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18 SUMMARY:
19 This article describes how to perform a surgical method to inhibit wound epidermis formation
20 during axolotl limb regeneration by immediately suturing full thickness skin over the amputation
21 plane. This method allows researchers to investigate the functional roles of the wound epidermis
22 during the early stages of limb regeneration.
23
24 ABSTRACT:
25 Classical experiments in salamander regenerative biology over the last century have long
26 established that the wound epidermis is a crucial signaling structure that forms rapidly post-
27 amputation and is required for limb regeneration. However, methods to study its precise function
28 at the molecular level over the last decades have been limited due to a paucity of precise
29 functional techniques and genomic information available in salamander model systems.
30 Excitingly, the recent plethora of sequencing technologies coupled with the release of various
31 salamander genomes and the advent of functional genetic testing methods, including CRISPR,
32 makes it possible to re-visit these foundational experiments at unprecedented molecular
33 resolution. Here, how to perform the classically developed full skin flap (FSF) surgery in adult
34 axolotls in order to inhibit wound epidermis formation immediately following amputation is
35 highlighted and described. The wound epidermis normally forms via distal migration of epithelial
36 cells in the skin proximal to the amputation plane to seal off the wound from the outside
37 environment. The surgery entails immediately suturing full thickness skin (which includes both
38 epidermal and dermal layers) over the amputation plane to hinder epithelial cell migration and
39 contact with the underlying damaged mesenchymal tissues. Successful surgeries result in the
40 inhibition of blastema formation and limb regeneration. By combining this surgery method with
41 contemporary downstream molecular and functional analyses, researchers can begin to uncover
42 the molecular underpinnings of wound epidermis function and biology during limb regeneration.
43
44 INTRODUCTION:
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Since Lazzaro Spallanzani reported it in 1768%, salamander limb regeneration has been one of the
most well-studied natural regenerative phenomenon that has enamored biologists for centuries.
Successful limb regeneration hinges on the formation, outgrowth, and subsequent patterning of
an undifferentiated cellular structure known as the blastema. Researchers have made significant
strides in understanding the cellular composition of the blastema as well as which supportive
tissues and cell types are necessary for its formation?'3. Yet, the coordinated signaling
mechanisms between different tissues and cell types that lead to the initiation of blastema
formation remain poorly understood.

A key requirement for successful blastema formation and regeneration is the wound epidermis,
a transient and specialized epithelium that covers the amputation plane within 12 hours post-
amputation®®. Following amputation, epithelial cells from the intact skin proximal to the injury
rapidly migrate over the amputation plane to form a thin wound epithelium?!4. As the blastema
forms in the following weeks, the early wound epidermis develops into a thicker epithelial
signaling structure called the apical epithelial cap (AEC)*. While normal full thickness skin
contains both an epithelial and dermal layer separated by a basal lamina, the wound
epidermis/AEC consists only of an epithelial layer and lacks a basal lamina®'’. The absence of
the basal lamina and dermis allows for direct contact between the wound epithelial cells and the
underlying tissues, which facilitates bi-directional signaling between the two compartments that
is critical for both blastema formation and maintenance!” 18,

Classical experimental studies devised various innovative surgical methods to probe wound
epidermis/AEC function and necessity via inhibiting its formation. These methods included
suturing?® or grafting full thickness skin?%2! over the amputation plane, immediately suturing the
amputated limb into the body cavity??, and continuous daily removal or irradiation of the early
wound epidermis and AEC?3?4  Altogether, these experiments not only established the
importance of the wound epidermis/AEC, but also further determined its roles in early tissue
histolysis as well as maintaining progenitor cell proliferation and blastemal outgrowth®3
throughout regeneration.

However, these previous studies were largely limited to histological staining as well as tritiated
thymidine pulses to track cell proliferation. In fact, revisiting these classical experiments with
modern sequencing technologies and functional techniques in salamanders has only recently
been done and has led to the discovery of additional roles for the wound epidermis in modulating
inflammation and ECM degradation/deposition during early stages of regeneration?>. With the
release of various salamander genome and transcriptome sequences?®34, as well as the
burgeoning number of functional methods available in salamander species'3>38, researchers are
now well-positioned to begin to unravel the molecular mechanisms driving wound epidermis
formation, function, and AEC development.

