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Abstract 

Most mammals, including humans, fail to regenerate many tissues.  One barrier to 
regeneration may be the formation of scar tissue.  Through comparisons between 
animals that regenerate and those that do not, research could identify divergences in 
response to injury, including the initiation of scar tissue formation.  The African Spiny 
mouse, Acomys, offers a mammalian model of regeneration as it does not form scar 
tissue, and instead regrows many tissues after injury.  To identify events that enable 
tissue regeneration, our research compared Acomys with Mus, a mouse species that 
does not show the same regenerative capacity or absence of scar tissue.  Since Mus 
undergoes fibrosis while Acomys does not, these experiments examined an in vitro 
system of primary dermal fibroblasts to identify differences that occur at the molecular 
level of the cells involved in fibrosis.  Thrombin, an enzyme elevated with wounding 
and associated with triggering regeneration, was used as a signal of injury to the 
fibroblasts.  We conducted differential screens to analyze thrombin’s effect on proteins 
involved in cell growth, differentiation, proliferation, and scar tissue formation.  
Qualitatively, ERK, a protein that helps in the expression of growth related proteins, 
showed more rapid localization and greater intensity in Acomys compared to Mus, but 
only one protein, Sox-9, showed a statistically significant difference in Acomys after 
thrombin treatment.  This research could reveal important divergences in regenerative 
potential among mammals, and offers an approach that might identify treatments to 
stimulate new tissue growth. 
 
 
 

 

 



Introduction 

 

Mammals Generally Lack the Ability to Regenerate 

Humans, and mammals in general, lack the ability to regenerate limbs, organs, 

and most damaged tissue.  While regeneration reinvokes developmental mechanisms to 

stimulate the rebuilding of tissues, wound healing in mammals ultimately results in the 

formation of scar tissue (Guo & DiPietro, 2010).  In the event of a wound, mammals 

recruit circulating fibroblast-like stem cells, and fibroblasts from the dermis, to the 

wound via immune cell signaling, and then these cells are activated to become 

myofibroblasts (Muneoka et al., 2008).  These myofibroblasts proliferate and produce 

an excessive amount of extracellular matrix (ECM), including large amounts of 

collagen.  Collagen remodeling then leads to intermolecular crosslinking and the 

formation of scar tissue.  This established response to injury limits regenerative 

potential. 

 There are multiple hypotheses for why regeneration does not occur in humans, 

and more generally mammals.  One idea predicts that the scar is a physical barrier that 

inhibits the reestablishment of embryonic developmental mechanisms.  A second 

hypothesis suggests that adult mammals have lost the potential to reactivate 

developmental genes and localize their expression.  As cells go through differentiation, 

genes that are no longer useful become increasingly inaccessible as the DNA forms 

heterochromatin or higher-order complexes (Gurdon, 2006).  While eggs and oocytes 

have the ability to unravel condensed chromatin, by the time the animal matures into an 
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adult, it has almost permanently shut down these developmental genes.  Consequently, 

these genes cannot be turned back on when injury occurs.  Differential screens between 

regenerative and non-regenerative animals have revealed differences in scar tissue 

formation and gene expression, lending support to each of these hypotheses (Seifert et 

al., 2012; Brant et al., 2015). 

 

Studying Regenerative Organisms Can Inform New Ways of Solving 

Medical Problems 

Previous research in regenerative medicine has mainly focused on species 

outside of the class Mammalia because no mammal has shown complete regenerative 

potential.  During childhood, humans can regenerate fingertips, although the ability to 

do so decreases with age (Shieh & Cheng, 2015).  Still, humans cannot regenerate 

organs or limbs, whereas other vertebrate species have a robust capacity to do so (e.g. 

amphibians and fish).  Furthermore, natural fingertip regeneration proves difficult to 

study due to ethical implications.  Another challenge to studying mammalian 

regeneration is having to identify the factors that limit the animal’s regenerative 

capabilities. 

For years, studies have focused on animals like the salamander as models of 

regeneration.  While salamanders are not mammals, they still have the same three 

embryonic germ layers that produce differentiated cells similar to those found in 

mammals (Gilbert, 2000).  Although, in contrast to mammals, salamanders possess 

regenerative potential, as they have the ability to regrow limbs.  When a salamander 

limb is severed, blood vessels in the stump contract quickly, the animal limits bleeding, 



3 
 

and a layer of skin cells covers the surface of the amputation site (Muneoka et al., 

2008).  These skin cells, called the wound epidermis, transform into signaling cells 

which are critical for regeneration.  Fibroblasts migrate to the center of the wound, and 

proliferate to form a blastema, a collection of stem-like cells that will eventually 

develop into the new limb.  These cells are equivalent to those present in the 

developing limb of the embryo, and are distinctly different from those involved in the 

formation of a scar.  Previous experiments demonstrated that unique nerve factors 

change the behavior of fibroblasts, and cause them to form the blastema seen in limb 

regeneration.  Salamander fibroblasts in the blastema also have the ability to express 

developmental Hox genes, which provide the head to tail body plan of the embryo 

(Simon & Tabin, 1993).  This expression allows the salamander to replace the missing 

limb.  Generally, animals that regenerate appear to reactivate developmental genes 

after injury to induce the growth of new tissue, and their fibroblasts have the capacity 

to develop into a regenerative blastema.   

In comparison, adult humans fail to activate these specific developmental genes 

and form the same regeneration blastema after injury.  Perhaps the inability to form a 

regeneration blastema can be attributed to the absence of essential nerve factors.  If 

researchers could identify specific genes and key regulatory steps involved in 

regeneration, then they could use this information to develop innovative therapies that 

restore human tissues after they have been lost due to disease, injury, or aging.  To 

accomplish this, researchers could compare the sequence of events that transpires after 

wounding in humans, to that in a regenerative animal, and identify critical points where 

the paths diverge. 
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Comparing Two Mouse Species, Acomys and Mus, Could Reveal 

Insight into How Mammalian Regeneration Occurs 

The African spiny mouse, Acomys, is the first adult mammal to exemplify 

advanced regeneration.  The Acomys has the ability to completely regenerate damaged 

tissue (Cormier, 2012).  The species has developed a defense mechanism in which it 

sheds the skin off its back when grabbed by a predator, and later regenerates the skin, 

hair follicles, sweat glands, cartilage, and fur without growing scar tissue (Sandoval et 

al., 2017).  Unlike humans, Acomys does not undergo fibrosis, a process that relies on 

the transformation of normal fibroblasts into myofibroblasts (Wynn, 2008).   This 

suggests that there are differences at the cellular biology level of Acomys fibroblasts.  

Studying these differences could give insight into how scar-free healing and tissue 

regeneration occur.  

Research has compared Mus and Acomys, since the two species are close 

evolutionary relatives, but differ in regenerative capacity.  Like humans and other 

mammals, Mus fails to regenerate, and instead, forms scar tissue after wounding.  Since 

these two species share so much evolutionary history, analysis of the defining 

differences between the species could uncover why one can regenerate tissue and the 

other cannot.  

