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ABSTRACT  Transforming growth factor beta (TGFb) signalling is involved in several aspects of 
regeneration in many organs and tissues of primitive vertebrates. It has been difficult to recognize 
the role of this signal in mammal regeneration due to the low ability of this animal class to recon-
stitute tissues. Nevertheless, ear-holes in middle-age female mice represent a model to study the 
limited epimorphic-like regeneration in mammals. Using this model, in this study we explored the 
possible participation of  TGFb signalling in mammal regeneration. Positive pSmad3 cells, as well 
as TGFb1 and TGFb3 isoforms, were detected during the redifferentiation phase in the blastema-like 
structure. Daily administration of the inhibitor of the TGFb intracellular pathway, SB431542, during 
7 days from the re-differentiation phase, resulted in a decreased level of pSmad3 accompanied by 
a transitory higher growth of the new tissue, larger cartilage nodules, and new muscle formation. 
These phenotypes were associated with a decrease in the number of a-SMA-positive cells and 
loose packing of collagen I. These results indicate that the modulation of the fibrosis mediated by 
TGFb signalling contributes to enhancing the differentiation of cartilage and muscle during limited 
ear-hole regeneration.
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Introduction

Despite the amazing regenerative ability of several species of 
Acomys (Seifert, et al., 2012; Gawriluk et al., 2016), mammals 
usually exhibit a poor regenerative response when they sustain a 
traumatic injury. Notwithstanding this, although there is an incom-
plete closure, ear-holes in middle-age female mice show limited 
epimorphic regenerative features, such as rapid reepithelializa-
tion and inflammatory resolution, dermal growth similar to that of 
blastema-like structures, and tissue redifferentiation that conforms 
the ear (Reines et al., 2009; Abarca-Buis et al., 2017). These traits 
render ear-holes in middle-age female mice an accessible model 
to study some mechanisms underlying restrictive regeneration in 
mammals. 

The Transforming Growth Factor beta (TGF-b) signal acts in 
either promoting or modulating many aspects of regeneration. 
Experimental administration of the inhibitor of the TGFb signalling, 
SB431542, has revealed that this signal establishes and maintains 
the blastema through the promotion of the undifferentiated cell 
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proliferation during the regeneration of the axolotl limb, Xenopus 
tadpole tail, and zebrafish fin (Jaźwińska et al., 2007; Lévesque et 
al., 2007; Ho and Whitman, 2008). In addition, TGFb signal acts 
as an inductor of the differentiation of neural tube and notochord 
in Xenopus tail, actinotrichia in zebrafish fin, and in the epithelial-
mesenchymal transition of the epidermis in the axolotl limb (Ho and 
Whitman, 2008; König et al., 2018; Sader et al., 2019). In contrast, 
the TGFb signal exerts a negative effect for regeneration in other 
systems; during the compensatory growth of the liver, it promote 
fibrosis and downregulates cell proliferation in hepatocytes and 
hepatic progenitors (Macı́as-Silva et al., 2002; Zhu et al., 2014, Oh 
et al., 2018) while in retinal regeneration of zebrafish and chick, 
TGFb signaling inhibits proliferation and maintains the undifferen-
tiated state of the Müller glia (Lenkowski et al., 2013; Tappeiner 
et al., 2016; Todd et al., 2017). A certain notion on the role of the 
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TGFb signal in mammal regeneration has been obtained from the 
mouse mutagenesis induced by the adminstration of N-ethyl-N-
nitrosourea. A mutation was generated with this procedure in the 
TGFb type I Receptor (TGFbRI) that resulted in hyperresponsive-
ness independent of ligand stimulation. The generation of a hole 
in the ear of these mutated mice resulted in a complete ear-hole 
closing with new formation of sebaceous glands, hair follicles. 
and islands of cartilage (Liu et al., 2011). Although this experiment 
indicates a pro-regenerative role of the TGFb signal in mammals, 
the fibrotic action is well known of TGFb1 during wound healing 
and scarring using murine and human models (Shah et al., 1995; 
Penn et al., 2012; Ide et al., 2017; Kanaoka et al., 2018). Thus, 
the role of TGFb signalling in mammalian regeneration remains 
unclear to date.