Unfortunately, several of these classical methods used to inhibit wound epidermis formation are
technically challenging, presenting difficulties for reproducibility between biological replicates in
the same experiment. For instance, maintaining skin grafts can be challenging as grafts may
eventually fall off the host limb and removal of the wound epidermis/AEC daily is difficult without
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damaging the underlying tissues. Furthermore, suturing the amputated limb into the body cavity
is challenging and also requires additional injury at the site of insertion. On the other hand,
suturing full thickness skin immediately over the amputation plane is relatively simple, technically
reproducible, and introduces minimal tissue damage. This full skin flap (FSF) surgical method was
previously developed by Anthony Mescher in 1976 in adult newts (Notophthalmus viridiscens).
He demonstrated that the FSF surgery inhibited wound epidermis formation and function by
prohibiting both epithelial cell migration over the amputation plane and direct contact between
epithelial cells and the underlying tissues.

Here, this surgical procedure is shown step-by-step using the axolotl limb. Coupled with modern
day molecular and sequencing technologies, this technique may prove to be very helpful for
researchers to deepen our understanding of wound epidermis/AEC formation and function
during limb regeneration.

PROTOCOL:

All animal experiments were performed in accordance with IACUC (Protocol #: 11-32) and
AAALAC guidelines at Harvard University.

1. Preparing solutions and setup for anesthesia and recovery

1.1. Prepare fresh 0.1% tricaine solution for anesthesia and 0.5% sulfamerazine sodium salt
solution for recovery. Make the solutions using water suitable for axolotl husbandry3’ according
to approved IACUC protocols at the relevant research institution (modified Holtfreter’s solution,
for instance). Make sure that the solutions are well-mixed and that enough volume is prepared
in order to submerge the entire axolotl.

1.1.1. To prepare 0.1% tricaine solution, mix 1 g of tricaine and 1 g of sodium bicarbonate with 1
L of water. The solution can be scaled up according to this recipe.

1.1.2. To prepare 0.5% sulfamerazine sodium salt solution, mix 5 g of sulfamerazine sodium salt
with 1 L of water. The solution can be scaled up according to this recipe. Sulfamerazine solution
is an anti-biotic that will prevent bacterial infection during surgical recovery.

1.2. Prepare and sterilize the surgical area and tools (forceps, dissecting scissors, spring scissors)
with 70% ethanol.

1.3. To set up the recovery area, place a 15 cm Petri dish or any container that will fit the axolotl
on top of a bucket filled with ice. Fill the Petri dish with a low level of 0.5% sulfamerazine sodium
salt solution, enough such that the axolotl would not be fully submerged. The recovery on ice
post-surgery will slow the animal’s movement while it awakens from anesthesia, allowing the
sutured area to heal relatively undisturbed.
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NOTE: This setup can be customized by researchers depending on what materials they have
available.

2. Performing the full skin flap surgical procedure

2.1. Anesthetize the axolotl by submersing it in a container of 0.1% tricaine solution. This will take
approximately 15-20 minutes. Ensure that the axolotl is indeed fully anesthetized by performing
a tail pinch. If there is no response from the axolotl, proceed with the surgery.

NOTE: Use older, larger axolotls for this surgery (at least 15 cm in size). Make sure that the axolotl
remains well hydrated throughout the surgery by wetting the skin periodically with axolotl
system water using a plastic pipette.

2.2. Perform a limb amputation at the distal end of the zeugopodial skeletal elements using the
dissecting scissors (Figure 1.1).

2.3. Using the spring scissors, make a small incision (approximately 2 mm) on the ventral portion
of the skin (Figure 1.2).

2.4. Using the forceps, carefully peel back the skin to approximately the midline of the
zeugopodial skeletal elements, exposing the underlying limb tissues (muscle, bone, etc.) (Figure
1.3). Make sure not to damage the skin. See note after step 2.8.