Differences in Skin Properties  

Since Acomys skin tears easily in response to predation, researchers 

hypothesized that this could be explained by mechanical properties of the skin.  Studies 

have found Acomys skin to be weaker than Mus skin (Gawronska-Kozak et al., 2014).  
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By definition, weak skin breaks under relatively low loads, while fragile skin allows 

the outer layers of skin to be released (Seifert et al., 2012).  One example of fragile skin 

is a fracture plane, the mechanism used by geckos and skinks, two species that exhibit 

a similar defense ability and regenerative capacity.  Acomys showed no sign of a 

fracture plane.  Comparisons between the skin of Mus and Acomys during mechanical 

loading showed Mus skin to have elastic properties before breaking, while Acomys skin 

was brittle and tore soon after loading.  Based on the analysis of stress-strain curves, 

studies concluded that compared to Acomys skin, Mus skin was 20 times stronger, and 

required 77 times more energy in order to break.  These findings demonstrate that 

Acomys skin tears easily after low applied tension, and that there is a mechanical basis 

for the weakness.  

Researchers also wanted to investigate whether structural properties of Acomys 

skin contributed to the weakness, so they examined the cellular features of the skin.  

When comparing cellular features, Acomys skin was anatomically comparable to the 

skin of Mus and other rodents (Seifert et al., 2012).  There was a similar quantity and 

distribution of elastin in both the dermis and beneath the panniculus carnosus.  

Researchers observed a single difference in the size of the hair follicles.  Acomys had 

larger hair follicles, which reduces the connective tissue content in the dermal area.  

This may contribute to the lower elasticity and tensile strength.  These findings suggest 

that an inherent structural difference causes the weakness of Acomys skin, but 

unfortunately these studies do not report on every possible feature, which means 

undiscovered similarities and/or differences could still exist. 

Differences in Response to Injury 
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Since Acomys possesses weak skin that tears easily, it must also have an 

efficient way to heal wounds that result from this skin tearing.  If researchers 

discovered how the species heals so effectively, then this knowledge might reveal key 

information about regeneration.  To assess the healing process of various sized 

wounds, researchers inflicted full-thickness excisional skin wounds of 4 mm and 1.5 

cm on Acomys.  The Acomys healing process was much faster than that seen in other 

rodents (Seifert et al., 2012).  While a 4 mm wound in adult rat skin takes 5-7 days to 

re-epithelialize, the same size wound in Acomys took only 3 days to re-epithelize.  

There were also differences in the packing density and type of collagen present in 

Acomys tissue that could bias skin repair toward regeneration rather than fibrosis.  In 

addition, during hair follicle regeneration, Acomys showed higher rates of proliferation, 

and activated molecular pathways used during embryonic hair follicle development.  

Together these distinctions point to a difference in cell cycle control. 

Acomys Displays the Ability to Regenerate Ear Tissue 

Researchers have studied ear regeneration by punching holes in the ears of Mus 

and Acomys and analyzing tissue stains.  Uninjured ear tissues consist of epidermis, 

dermis, hair follicles, adipose cells, muscle, and cartilage, and after a set of 4 mm ear 

punches, Acomys was able to completely regenerate all of the tissues except muscle 

(Matias Santos et al., 2016; Sandoval et al., 2017).  In contrast, Mus tissue exhibited 

early extensive degeneration, significant scarring, and regeneration of only a 

nonfunctioning mass of collagen.  

 There were additional differences observed twelve days post injury.  The 

Acomys wounded ears lacked smooth muscle alpha actin (SMαA) (Gawronska-Kozak 
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et al., 2014).  Additionally, Mus tissue produced greater amounts of collagen more 

quickly, and displayed a higher abundance of myofibroblasts, while Acomys tissue 

contained almost no myofibroblasts (Seifert et al., 2012).  In summary, instead of 

regenerating after wounding, Mus experienced a loss of cell proliferation, an increase 

in collagen type I, activation of myofibroblasts, and subsequent scar tissue formation. 

 

The Critical Role of Thrombin in Injury Response 

Thrombin, a serine protease, is a potential candidate for initiating the 

regenerative response in vertebrates (Brockes & Kumar, 2008).  Once activated, 

thrombin cuts fibrinogen, producing a fibrin monomer, which then polymerizes to form 

the fibrous matrix of blood clots (Coughlin, 2000).  In various salamander tissues, local 

activation of thrombin is thought to provide a signal initiating a regenerative response 

to tissue injury or removal, because regeneration seems to occur in the vicinity of fibrin 

clots (Brockes & Kumar, 2005).  Studies have also shown that another amphibian’s 

skeletal myotubes reenter S phase in response to a ligand activated in the thrombin 

pathway.  Since these features are consistent with orchestral regeneration, they warrant 

further research that examines thrombin’s potential role in regeneration.   

In addition to triggering the coagulation cascade, thrombin regulates platelet 

aggregation and activation of endothelial cells (Coughlin, 2000).  Other coagulation 

factors regulate the production of this enzyme by amplifying signals and providing 

negative feedback loops.  These regulatory mechanisms ensure that active thrombin is 

short-lived and only acts near the site where it is produced.  Previous studies also 
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suggest that thrombin links tissue damage to both haemostasis and the inflammatory 

response (Tanaka et al., 1999).   

 

Figure 1.  Activation of Thrombin.  Tissue trauma causes tissue 
factor to come into contact with blood and circulating 
coagulation factors that it otherwise would not contact.  This 
activates tissue factor.  Activated tissue factor helps activate 
Factor X, which catalyzes the transformation of prothrombin 
into thrombin.  Thrombin cuts fibrinogen to form fibrin 
monomers, which polymerize to form blot clots.  

 

Thrombin activates signaling cascades that result in cellular responses such as 

cell growth and differentiation (see Fig. 2).  To activate these pathways, thrombin first 

interacts with protease-activated receptors (PARs) by cleaving the amino-terminal of 

the receptor (Coughlin, 2000).  PARs are G-protein coupled receptors that mask their 

own ligand until the receptor gets cleaved.  For example, the ligand of PAR1 remains 

masked until PAR1 is cleaved by thrombin, meaning the concentration of thrombin 

regulates the activation of the receptor.  Since the quantity of second messenger 

depends on the rate at which the PAR is activated, it proportional to the concentration 

of thrombin too.  PAR1 and PAR4 are expressed on the surface of human platelets, and 

their activation induces platelet secretion and aggregation.  Mice platelets, on the other 
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hand, express PAR3 and PAR4, with PAR4 controlling thrombin signaling.  In 

vascular endothelial cells, PAR1 is the main mediator of thrombin signaling in both 

mice and humans.  These PARs can include various α subunits, each of which initiates 

a particular signal transduction pathway.  These pathways begin with a signal (e.g. 

thrombin, growth factors) activating its receptor (e.g. PARs), which in turn activates 

second messengers (e.g. IP3, DAG, Ca2+) that regulate enzymes (e.g. PKC1, Rho 

GEFs), that control transcription factors (e.g. AP-1, MRTF-A, YAP, NFκB), which 

ultimately help in the expression of effector gene products (e.g. Cyclin D1, α-smooth 

muscle actin).  These gene products play crucial roles in cellular responses necessary 

for new tissue growth.   

 

 

Figure 2.  Thrombin Pathway to Cell Growth and Differentiation.  Thrombin activates 
PAR1 which can be coupled to various G proteins including G12/13 and Gq.  The G12/13 α 
subunit binds Rho GEFs which initiate pathways that ultimately result in cell 
differentiation, proliferation, angiogenesis, and inflammation (Yu & Brown, 2015).  
The pink boxes indicate transcription factors or coactivators, the yellow boxes indicate 
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target genes, and the blue boxes indicate cellular responses.  The Gq α subunit activates 
phospholipase Cβ, triggering pathways involving calcium and protein kinase C, that 
cause growth factor ‘shedding’ and receptor tyrosine kinase activation.  This ultimately 
results in cell growth and differentiation (Coughlin, 2000).  

