparison of healing between 26 pairs of wounds on ischemic and non-ischemic ears. Healing times ranged from 13 to 18 days (mean
14.9+1.6 days) on the normal ears vs. 17 to 27 days (mean 20.5+3.4 days) on the ischemic ears (p=0.001). Wound healing times in aged and
diabetic rabbits were much longer, especially when diabetic time was more than 12 months.

In these rabbits, all the incisions healed normally without any complications, including the rabbits with 24 months of diabetic time. Figure 8 is
a histology sample showing the healed subcutaneous tunnel in which muscle is absent and is replaced by fibrous tissues. However, the skin is
intact.

Figure 1. The rabbit ear is supplied by three vascular bundles. The central is the largest, the cranial is smaller, and the caudal bundle is the
smallest. These vessels are easily seen on the surface after the ear is shaved.
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Figure 2. The three vessel bundles on the dorsal ear supply blood not only to the dorsal skin, but also to the ventral skin through penetrating
vessels. The arrow shows the penetrating vessels through the cartilage. The inset shows cross section of these vessels.
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Figure 3. Four 6-mm wounds are created on the
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ral side of the ear, and the perichondrium is also removed. The base on which granulation
and epithelization take place is the cartilage, but the cartilage is not perforated. The 3 small skin incisions are closed with very little skin
disruption.
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Figure 4. After the skin incisions are closed, the indention over the subcutaneous tunnel is clearly seen.
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Figure 5. The average skin temperature difference between the normal and ischemic ear in 30 rabbits. The early difference ranges from 7 °C to

10 °C after surgery. The difference decreases gradually but still maintained at the end of one month.
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Figure 6. Ear tissue high-energy phosphate contents are reduced in the ischemic ear as compared to non-ischemic ear at 23 days after surgery

(p<0.001).
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Figure 7. Wound healing time is longer in the ischemic ears than the non-ischemic ears (26 wounds each). Healing is defined as the restoration
of integrity to injured tissue, i.e., the complete reepithelialization of wound sites.

Figure 8. Histology sample showing the ear portion containing subcutaneous tunnel. The healed tissue is thinner than normal ear, the original
skeletal muscle is absent and is replaced by fibrous tissues. However, the skin is intact.

Diabetes affects 23.6 million g)eople in the US,>* and 15-20% of these patients develop foot ulcers in their lifetime,*® at an annual treatment
cost of more than $25 billion.*® However, even the best available treatments achieve only a 50% healing rate and this is often temporary,7 with
recurrence rates as high as 66% in diabetics.*® When ulcers occur in diabetic patients, major complications such as infection and amputation
increase dramatically. Despite almost a century of extensive research and the development of thousands of dressing products, none has yet
proven effective. The statement that "Old ulcers in 1830 will be the older ulcers in 1860," made in one of the first papers describing chronic
wound treatment, still applies today.s Finding an appropriate animal model for wound study has been a major challenge for scientists as well

as for clinicians. Many animal models have been created or suggested for wound care study, but a wound model comparable to a chronic,
non-healing human wound is nonexistent.>'® This is because all human diabetic wounds have a combination of tissue ischemia, chronic
hyperglycemia, oxidative stress, neuropathy, and bacterial colonization. Ischemia may not be the earliest cause of diabetic foot ulcers, but it is
the main reason for the persistence of these wounds,"". This is because wounds do not heal in tissue that does not bleed, whereas they almost
always heal in tissue that bleeds extens,ively.12'15 Unfortunately, none of the currently used animal ischemic wound models has yet been used
successfully in diabetic animals, and this has created a major obstacle for the testing of wound drugs. Small scale clinical trials of growth factors,
such as bFGF, have shown them to be highly effective, but they are ineffective in hypoxic dermal ulcer models."®"”
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We published an article in 2007 describing an ischemic rabbit ear wound model that was used successfully in diabetic animals.’. The technique
is somewhat difficult to perform because a careful dissection of the cranial neurovascular bundle is needed. Because these vessels are

small, their contribution to the postoperative recovery is negligible. Since then, we have simplified the procedure by cutting the entire cranial
neurovascular bundle. To compare with the procedure in which the cranial bundle was preserved, there was no difference in wound healing or
ear complications. This modified minimally invasive procedure has the following advantages: 1). It is simple, safe, and has a high success rate,
which reduces pain and suffering for the animals. No surgical complication has occurred in these animals, including a few rabbits with 24 months
of diabetic time; 2). It has a long ischemic time. Our measurements indicated a skin temperature difference at the end of one month. It is possible
that the extensive subcutaneous tissue dissection without requiring suturing the tissue back results in delayed collateral formation; 3). It is very
flexible. Because the three vascular bundles are all under surgical control, this model can easily be made to mimic various chronic wounds (see
below); 4). Unlike the skin in other locations, these wounds have no hair follicles in the wound bed. The healing is totally from the wound edge;
5). This procedure creates 4 ischemic wounds and 4 non-ischemic wounds in the same rabbit for paired comparison, thereby reducing individual
variations; 6). Skin contraction is minimal. While the dorsal skin of the rabbit ear has some mobility, the ventral skin is splinted by cartilage,
allowing more accurate study of r(-z-epith(-;lialization;19 7). Rabbits are generally timid and nonaggressive. Anesthetics are needed only during
wounding surgery. This can reduce any potential confounding factors that may affect wound healing processes; 8). It is also very economical
because up to 8 wounds can be made in one rabbit. 9). In contrast to some previous reports, we have not seen any hypertrophic scar formation
in either non-diabetic or diabetic rabbits observed for more than 24 months after surgery. The mechanism is still unclear.

Several approaches can be taken to modify the operation to meet different testing requirements. 1). Further extension of ischemic time. Our
current results show that the skin temperature difference is maintained at least one month. If some inert material (such as silicone) is used to fill
the tunnel, to delay the collateral formation, ischemic time could be extended. We tried this technique in some rabbits and found very little tissue
reaction; 2). Total ear denervation. Our technique cuts the nerves in the two vascular pedicles (central and cranial), leaving the caudal branch
intact. If total wound denervation is needed, the nerve branch in the caudal pedicle can also be severed as well; 3). If wound bacterial inoculation
is needed, it can be applied to the wound. Because the base of the wound is ear cartilage, it has the potential to get infection and perforation.

To prevent cartilage complications, bacterial inoculation should be applied after the cartilage is covered by granulation tissue. It should be noted
that bacterial contamination is easily made and it can significantly extend the healing time. However, establishment of biofilm in acute wounds is
more difficult. Using clinical material and state-of-the-art technology, biofilm has been shown to be established in only 6% of acute wounds, while
in chronic wounds the incidence is ten times higher (60%);20 Our experience has shown that when diabetic times reach two years, most of the
wounds on the ischemic ear can become infected even with strict aseptic technique. 4). Pressure ulcers often occur in patients with central or

peripheral nerve damage due to loss of sensation. Using this model, a pressure ulcer can also be created by various compression methods.?"?
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