2.5. Amputate the exposed underlying limb tissues at the midline of the zeugopod using surgical
scissors (Figure 1.4).

2.6. Push back the muscle tissue with the surgical scissors and trim the exposed bone.

NOTE: This is necessary to ensure improved healing and also to increase the success of the
surgery as protruding bone can be jagged against the sutured flap and disrupt the integrity of an
intact skin flap later on.

2.7. Using the forceps, carefully pull the extra full thickness skin over the amputation plane to
cover the exposed underlying tissues and suture in place by connecting with the ventral full
thickness skin (Figure 1.5).

2.8. Suture the remaining right and left sides of the skin flap into the underlying ventral portions
of intact skin. This can be done by either suturing the sides of the flap in a “criss-cross” manner
(recommended) (Figure 1.6-1.9), or simply suturing straight into the ventral skin. Use the forceps
and curved spring scissors for suturing. Make sure no exposed underlying tissues can be seen and
that sutures are tied tight (knotted at least three times).

NOTE: It is critical that the intact skin is not damaged in steps 2.4, 2.7-2.8. We have found that
damage to the full thickness skin has been correlated with unsuccessful surgeries, as the areas of



176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218

damage may still form a small wound epidermis. If possible, try to use a duller pair of forceps
when handing the full thickness skin flap.

2.9. Perform an amputation on the contralateral limb (optional internal animal control) by
amputating it at mid-zeugopod level with surgical scissors. Push back the muscle tissue with
surgical scissors and trim the exposed bone.

NOTE: An internal contralateral limb control can be done to better assess the success of the
surgery during step 4 in the same animal. However, amputation of the same limb in a separate
animal can also be used to serve as a control.

3. Post-operative recovery and care

3.1. Once the surgery is complete, place a Kimwipe or sterile paper towel at the bottom of the
container or Petri dish to wet it. Place the animal into the container on ice and gently wrap the
exposed ends of the Kimwipe or paper towel around the top of the animal to keep it well-
hydrated with sulfamerazine solution. Leave on ice for 30 minutes to 1 hour to ensure minimal
movement during recovery from anesthesia.

3.2. Place the animal into a static housing container with 0.5% sulfamerazine solution. Axolotls
must remain in this solution for the first 24 hours in order to prevent infection.

3.3. Place the axolotl into normal system water and monitor health daily. Ensure that no sutures
fall out each day as this can result in a small wound epidermis forming which will confound
results.

NOTE: Make sure that the housing container has ample room for the axolotl to move around and
minimize the chances that the sutured limb on the axolotl can come into contact with the sides
of the container. This will help to ensure that the sutures stay in place, especially during the first
week post-surgery.

4. Assessing success of the surgery under a stereo microscope

NOTE: We recommend checking animals under a stereo microscope at least once a week to
assess the integrity of the full skin flap and success of the surgery.

4.1. Anesthetize the axolotl in 0.1% tricaine as in Step 2.1. Make sure there is ample room in the
container for the axolotl to move around.

4.2. If inspecting during the first two weeks post-surgery, inspect the sutured limb using a
stereomicroscope to make sure no sutures have popped out and that a clear thin wound
epidermis is not visible anywhere. If inspecting on the third week post-surgery or later, make sure
a blastema has not formed and compare with how the normal control amputated limb (either
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from the same animal or a different animal) has progressed during regeneration (i.e., whether a
blastema has formed).

4.3. When done, return the axolotl to normal system water and husbandry conditions.

REPRESENTATIVE RESULTS:

This surgical protocol will allow for the complete inhibition of wound epidermis formation (Figure
1) and ultimately, limb regeneration. A successful surgery results in no blastema formation in
approximately 2-3 weeks depending on the size of the animal, while control regenerating limbs
should form a blastema normally.