 

Previous research has suggested that thrombin plays a role in essential 

regenerative processes like cell proliferation.  Through a procedure of protease 

inhibition, researchers found re-entry into S phase to occur more frequently when 

thrombin was active (Tanaka et al., 1999).  Thrombin also triggers various cell 

signaling cascades, including the MAPK/ERK pathway that regulates cellular 

processes such as cell proliferation, differentiation, and survival (Roskoski, 2012).  

ERK 1/2 are kinases that share 83% of their amino acid sequences, and are functionally 

redundant during development (Frémin et al., 2015).  In our experiments, ERK served 

as an indicator that the cells were responding to thrombin.    If experiments could 

demonstrate that ERK responds to thrombin, then there would be evidence that our in 

vitro model of primary dermal fibroblasts was indeed a viable model to proceed with.  

If we had a viable model, then we could test thrombin’s effect on selected markers 

found in multiple different pathways thought to be involved in regeneration (see Fig. 

3).  These selected markers were specific gene products associated with cellular 

responses like cell proliferation and differentiation (YAP, SMαA, Ki-67, Sox-9) (see 

Fig. 3).  Therefore, this study attempts to identify differential activation of ERK 1/2, 

YAP, SMαA, Ki-67, and Sox-9 in Mus and Acomys since these proteins are all possibly 

involved in the regeneration pathway. 
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Figure 3.  Thrombin’s Effect on ERK 1/2, YAP, SMαA, Ki-67 and Sox-9.  Thrombin 
triggers the phosphorylation of ERK 1/2, and the ensuing translocation of phospho-
ERK to the nucleus, where these kinases aid in the transcription of growth related 
proteins.  Thrombin may also effect the dephosphorylation of YAP, the production of 
Sox-9, trigger the cell’s entry into mitosis, and/or cause myofibroblast formation.   

 

Tests of Proposed Signal Transduction Pathways 

This paper analyzes immunofluorescence stains and western blots for specific 

proteins in primary dermal fibroblasts extracted from Mus and Acomys, to test if there 

are significant differences between thrombin’s effects on elements involved in cell 

proliferation and differentiation.  Since thrombin levels are rapidly upregulated in 

response to tissue trauma, adding thrombin to the cells signaled to them that an injury 

had occurred.  In this way, thrombin acted as a proxy for injury.  Through our 

experiments, we examined thrombin’s effects on candidate responses to injury, 

including signaling pathways (ERK 1/2 and YAP), markers of myofibroblast formation 
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(smooth muscle alpha actin), and proteins involved in regulating cell cycle (Ki-67) and 

stem cell state (Sox-9).   

ERK 1/2 become phosphorylated after thrombin activates its target PAR 

receptor (Wong et al., 2002).  Once phosphorylated, activated ERK 1/2 localize to the 

nucleus.  In both Mus and Acomys, we ensured that ERK 1/2 were functional and active 

in response to thrombin, in order to demonstrate that thrombin was indeed activating its 

pathway.  Therefore, in our experiments, ERK 1/2 served as a positive control to 

support our model as viable.  In the future, ERK 1/2 may be of interest as a marker for 

cell growth and possibly regeneration as well. 

YAP is a transcription co-activator and a potent growth promoter (Dai et al., 

2015).  YAP activation facilitates cell proliferation, evasion from apoptosis, and stem 

cell self-renewal.  Cells carefully control the concentration and stability of YAP to 

ensure proper development and tissue homeostasis.  We hypothesized that thrombin 

would cause an increase in activation, or dephosphorylation, of YAP in Acomys, since 

YAP plays a role in cell growth and renewal.   

SMαA is a cytoskeletal protein that can be used to identify fibroblasts that have 

transformed into myofibroblasts, since myofibroblasts contain SMαA stress fibers 

(Hinz, 2007).  Higher SMαA expression also corresponds to increased fibroblast 

contractile activity (Hinz et al., 2001).  Since myofibroblasts mediate scar tissue 

formation, we predicted that thrombin would cause fibroblast to myofibroblast 

transformation in Mus but not Acomys.  Studying this process could possibly help 

explain why Mus form scar tissue and Acomys do not.   
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Ki-67 is a protein required for the cell division cycle (Bologna-Molina et al., 

2013).  Since, it is present during all active phases of the cell cycle, but absent from 

cells in G0, it is frequently used to measure cell proliferation.  We expected thrombin to 

cause a larger increase in cell proliferation in Acomys compared to Mus, and we tested 

this by measuring the presence of Ki-67.  

Sox-9 is a transcription factor that regulates the activity of genes involved in 

skeletal development (Jo et al., 2014).  It plays a role in cell fate determination during 

embryonic development, as its expression helps differentiate cells into a variety of 

specialized tissues and organs.  It also plays a role in cell maintenance and 

specification during adult life.  Since Sox-9 is involved in cell differentiation, we 

hypothesized that thrombin would cause a larger increase in Sox-9 in Acomys 

compared to Mus.  

The main goal of this study was to distinguish between a regeneration pathway 

and a scar pathway.  Our experiments examined five separate pathways that could all 

possibly be involved in the regeneration or scar process.  For each of these pathways, 

we selected a marker that could indicate if the pathway was being activated in response 

to injury.  We predicted that after injury, Acomys would upregulate signal transduction 

pathways resulting in cell growth, proliferation, differentiation, and anti-apoptosis 

since these processes are necessary for regeneration.  Additionally, since Mus form scar 

tissue but Acomys do not, and scar tissue formation is mediated by myofibroblasts, we 

expected only Mus fibroblasts to dedifferentiate into myofibroblasts after injury.
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Experimental Design and Methods 

 

Animal Maintenance  

The Seattle Children’s Research Institute’s Institutional Animal Care and Use 

Committee (IACUC) approved all animal procedures.  Adult male and female Mus 

musculus (The Jackson Laboratory, CD1 Strain#) and Acomys cahirinus (Exotic Pet 

Supply Company) were acquired and bred within the Seattle Children’s Research 

Institute’s vivarium.  Mus and Acomys were housed in separate pathogen-free rooms, 

and all animals received food and water.  Adult males and females of both species were 

anaesthetized with 4% (v/v) vaporized isoflurane, and 2 mm holes were punched in the 

right and left ears.  No sex differences were identified in the study. 

 

Cell Lines 

Two mm ear punches from the adult Acomys and CD1 Mus were used to 

establish primary dermal fibroblast cultures.  The cell lines were grown on collagen 

coated tissue culture plates (5µg/cm2 BD Biosciences) and maintained at the same 

conditions (DMEM 4.5g/L D-glucose, L-glutamine, 110mg/L sodium pyruvate 

supplemented with 10% FBS and 100 U/mL Pen-Strep, 37°C, 5.0% CO2).  All cell 

lines were discarded after 15 passages.   
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Time Courses of Thrombin Treatment 

A well plate was set up with two rows (Mus and Acomys) and six columns (0 

minute, 1 minute, 5 minutes, 15 minute, 30 minute, and secondary control).  Cells were 

seeded at 4x105 to give 95% confluency, and then all cells were serum starved for 24 

hours (DMEM, 0.5% FBS and 100 U/mL Penicillin/Streptomycin; Serum Starvation 

Media/S.S.M.).  The next day, at t=0, the media in the 30 min. wells was aspirated, 1 

U/mL thrombin (R&D Systems, #P00734) media was added, and the plate was 

returned to the incubator (see Fig. 4).  After 15 minutes at t=15, the media in the 15 

min. wells was aspirated, thrombin media was added, and the plate was returned to the 

incubator.  After 25 minutes, at t=25, the media in the 5 min. wells was aspirated, 

thrombin media was added, and the plate was returned to the incubator.  After 29 

minutes, at t=29, the media in the 1 min. wells was aspirated, thrombin media was 

added, and the plate was returned to the incubator.  After 30 minutes, at t=30, all media 

was aspirated, and all cells were fixed with 4% PFA.   