Making use of an ear-hole in middle-age female mice to deepen 
in the role of the TGFb signal during mammalian regeneration, 
activation of TGFb signaling by the presence of the transcrip-
tional mediator, pSmad3, and the distribution of the mammalian 
TGFb isoforms was determined during ear-hole repair. Mainly, the 

TGFb1 isoform and pSmad3 were associated with cells present 
in the blastema-like structure during the redifferentiation stage. 
The administration of the TGFb signal inhibitor, SB431542, in that 
regenerative phase promoted dermal growth and differentiation, 
possibly by decreasing TGFb fibrogenic action. 

Results

TGFb1, TGFb3, and pSmad3 were expressed in 
redifferentiation phase during limited ear-hole regeneration

Three phases during the limited regeneration of the ear-hole in 
middle-age female mice can be identified (Fig. 1). Wound healing 
comprises the first evident phase and consists of the inflamma-
tory infiltration that is notable from day 1 post-wound (Fig. 1A), a 
complete reepithelialisation that is evident at 2 days post-wound 
(dpw) (Fig. 1B), and a resolution of inflammatory infiltration from 
day 5 to 7 dpw (Fig. 1 C,D). In the second phase, from day 7 post-
injury, the growth of new tissue is becoming apparent (Fig. 1D), 

Fig. 1. Limited regeneration phases of mouse ear-hole. Cross histological sections of middle-age female mouse ears wounded with a 2-mm thumb 
punch stained with H&E (A-D) at days 1 (A), 2 (B), 5 (C), and 7 (D) post-wound (dpw) or with the Masson trichrome technique (E-H) at 14 (E), 21 (F), 
28 (G), and 35 (H) dpw. Black arrowheads in (A) indicate areas of inflammatory cells. Yellow arrowheads delimit the wound epidermis in (B). The line 
in (D) and (E) encompassing the growth of the new tissue. Black arrowheads in (F,H) point to the neo-formation of muscle. Yellow arrowheads in (G,H) 
indicate neo-cartilage condensation. Yellow arrow in (H) indicates a sebaceous gland formed in the neo-tissue. Scale bar, 200 mm.
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and this growth is remarkable at 14 days post-wound (dpw) (Fig. 
1E). This dermal growth is similar to a blastema-like structure that 
harbors undifferentiated cells embedded in a loose extracellular 
matrix (Fig. 1E). Third, a redifferentiation phase is recognized from 
day 21 and involves the formation of new elastic cartilage, a thin 
layer of muscle localized in the dorsal region of the ear, and the 
formation of new pilosebaceous units (Fig. 1 F-H).

To evaluate whether the activation of TGFb signalling is present 
during these different stages of the limited regeneration of mouse 
ear-hole, identification of pSmad3 by immunofluorescence was 
performed in histological sections at several dpw. pSmad3 was 
present in the wound-healing stage in cells that infiltrated into 
the injured site (Fig. 2 A-D) and was concomitantly decreased 
to resolution of the inflammation (Fig. 2 E-H). During the dermal 
growth phase, an absence of pSmad3 is evidenced (Fig. 2 I-L). 
Recurrence of pSmad3+  cells was observed at the beginning of 
the redifferentiation phase in some cells localized underlying the 
epidermis in the non-injured tissue at 21 dpw (Fig. 2 M,N). During 
the differentiation of the new tissue, pSmad3+ cells were distributed 
homogeneously in a blastema-like structure (Fig. 2 O,P). These 

results indicate that TGFb/activin signalling is active during wound 
healing and the redifferentiation of the ear-hole repair.