Researchers should inspect the sutured limb by naked eye every 2-3 days to make sure that the
sutures have not popped out and that a blastema is not forming. If one or more of the sutures
pop out, a wound epidermis can still form resulting in either a small or large blastema and an
unsuccessful surgery (Figure 2). Additionally, researchers should inspect the sutured limb at least
once every week under a stereomicroscope to make sure that a thin wound epidermis is not
evident anywhere on the amputation surface. For comparison, researchers should also examine
the control regenerating limb which should have a wound epidermis over the amputation plane
and form a blastema over 2-3 weeks. The wound epidermis will appear thin and clear, while the
normal skin will appear more opaque and pale pink (almost white), light yellow, or dark green in
leucistic, albino, or wildtype axolotls, respectively.

If researchers wish to collect tissue prior to the blastema formation stages at 2-3 weeks, they
should inspect the sutured limbs prior to sample collection to make sure the sutures remained in
place and that a small wound epidermis did not form. Additionally, sectioning sagitally through
the sutured limb tissue and performing histological analyses at any time point can also verify the
presence of the dermis from the full skin flap encircling the entire amputation plane and the
absence of a wound epidermis (Figure 3).

FIGURE AND TABLE LEGENDS:

Figure 1. Schematic of the steps of the full skin flap surgery. The steps of the protocol are
numbered and diagrammed here. The dotted lines denote the planes of amputation at steps 1
and 3 of the protocol.

Figure 2. Examples of successful and unsuccessful full skin flap surgeries. Representative
brightfield image of a limb that has undergone a successful surgery (left), an unsuccessful surgery
(right), and a control regenerating limb (no surgery) at 25 days post-amputation (dpa). The
successful surgery has a flat amputation plane where the full skin flap was sutured over, whereas
the unsuccessful surgery has a small blastema developing. Arrowheads denote the amputation
plane and white dotted lines are there to aid visualization of the absence of a blastema in the
successful surgery and presence of blastemas in the unsuccessful surgery and control
regenerating limbs.
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Figure 3. Histological staining of normal regenerating and FSF sutured limbs. (A-B’)
Representative brightfield images of picro-mallory stained sections from regenerating (A-A’) and
sutured axolotl limbs (B-B’) at 7 dpa. Insets in A and B are shown in A’ and B’, respectively. The
collagen-heavy dermal layer lines and covers the entire amputation plane in sutured limbs.
Amputation plane is denoted by arrowheads in A-B. Scale bars represent 500 um. This figure was
adapted from Tsai et al.?>.

DISCUSSION:

This article describes a protocol for performing full skin flap surgeries in axolotl limbs to inhibit
wound epidermis formation. While this surgery is relatively simple and technically reproducible
compared to other methods of inhibiting wound epidermis formation, there are several critical
steps that can impact the success of the surgery. First, when pulling the intact full skin flap over
the exposed underlying tissues, it is paramount that the full thickness skin not be damaged in any
way. Damage to the skin flap can still lead to the formation of a small wound epidermis, which
can result in a small blastema-like outgrowth. Second, ensure sutures do not fall out during post-
operative care as this can also lead to the formation of a small wound epidermis. To this point,
minimizing the potential contact between the sutured limb and any surfaces is important,
especially during the first week post-surgery. Several ways to prevent this entail housing and
anesthetizing the axolotl in a large enough container such that the axolotl has plenty of room to
move around post-surgery.

This surgery also has several limitations. Perhaps the most notable is that the success of surgeries
can only be assessed in two ways: using the dissecting scope during the first two weeks of surgery
to search for an absence of a wound epidermis and/or checking whether a blastema forms within
3 weeks. While these methods are effective, they are relatively low throughput. The
development of future transgenic reporter axolotls for wound epidermis-specific markers may
aid in quicker screening for successful versus unsuccessful surgeries. Furthermore, this surgery is
more difficult to perform on younger animals as the intact skin is more fragile. Using sub-adult or
adult axolotls is thus recommended.