 

 

Figure 4.  Short Thrombin Time Course Design.  The plate was set up with rows for 
species, and columns for treatment time, and thrombin was added at the described 
times.  All cells were fixed after 30 minutes.  All times are given in minutes. 
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 A longer time course of thrombin treatment was also done.  Cells were seeded 

at 4x105 to give 95% confluency and then serum starved.  The next day, the media was 

aspirated from the 15 minute, 30 minute, 1 hour, 3 hour, and 6 hour wells, and 1 U/mL 

thrombin media was added, with the time of thrombin administration recorded for each 

well (see Fig. 5).  The plate was returned to the incubator, and after each specified 

amount of time (15 minutes, 30 minutes, 1 hour, 3 hours, 6 hours), the media was 

aspirated, the cells were washed with PBS, lysed with lysis buffer (RipA, protease 

inhibitor cocktail, Na-Orthovanadate), scraped off the bottom of the well, transferred to 

labeled microfuge tubes, and kept on ice.  The tubes were vortexed every other minute 

for 10 minutes and then centrifuged for 15 minutes at 16,000 g.  The supernatant was 

extracted, transferred to new microfuge tubes, and kept on ice until a Bradford Assay 

was run.   

 

 

Figure 5.  Long Thrombin Time Course Design.  The plate was set up with rows for 
species and columns for treatment time, and thrombin was added to 10 of the wells 
at time zero.  The cells were lysed at the described times.   
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48 Hour Thrombin Treatment 

Using a six well plate, we added 1 U/mL thrombin media to previously serum 

starved Mus and Acomys fibroblast cells, and incubated them at 37°C for 48 hours.  

After 48 hours, the cells were lysed, transferred to microfuge tubes, vortexed, 

centrifuged, and the supernatant was extracted and kept on ice. 

 

Bradford Assay 

After thrombin treatment but prior to western blotting, a Bradford Assay was 

carried out using a Pierce™ BCA Protein Assay Kit (Thermo Scientific) to determine 

protein concentrations.  In a 96 well plate, protein standard and protein lysate were 

mixed with working reagent, incubated at 37°C for 40 minutes, and then read using a 

Spectramax190 machine.  The results were used to calculate the amount of protein 

lysate needed to give 50 µg of protein in the final protein lysate samples.  The final 

protein lysate samples were made by mixing the corresponding protein lysate, 4x 

Laemmili loading buffer, and water.  The samples were boiled at 99°C and 300 rpm for 

10 minutes before being stored at 4°C. 

 

Western Blotting 

SDS-Page gels were prepared (ranging from 8-12% depending on target 

proteins), and then 40 µL protein lysate or 5 µL of ladder was loaded into each well.  

Gel electrophoresis was run at 80V for 30 minutes, and then at 120V for about 2 hours 

and 10 minutes.  At 4°C, the transfer to membrane was carried out, and electrophoresis 
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was run at 120V for 80 minutes.  After the transfer was complete, the membrane was 

extracted and washed with 1x TBS three times.  Odyssey blocking buffer (LI-COR 

Biosciences) was added to cover the membrane, which was then mixed on a mixing 

plate at room temperature for 1 hour.  The membrane was washed with 1x TBST three 

times.  The primary antibody solution was added, and the membrane was placed on 

rock, and incubated at 4°C overnight.  The next day, the membrane was washed with 

1x TBST four times, secondary antibody solution was added, and the membrane was 

shielded from light with foil, and placed on rock at room temperature for 2 hours.  

After 2 hours, the membrane was washed with 1x TBST five times and then 1x TBS 

twice.  It was then imaged on the Odyssey machine (LI-COR Biosciences), and the 

bands were quantified using Image Studio Lite V5.2. 

 This procedure was done using primary antibody solutions containing anti-

phospho-ERK 1/2 ((1/1000, mouse; Cell Signaling #4370) with loading control 

GAPDH (1/4000, rabbit; Cell Signaling #2118), anti-Phospho-YAP (1/1500, rabbit; 

Cell Signaling #13008) with loading control total anti-YAP (1/1500, mouse; Abcam, 

#ab56701), anti-Actin (Smooth Muscle α-Actin) (1/2000, mouse; Sigma-Aldrich, 

#A2547) with loading control anti-GAPDH (1/4000, rabbit; Cell Signaling #2118), and 

anti-Sox-9 (1/1000, rabbit; Millipore, #AB5535) with loading control anti-Actin 

(1/3000, mouse; Sigma-Aldrich, #A3853).  For all western blots, the secondary 

antibody solution included IRDye-labeled (LI-COR Biosciences) secondary antibodies. 
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Immunostaining  

After cells were fixed with 4% (w/v) PFA for 10 minutes, each well was 

washed 3 times with PBS, cells were permeated for 10 minutes using 0.2% Triton-

X100 in PBS (PBT), and then washed again three times with PBS.  Blocking solution 

(5% BSA, normal goat serum in PBT) was added, and cells were kept at room 

temperature for 1 hour in order to block non-specific binding.  Afterwards, primary 

antibody solution, which included anti-Phospho-ERK 1/2 (1/1000, mouse; Cell 

Signaling #4370) and anti-phalloidin (1/500, rabbit; Sigma-Aldrich, #A3853), was 

added to all wells expect those specified to be the no primary control, and the plate was 

incubated overnight at 4°C.  The next day, the cells were washed twice with PBS, and 

then incubated with the secondary antibody solution, which included ALEXA-Fluor 

488- and 594- conjugated antibodies (Thermo Fisher), for 2 hours at room temperature, 

protected from light.  After 2 hours, the cells were washed with PBS three times, and 

then counterstained with DAPI.  The cells were washed with PBS one final time and 

stored in 4% (w/v) propyl gallate anti-fade solution at 4°C, protected from light.  

Images were taken using a DMI6000 microscope.  

The procedure was repeated using a primary antibody solution of anti-Actin 

(Smooth Muscle α-Actin) (1/500, mouse; Sigma-Aldrich, #A2547) and anti-phalloidin 

(1/500, rabbit; Sigma-Aldrich, #A3853), and again using a primary solution of anti-Ki-

67 (1/500, mouse; Novusbio, #4288) and anti-phalloidin (1/500, rabbit; Sigma-Aldrich, 

#A3853).  All images were processed in Fiji Image J. 
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Statistical Analysis 

Paired t-tests were run in order to determine whether the differences in levels of 

phospho-YAP, SMαA, Ki-67, and Sox-9 between treatments (control and thrombin) 

and species (Mus and Acomys) were significant or not.  Significance tests were 

interpreted based on an alpha level of 0.05.  The analysis of the 48 hour thrombin 

treatment on YAP included n=8 for Mus and n=9 for Acomys.  The analysis of the 48 

hour thrombin treatment on SMαA included n=6 for each species, and the analysis of 

the 48 hour thrombin treatment on Sox-9 included n=3 for each species.  The statistical 

analysis of Ki-67 included 12 image frames for each species-treatment combination.  