While this surgery was originally developed in N. viridiscens®®, it has been easily adapted for
axolotls?>3° and can likely be applied to other salamander species as well. In sum, applying this
technique to future limb regenerative studies will empower researchers to both develop more
tools to address wound epidermis biology and identify the underlying mechanisms driving its
function in initiating blastema formation.
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Name of Material/ Equipment Company Catalog Number Comments/Description
Curved spring scissors Fine Scientific Tools 15009-08
Ethyl 3-aminobenzoate methanesulfonate (Tricaine Sigma-Aldrich 886-86-2
Forceps Fine Scientific Tools 11252-40 Need two pairs
Nylon monofilament sutures (9-0) Roboz SUT-1000-21
Sodium bicarbonate Sigma-Aldrich S5761
Stereo microscope Leica MZ6
Sulfamerazine sodium salt Sigma-Aldrich 127-58-2

Surgical scissors Fine Scientific Tools 14002-14
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Responses to reviewers

I'd like to thank the reviewers for taking the time to provide helpful and constructive
feedback on this manuscript. Detailed responses to each reviewer’s suggestions can be
found below.

Reviewer #1:

1. It would be extremely helpful to the reader if nice pictures of the skin flap;
folding and the end product with the stitches were included. There are diagrams
but those are not the real thing. It would be a big plus to have real pictures of the
different steps along with the diagrams.

| thank the reviewer for pointing this out. While images are not included, each of these
specific steps will be clearly delineated during the step-by-step video demonstration so
that readers can visualize the steps of the protocol.

2.In fig 1 step 3 there is alittle error: there are 2 bones in the zeugopod, the
radius and ulna, and not just one as the cartoon displays.

| apologize if this was confusing. The piece of tissue | have drawn protruding in Figure 1
Step 3 was meant to represent both the muscle and underlying bone. | have now added
in the exposed radius and ulna to the diagram and labeled the muscle and bone more
clearly.

Reviewer #2:

Major Concerns:

1) adding rationale and explanation behind certain steps or in the choice of
reagents used in the protocol. Explaining the use of sulfamerazine sodium, why
you perform the surgery on ice, what you mean by "axolotl system water" (and
would there be alternatives, e.g. Holtfreter's). This will make the protocol more
accessible to new users as well as those that have different experimental setups
or considerations. 2) having more of this information as well as troubleshooting
and caveats at key points in the protocol itself instead of only within discussion
portions. | often had critiques of the protocol that were answered much later in
the manuscript. | think trying to bring some of that information to key points in
the protocol would be helpful.

| thank the reviewer for this feedback. | have now added the rationale and clarified
explanations for sulfamerazine solution, surgical recovery on ice, and axolotl system
water (e.g. modified Holtfreter’s solution) at the beginning of the protocol during the
preparation step (Step 1).

Minor points:
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- Are there experimental control conditions that should be followed for later
guantitative analysis such as a skin flap without suturing.

| thank the reviewer for bringing up this important point. | have now added an additional
step to the protocol, step 2.9, to address this (text below from lines 185-191).

“2.9. Perform a limb amputation on the contralateral limb (optional internal animal
control) by amputating the limb at mid-zeugopod level with surgical scissors.
Push back the muscle tissue with surgical scissors and trim the exposed bone.

NOTE: An internal contralateral limb control can be done to better assess the
success of the surgery during step 4 in the same animal. However, normal
amputation of the same limb in a separate animal can also be used to serve as a
control.”

| have also added the following text to step 4.2 when assessing the success of the
surgery (underlined text in lines 224-227).

“If inspecting on the thlrd week post-surgery or later, make sure a blastema has
not formed a )

Finally, | have added text to the representative results section to include comparisons to
control regenerating limbs in lines 234-235 and 242-244, respectively.

“A successful surgery results in no blastema formation in approximately 2-3

weeks depending on the size of the animal, while control regenerating limbs
should form a blastema normally.”

“For comparison, researchers should also examine the control regenerating limb
which should have a wound epidermis over the amputation plane and form a
blastema over 2-3 weeks.”

- Clarification - Are axolotls hydrated during surgery and recovery with only
axolotl water or the anesthetic tricaine solution?

The axolotls are hydrated during the surgery with anesthetic tricaine solution and during
recovery with sulfamerazine solution. We have now clarified this in the text in line 195.