On average, there were 37 Acomys cells per frame and 20 Mus cells per frame.  All 

graphical and statistical analysis was done in Graph Pad Prism 7.03. 
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Results  

 

Assessment of Activation by Thrombin Using ERK as a Proxy 

Thrombin activation indicates an established injury response pathway as it is 

one of the initial enzymes in the coagulation cascade.  Primary fibroblast cells were 

treated with thrombin for various time periods, and stained for phospho-ERK.  To 

reiterate, phospho-ERK is a downstream component of a common thrombin-activated 

pathway.  If ERK was functional and active in response to thrombin, then the data 

would suggest that Acomys and Mus both respond to thrombin.  Furthermore, if that 

were true, experiments could use thrombin to analyze proteins involved in injury 

response.  Immunostaining experiments compared the magnitude and rate at which 

ERK moved to the nucleus in Mus versus Acomys.  Western blotting experiments 

compared the intensity and duration of ERK activation across species.  Based on 

previous literature, we hypothesized that thrombin would activate ERK, and phospho-

ERK levels would rise and eventually fall in both species (Wong et al., 2002).   

 Since we were specifically examining ear regeneration, all experiments used 

fibroblast cells from fresh ear tissue and 1 U/mL thrombin.  The concentration was 

based on values that appeared in previously published research (Zucker et al., 1997; Hu 

et al., 2011).  The time course of thrombin treatment that included points of 1, 5, 15, 

and 30 minutes, was based on reported activation times of ERK in previous literature 

(Borbiev et al., 2003; Nadal-Wollbold et al., 2002).  Immunostaining experiments 

detected both peak phosphorylation and nuclear localization of ERK about 5 minutes 
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after stimulation in both species.  They also detected low levels of phospho-ERK 

within 1 minute in both species, but phospho-ERK reached higher levels in Acomys, as 

demonstrated by the more intense positive staining in Figure 6.  The rate of localization 

was also slightly different between the species, with phospho-ERK translocating to the 

nucleus faster in Acomys.  Based on the immunofluorescence staining of fibroblasts, 

localization of phospho-ERK to the nuclei occurred in Acomys as early as 1 minute, 

while phospho-ERK was still present in the cytoplasm of Mus cells after 5 and 15 

minutes.  Even after 30 minutes, phospho-ERK was present at higher levels in Acomys 

compared to Mus, as evident by the higher intensity staining.  Therefore, phospho-ERK 

localized to the nucleus faster, reached higher levels, and lasted longer in Acomys.   

Nevertheless, both Mus and Acomys responded to thrombin, and exhibited a similar 

overall time pattern of ERK phosphorylation.  The immunostaining experiment 

included a negative control with no primary antibody, which confirmed the specificity 

of the fluorescent secondary antibody for the primary antibody, as there was no 

phospho-ERK staining in the no primary control (see Fig. 6).   
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Figure 6.  Phosphorylation and Localization of ERK in Response to Thrombin.  
Positive DAPI appears blue, positive phalloidin appears red, and positive 
phospho-ERK appears green.  Phalloidin was used to visualize each cell in its 
entirety.  The control involved no thrombin treatment, and the 1 min., 5 min., 15 
min., and 30 min. correspond to the length of each thrombin treatment.  The 
insets on each panel include only the DAPI and phospho-ERK channels to more 
clearly show the kinetic localization of phospho-ERK.  The white arrows point to 
exemplary phospho-ERK staining.  In the Acomys 1 min., 5 min., and 15 min. 
treatments, the arrows point to cells that show positive phospho-ERK staining 
concentrated in the nuclei, and in the Mus 1 min., 5 min., and 15 min. treatments, 
the arrows point to positive phospho-ERK staining outside of the nuclei.  The 
pink circles identify key stages in the phosphorylation pattern.  After a 5 minute 
treatment, the intensity of phospho-ERK staining was greater in Acomys than 
Mus, and the staining was more localized to the nuclei.  The circles in the 30 
minute panels emphasize the difference in phospho-ERK intensity between the 
two species, and suggest that ERK in Mus is more quickly dephosphorylated than 
it is in Acomys.  Overall, ERK was functional and active in response to thrombin 
in both species, and the time course of activation followed the same general 
pattern.  Qualitative analysis suggested that the intensity and localization of 
phospho-ERK was greater in Acomys than Mus.  Images were taken at 20x 
magnification.  The no primary control included only secondary antibody to 
demonstrate the specificity of the primary antibody used. 
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 After a time course of thrombin treatment including time points ranging from 

15 minutes to 6 hours, experiments used western blotting to measure the levels of 

phospho-ERK in each sample.  Similar to the results of the staining data, phospho-ERK 

intensity peaked at the earliest time point, 15 minutes, in both species, and decreased 

thereafter (see Fig. 7).  Phospho-ERK in Acomys showed higher levels than that in 

Mus, but the trend of phosphorylation over time remained the same.  Phospho-ERK 

levels peaked after 15 minutes of thrombin treatment and subsequently declined, but 

later underwent a resurgence at 3 hours in both species.   

 

Figure 7.  Time Course of ERK Phosphorylation Following Thrombin Treatment.  
Part A is the western blot image, with the top two bands being phospho-ERK 1/2 
and the bottom band being GAPDH, the loading control.  The lanes were grouped 
by thrombin treatment time, starting with untreated, and continuing on to 15 min., 
30 min., 1 hour, 3 hour, and 6 hour treatments.  Each thrombin treatment time 
included two lanes for the species, Mus and Acomys.  Part B depicts the relative 
expression of phospho-ERK, normalized to the loading control (GAPDH), in 
response to each thrombin treatment.  Part C depicts the fold increase in phospho-
ERK 1/2 for each thrombin treatment.  The phosphorylation and dephosphorylation 
pattern of ERK was similar in the two species, with phosphorylation peaking after a 
15 min. thrombin treatment, decreasing thereafter, and spiking again after a 3 hour 
thrombin treatment. 

 



26 
 

Does Thrombin Activation Cause Cell Proliferation and Growth via 

YAP? 

Since YAP activation facilitates cell proliferation, evasion from apoptosis, and 

stem cell self-renewal, we predicted that greater levels of YAP would be activated in 

Acomys compared to Mus during injury response (Dai et al., 2015).  Comparisons of 

phosphorylation trends in response to thrombin included two distinct time courses.  

Similar to the ERK experiment, this experiment utilized the long time course of 

thrombin treatment and western blotting to detect levels of phospho-YAP and total 

YAP (see Fig. 8).  Because phosphorylated YAP is a subset of the total YAP 

concentration, total YAP acted as the loading control.  The western blot revealed that 

overall, the phosphorylation of YAP generally followed the same pattern in both Mus 

and Acomys.  There was a slight difference in when the pattern switched from 

decreasing relative phosphorylation to increasing relative phosphorylation.  This point 

of inflection occurred 30 minutes later in Acomys compared to Mus.  After 6 hours of 

treatment, both species had nearly the same amount of relative phosphorylation.   
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Figure 8.  Time Course of YAP Phosphorylation Following Thrombin Treatment.  
Part A is the western blot image, with the top band being phosphorylated YAP and 
the bottom band being total YAP, the loading control.  The lanes were grouped by 
thrombin treatment time, starting with untreated, and continuing on to 15 min., 30 
min., 1 hour, 3 hour, and 6 hour treatments.  Each thrombin treatment time included 
two lanes for the species, Mus and Acomys.  Part B depicts the amount of phospho-
YAP, normalized to the loading control (YAP), in response to the different time 
treatments.  Part C displays the same data as part B, except in line plot format, in 
order to better display the phosphorylation pattern over time.  Overall, the two 
species exhibited similar patterns of YAP phosphorylation and dephosphorylation 
over time in response to thrombin. 

 

A subsequent experiment used western blotting to compare levels of phospho-

YAP in untreated and thrombin-treated cells (see Fig. 9).  In this experiment, TGFβ 

acted as a control.  Analysis of data found no significant difference in the relative 

phosphorylation of YAP after a 48 hour thrombin treatment in either Mus or Acomys. 
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Figure 9.  YAP Phosphorylation Following a 48 Hour Thrombin Treatment.  Part 
A is the western blot image, with the top band being phosphorylated YAP and the 
bottom band being total YAP, the loading control.  The lanes were grouped by 
species, and within each species grouping, there were three lanes that 
corresponded to the three treatments: untreated, 48 hour thrombin treatment, and 
48 hour TGFβ treatment.  Part B depicts the amount of phospho-YAP, normalized 
to the loading control (YAP), in response to each of the three treatments.  There 
was no significant difference in the phosphorylation of YAP after a 48 hour 
thrombin treatment in either Mus or Acomys.  Part C depicts the fold increase of 
phospho-YAP for each species, which was determined by dividing the quantity of 
phospho-YAP in the 48 hour thrombin sample by the quantity of phospho-YAP in 
the untreated sample of the respective species.  The thick black and grey bars 
represent the mean fold increase for each species.  There was no significant 
difference in fold increase of phospho-YAP between the two species.  TGFβ acted 
as a control.   

 

Does Thrombin Activation Induce Myofibroblast Formation?  

One of the largest differences between Mus and Acomys is the fact that Mus 

form scar tissue while Acomys do not.  Myofibroblasts mediate scare tissue formation, 

so naturally, if thrombin affected the formation of myofibroblasts, it would also affect 
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the formation of scar tissue.  Myofibroblasts were identified by the presence of SMαA 

and stress fibers, two features that fibroblasts lack.  Our hypothesis stated that if 

thrombin induces scar tissue formation, then Mus, but not Acomys, would upregulate 

SMαA protein levels in response to thrombin.  Experiments implemented western 

blotting to compare SMαA levels in thrombin treated, and untreated Mus and Acomys 

fibroblasts.  There was no significant difference in SMαA protein levels between the 

control and thrombin treatment in either species (see Fig. 10).  There was also no 

significant difference in SMαA fold increase between the species.  Therefore, contrary 

to the hypothesis, neither Mus nor Acomys upregulated SMαA protein levels in 

response to thrombin. 

 

 

Figure 10.  Fold Increase of Smooth Muscle Alpha Actin Between Untreated and 
Thrombin Treated Cells.  Part A is the western blot image with, the top band being 
smooth muscle alpha actin (SMαA) and the bottom band being GAPDH, the 
loading control.  The lanes were divided into two groups representing the treatment, 
and within each treatment, there were two lanes for the species, Mus and Acomys.  
Part B depicts the fold increase of SMαA for each species, which was determined 
by dividing the quantity of SMαA in the 48 hour thrombin sample, by the quantity 
of SMαA in the untreated sample of the respective species.  While there was no 
significant difference in the fold increase of SMαA between Mus and Acomys, the 
mean fold increases of the two species appear slightly different, which could hint at 
a possible variance in SMαA expression.   
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Theoretically, stress fiber assembly could differ meaningfully even if levels of 

SMαA did not, so we also used immunostaining to identify myofibroblasts via the 

presence of SMαA stress fibers.  We hypothesized that Mus fibroblasts would develop 

large stress fiber assemblies in response to thrombin, while Acomys fibroblasts would 

not.  An immunofluorescence stain examined whether or not there was a species 

specific difference in stress fiber formation, in response to thrombin.  The experiment 

included 48 hour treatments of thrombin and TGFβ (2 ng/mL), and staining for DAPI, 

phalloidin, and SMαA (see Fig. 11).  The TGFβ treatment acted as a positive control 

since previous literature has shown Mus cells treated with TGFβ to undergo a clear 

morphological change, and stain positive for stress fibers (Roberts et al., 1986).  The 

resulting stain provided a baseline for identifying stress fibers in thrombin treated cells.  

Contrary to the hypothesis, there were no morphological changes in Mus or Acomys 

cells treated with thrombin in comparison to the control.  Uniquely, the positive 

control, Mus cells treated with TGFβ, did form long stress fibers.  Although neither 

species showed a change in SMαA after treatment with thrombin, the majority of 

Acomys cells stained positive for SMαA, while only a few Mus cells stained positive 

for SMαA (see Fig. 11c).  Overall, there was no large stress fiber assembly or 

morphological changes between the control and thrombin treatment in either species. 
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Figure 11.  Comparison of Fibroblast Morphology After 48 Hour 
Thrombin and TGFβ Treatments.  Positive DAPI appears blue, positive 
phalloidin appears red, and positive SMαA appears green.  Part A 
depicts all three channels, part B depicts the phalloidin and DAPI 
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channels only, and part C depicts the SMαA and DAPI channels only.  
Phalloidin was used to visualize morphological changes, and SMαA 
was used to visualize stress fiber formation indicative of 
myofibroblasts.  The white arrows in parts A and C point to positive 
SMαA staining, and identify which fibroblasts have transformed into 
myofibroblasts.  Around the same number of cells stained positive for 
SMαA in the control and thrombin treatment samples, which suggests 
that there was little change in SMαA between the control and thrombin 
treatments in either species.  The TGFβ treatment acted as a positive 
control, and the Mus cells treated with TGFβ clearly showed 
myofibroblast characteristics, such as the long stress fibers.  These 
images were taken at 20x magnification.   
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Figure 12.  Repeat of Comparison of Fibroblast Morphology After 48 
Hour Thrombin and TGFβ Treatments.  Positive DAPI appears blue, 
positive phalloidin appears red, and positive SMαA appears green.  
Part A depicts all three channels, part B depicts the phalloidin and 
DAPI channels only, and part C depicts the SMαA and DAPI channels 
only.  The white arrows in parts A and C point to positive SMαA 
staining, and identify which fibroblasts have transformed into 
myofibroblasts.  Again, around the same number of cells stained 
positive for SMαA in the control and thrombin treated samples of both 
species, which suggests that there was little change in SMαA between 
the control and thrombin treatments in either species.   

 

Does Thrombin Drive Differential Cell Proliferation in Mus and 

Acomys? 

Since cell proliferation is a major part of tissue generation, we hypothesized 

that thrombin would increase cell proliferation in Acomys more than Mus.  To evaluate 

cell proliferation, an experiment measured immunofluorescence staining of Ki-67, a 

protein present during all active M-phases of the cell cycle but absent during G0 

(Bologna-Molina et al., 2013).  Fibroblast cells were either serum starved or treated 

with thrombin media, and then stained for DAPI, phalloidin, and Ki-67.  To ensure 

accurate representation of the samples, each species specific treatment included three 
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wells, and each well provided four separate image frames.  The staining data was 

quantified by counting how many cells were Ki-67 positive, and then dividing it by the 

total number of nuclei in the frame to get a percentage.  There was no significant 

difference in the percentage of Ki-67 positive cells when comparing thrombin treated 

cells and untreated cells in Acomys or Mus (see Fig. 13).  Therefore, a 48 hour 

thrombin treatment had no effect on cell proliferation in either species. 

 

 

 

Figure 13.  Percentage of Ki-67 Positive Cells Following a 48 Hour Thrombin 
Treatment.  Part A depicts the immunofluorescence staining, with positive DAPI 
appearing blue, positive phalloidin appearing red, and positive Ki-67 appearing 
green.  In part A, positive Ki-67 cells are labeled with white arrows.  Part B 
depicts the percentage of Ki-67 positive nuclei out of total nuclei for each 
treatment (control, 48 hour thrombin, 48 hour TGFβ), and each species (Mus and 
Acomys).  There was no significant difference in percentage of Ki-67 positive 
cells between the control and thrombin treatment in either species. 

 

Does Thrombin Activation Drive Cell Differentiation via Sox-9? 

Because Sox-9 plays a role in cell fate determination during development and 

in establishing and maintaining stem and progenitor cell pools, we hypothesized that 

thrombin would cause an increase in Sox-9 protein levels in Acomys but not Mus.  To 
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test this prediction, experiments involved treating cells with thrombin for 48 hours and 

then running a western blot for Sox-9.  The western blot included a positive control of 

ground up two week Acomys ear punch tissue (see Fig. 14b).  Quantification of the data 

showed Acomys to exhibit a significant decrease in Sox-9 protein levels after a 48 hour 

thrombin treatment when compared to no treatment.   There was no significant 

difference between the control and thrombin treated Mus cells (see Fig. 14c).  Thus, 

contrary to the hypothesis, thrombin caused a significant decrease in Sox-9 in Acomys, 

but no change in Sox-9 in Mus. 

 

 

 

 

 

 

 

 

 

 

 

Figure 14.  Sox-9 Protein Levels in Mus and Acomys Fibroblasts After a 48 
Hour Thrombin Treatment.  Part A depicts the western blot image, with the 
top band being Sox-9 and the bottom band being actin, the loading control.  
The lanes were divided by species, and under the Mus grouping, there were 
lanes for the untreated and thrombin treated samples.  Under the Acomys 
grouping, there were lanes for the untreated, thrombin treated, TGFβ 
treated, and positive control samples.  Part B depicts an overexposed image 
of the western blot in order to show the presence of Sox-9 in the positive 
control.  Part C depicts the intensity of Sox-9, in terms of Sox-9/Actin, in 
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cells from each species after they underwent a 48 hour thrombin treatment.  
There was a significant decrease in Sox-9 protein levels after the thrombin 
treatment in Acomys, but not Mus.  The TGFβ treatment was included as a 
control.   
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Discussion 

 

Testing Differential Activation of Predicted Regeneration Pathways 

A primary goal of this work was to compare two mouse species, one that shows 

regenerative capacity and one that does not, in order to identify divergences in injury 

response.  We examined a regeneration pathway vs. a scar pathway and aimed to define 

these pathways in terms of differential activation of gene products associated with cell 

proliferation and differentiation.  To develop a model of regeneration and injury that 

was accessible to molecular analysis, experiments used primary cultures of dermal 

fibroblasts from each species.  Since thrombin is an initial enzyme in the coagulation 

cascade, whose levels rapidly increase in response to tissue trauma (Coughlin, 2000), it 

was selected as a likely trigger common to both injury and regeneration pathways.  The 

cells were assayed to determine the response to thrombin.  Since a regeneration 

pathway requires cell growth, proliferation, and differentiation, we studied established 

markers of each.  The markers of cell growth were ERK and YAP, the markers of cell 

proliferation were YAP and Ki-67, and the markers of cell differentiation were SMαA 

and Sox-9.  These experiments found only one marker, Sox-9, to be differentially 

expressed during regeneration.  The other negative results suggest that the Acomys 

regeneration pathway includes more than thrombin as a trigger. 

One goal of this research was to identify elements in the response to injury that 

diverge between the two species, as those may be included in the candidate pool of 

gene products that lead to regeneration.  Immunofluorescence staining of fibroblasts 
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revealed phospho-ERK in Acomys to be more rapidly localized to the nucleus, reach a 

greater peak intensity, and extend for a longer duration compared to phospho-ERK in 

Mus.  These qualitative differences suggest a possible distinction in ERK activity (e.g. 

movement in the cell, duration of elevation) during regeneration vs. scar formation.  

Experiments also revealed a secondary peak in the phosphorylation of ERK at three 

hours in both species.  The fold increase vs. treatment time graph showed the Mus 

secondary peak to be about the same size as the primary peak, whereas the Acomys 

secondary peak was much smaller than the Acomys primary peak (see Fig.7c).  This 

could indicate a difference in the way phospho-ERK is degraded or recycled in the two 

species.   

One theory for this difference could be that after rapid phosphorylation in 

Acomys, ERK gets degraded.  In contrast, instead of degrading phospho-ERK, Mus 

may have a switch turning phospho-ERK on and off, which could result in a faster shift 

between ERK and phospho-ERK.  This theory can be supported by the 30 minute 

panels in our initial immunofluorescence staining experiment, which show a quicker 

dephosphorylation of phospho-ERK in Mus (see Fig. 6).  Another theory could be that 

the rate of expression of ERK differs between the species.  Perhaps Acomys rapidly 

increase ERK expression immediately after injury, but keeps baseline expression 

relatively low, while Mus always express ERK at a steady, moderate level.  If Acomys 

produce ERK more quickly, then a greater amount of phospho-ERK could be present 

earlier.  This could explain why the translocation of phospho-ERK in Mus lagged 

behind (see Fig. 6).  To confirm this idea, the experiment could be repeated with a stain 

for total ERK, which would demonstrate how the ratios of phospho-ERK to total ERK 
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change over time in the two species.  Either way, the discrepancy in the relative size of 

the secondary peak may suggest differential cycles of ERK during regeneration vs. scar 

formation.  

Our experiments did uncover a significant difference in Sox-9 levels after a 48 

hour thrombin treatment in Acomys, but not Mus.  Although we expected Acomys to 

upregulate Sox-9 protein levels after injury, Acomys actually decreased Sox-9 levels in 

response to thrombin.  One theory as to why this happened involves Sox-9 being 

targeted for degradation based on activity level.  Since Sox-9 appeared in the control 

cells, it is plausible that after stimulation with thrombin, Sox-9 in Acomys was 

activated, helped express its target genes, and subsequently underwent targeted 

degradation once it finished its job.  Another theory could be that soon after injury, 

Sox-9 helps express genes involved in fibroblast dedifferentiation into myofibroblasts, 

whereas later after injury, it helps express genes involved in differentiation of stem 

cells into skin cells such as keratinocytes or Langerhans cells (Jatana & Delouise, 

2014).  If this was the case, a decrease in Sox-9 levels within 48 hours after injury in 

Acomys could prevent the cell from differentiating into a myofibroblast.  Either way, 

our data propose that Sox-9 is differentially regulated in the regeneration pathway 

compared to the scar pathway, and this presents Sox-9 as a potential target for inducing 

a regenerative process in non-regenerating animals. 

 

Non-significant Findings Suggest Limitations of the Model 

Our experiments failed to find differences in thrombin’s activation of phospho-

YAP, Ki-67, and SMαA between the regeneration and scar pathways.  This could 
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indicate that YAP does not play a key role in mediating the regeneration process, and 

that there is no difference in these cell proliferation or fibroblast dedifferentiation 

pathways during regeneration.  It could also mean that we have only captured part of 

the regeneration response.  Furthermore, these findings expose limitations of our 

model, so we must reconsider the injury paradigm of thrombin, the validity of our 

primary cultures, the temporal measures of these experiments, and the overall use of a 

mouse model. 

It is possible that these experiments only revealed one significant difference 

because thrombin failed to activate all of the important elements in injury response and 

regeneration.  The action of TGFβ in the immunofluorescence staining experiment for 

SMαA stress fibers suggests the need for multiple triggers to activate all the cellular 

responses necessary to mount regeneration, as TGFβ caused stress fiber assembly but 

thrombin did not.  Thus, using alternate or additional enzymes as proxies for wound 

healing could reveal undetected differences in not only these five gene products, but 

other gene products as well.   

 We must also critique our model of primary dermal fibroblast cultures.  Since 

fibroblasts can acquire a myofibroblast phenotype during wound healing (Darby et al., 

2014) and myofibroblasts facilitate scar tissue formation, experiments manipulated 

dermal fibroblasts to test whether they dedifferentiated into myofibroblasts in response 

to thrombin.  We expected to see at least the Mus fibroblasts dedifferentiate into 

myofibroblasts since Mus form scar tissue but Acomys do not, but data showed no such 

dedifferentiation in either species.  Since myofibroblasts can also originate from 

mesenchymal stem cells after injury or lesion (Darby et al., 2014), experiments should 
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be done with mesenchymal stem cells to see if these cells differentiate into 

myofibroblasts during regeneration or scar formation. 

 Additionally, the use of primary fibroblast cultures brings into question the 

appropriateness of an in vitro approach.  One concern with an in vitro analysis is 

variability in the cell populations.  For example, cells may have responded differently 

to thrombin depending on where they were in the cell cycle or differentiation process.  

This could be one explanation for the large standard deviations found in our Ki-67 

data.  Another large concern is that in vitro experiments may not capture all effector 

molecules.  Thus, future research should examine in vivo approaches to provide 

another perspective, and complete the big picture of how regeneration occurs. 

 Additional limitations of our model come from the temporal parameters in our 

experimental design.  These experiments adopted three different thrombin treatments: a 

short time course of 0 to 30 minutes, a longer time course extending to 6 hours, and a 

48 hour treatment.  Differences outside of the time points examined went overlooked.  

For example, if the long time course experiment measuring the relative 

phosphorylation of YAP included earlier time points, then the data may have 

demonstrated an even greater initial decrease in phospho-YAP, and revealed a 

significant difference in the immediate activation of YAP.  Furthermore, extending the 

temporal measures of the 48 hour experiment measuring levels of SMαA could reveal 

significant variations in SMαA’s response to thrombin.  Human scar tissue forms 3-7 

days post injury (Guo & DiPietro, 2010), so if these temporal parameters for humans 

can be applied to mice, then extending the time of thrombin treatment could uncover 

significant differences in myofibroblast markers during regeneration vs. scar formation. 
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 When considering the more general mouse model of Mus and Acomys, we must 

be aware of what is known about each species, and acknowledge where information is 

lacking because this influences the strength of the model.  For instance, there is no 

record of the complete profile of genes expressed during the Acomys regeneration 

process, which means that no one fully understands the functions of all the proteins 

involved in regeneration, or the mechanisms of injury response.  This could also mean 

that Acomys have unidentified or unstudied genes that are not found in humans.   

 Additionally, like many other studies done on regenerating invertebrates or 

amphibians, the results are not guaranteed to carry over to humans.  While studying 

mammalian regeneration is one step closer, the fact of the matter is, mice are not 

humans.  Mice not only have slightly different processes of wound healing, but they 

also have some proteins that humans do not (NIH, 2015).  It is also possible that 

human-mouse orthologs have adopted different structures or functions, so proteins that 

seem similar, may not always do the same job or be involved in the same pathways.  

Thus, compared to human processes, mouse injury response and healing pathways may 

involve different players and steps, and occur at different rates.  Even if scientists 

completely understood the regenerative process of Acomys, this process may not be 

able to be applied to humans.  Therefore, much more research needs to be done before 

techniques used by Acomys can be applied to humans, in hopes that the human body 

will adopt the ability to repair itself. 
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Future Directions 

Future experiments should manipulate multiple triggers of injury response and 

regeneration, including TGFβ, and turn towards an in vivo approach.  Researchers 

should use tissue from intact mice in the course of regeneration or scar formation as 

positive controls to show predicted effects that thrombin failed to exhibit.  Similar to 

the way ground up two week Acomys ear punch tissue was used as a positive control 

for Sox-9, Acomys ear punch tissue could be used as a positive control for other 

markers of cell growth, proliferation, and differentiation.  Since this in vivo approach 

represents the intact phenomenon, it must involve all molecules needed for 

regeneration.  If researchers took ear punches at various time points after the initial 

injury and analyzed them for markers like ERK, they could either support or deny the 

findings of our experiments.  For instance, this technique could confirm if ERK 

actually follows the same temporal pattern in regeneration that we observed.  It could 

also directly identify key players in the Mus scar response and the Acomys regeneration 

response, and allow researchers to compare the two pathways to see if they exhibit 

similar kinetics and involve the same genes.  

In a positive control for an intact scar response, we would predict limited 

activation of YAP, Ki-67, and Sox-9, and increased expression of SMαA.  This would 

support restricted cell proliferation, growth, and general differentiation, and provide 

evidence of dedifferentiation into myofibroblasts.  In contrast, in a positive control for 

an intact regeneration response, we would expect increased activation of YAP, Ki-67, 

and Sox-9, and no change in expression of SMαA.  This would suggest increased cell 

proliferation, growth, and general differentiation, but restricted myofibroblast 
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formation.  Therefore, a regeneration pathway could allow growth of new cells and 

tissues while simultaneously avoiding the scar pathway.  

Using live Mus and Acomys would allow also researchers to monitor and 

compare the actual wound healing processes.  For instance, if scientists inflicted injury 

on the mice, and assayed tissue samples to identify which proteins were involved in 

injury response, then they could identify genes that are differentially regulated in 

regeneration and scar formation.  With knowledge of such genes, researchers could 

deduce the purpose of each gene by knocking them out in healthy mice.  They could 

discover more information about the difference in injury response by testing how 

different enhancers, transcriptions factors, and regulatory sequences affect the 

expression of these key genes.  Then, researchers could insert these manipulated genes 

into regular, non-regenerating mice like Mus, to see if the species could establish a 

regenerative capacity.  Finally, fibroblasts could be extracted from the transgenic mice, 

grown into cell cultures, and used to repeat the experiments done with ERK, YAP, 

SMαA, Ki-67, and Sox-9.  Thus, an in vivo analyses could confirm or contradict the 

results from the in vitro analyses, and provide a molecular avenue for identifying the 

genes, proteins, and pathways used by Acomys during regeneration. 

If more gene products involved in regeneration could be identified, then 

medical therapies could target these proteins in hopes of inducing a regenerative 

response.  For instance, if further research confirms Sox-9 to be consistently 

downregulated during regeneration, then administering a drug that degrades or inhibits 

Sox-9 could potentially initiate a regenerative pathway and help humans regrow 

damaged tissue.  That being said, regeneration requires many different players, so 
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future research needs to identify all or most of the gene products involved in 

regeneration before scientists can create effective treatments that stimulate new tissue 

growth after injury in humans.  
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