To recognize the ligands that could activate Smad3, distribu-
tion of mammalian TGFb isoforms were searched during ear-hole 
repair by immunofluorescence. TGFb1 and TGFb3 were detected 
only during the redifferentiation phase; TGFb1 was localized in 
the cells of the blastema-like structure at 21 and 28 dpw (Fig. 3 
A-D), while TGFb3 was present in cells closely associated with 
cartilage-in-formation (Fig. 3 E-H). The TGFb2 isoform was not 
detected in any stage of mouse ear-limited regeneration by this 
technique. TGFb signalling has been related with the promotion 
of chondrogenesis through induction of the expression of Sox9, 
a key transcription factor that induces cartilage formation during 
embryogenesis (Chimal-Monroy et al., 2003). To evaluate a possible 
correlation between TGFb1 and TGFb3 isoforms and the presence 
of Sox9, the immunodetection of Sox9 was carried out during the 
redifferentiation phase of limited regeneration of the ear hole. 
Sox9 expression was found at 28 dpw (days post-wound) (Fig. 3 
I,J) and 35 dpw (Fig. 3 K,L), mainly in the cells forming cartilage 
condensations close to the original cartilage and after TGFb1 and 

Fig. 2. Localization of pSmad3+ cells during limited regeneration of mouse ear. Immunofluorescence of pSmad3 in cross histological sections of 
ears wounded with a 2-mm thumb punch at 1 (A,B), 2 (C,D), 3 (E,F), 5 (G,H), 7 (I,J), 14 (K,L), 21 (M,N) and 28 (O,P) dpw. (A,C,E,G,I,K,M,O) show 
pSmad3 immunolocalization (green). (B,D,F,H,J,L,N,P) show pSmad3 (green) with nuclei stained with DAPI (blue). Arrowheads indicate the presence 
of pSmad3 and squares indicate the digital magnification area shown in the bottom left corner Scale bar, 100 mm.
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TGFb3 immunodetection. This suggested that TGFb signalling 
could be involved in promoting Sox9 expression in this model. In 
addition, Sox9 was expressed in epidermis and pilosebaceous 
units (Fig. 3 I-L).

The activin b subunit and ALK4 were expressed in the wound-
healing phase during limited ear-hole regeneration

pSmad3 was also observed during wound healing, but none of 
the TGFb isoforms were detected by immunofluorescence during 
that phase. In an attempt to understand the role of the TGFb/activin 
signal during wound healing, hybridization in situ of the activin bb 
subunit and the distribution of the activin type I receptor, ALK4, was 
performed during the first days post-wound. The activin bb subunit 
was expressed in wound epidermis during reepithelialization (Fig. 
4 A,B), intensifying the expression as the repair progresses (Fig. 
4 C,D). In a similar manner to that of pSmad3, Alk4 distribution 
was found in the stroma of healing tissue during inflammation 
(Fig. 4 E,F) and was restricted to wound epithelium at 5 and 7 
dpw (Fig. 4 G,H). These observations suggest that activin diffuses 
from epidermis through the stroma to activate Smad3 during the 
wound-healing phase. 

Administration of SB431542 promoted dermal growth and 
cartilage and muscle differentiation

Due to the presence of TGFb1 and pSmad3 in the blastema-like 
structure from 21 dpw, a possible role of TGFb signalling during 
the redifferentiation stage was considered. To evaluate this pos-
sibility, 2 mM of the pharmacological inhibitor of the canonical 
TGFb/activin pathway, SB431542, was daily applied topically on 
the edge of ear-hole at 21 dpw for 7 days, while control ears were 
supplied with DMSO, which was used as vehicle. Treatment with 
the inhibitor resulted in downregulation in the ratio of pSmad3+ 
cells in the blastema-like structure, indicating a decrease in the 
activity of TGFb signalling (Fig. 5 A-D,I). We noted a significant 
increment in the elongation of the new tissue in ears treated with 
SB431542 (721.26 ± 208.89 mm) in comparison with controls 
(579.10 ± 135.30 mm) (Fig. 6 A-C), indicating that the modulation 
of TGFb signal promotes the growth of the undifferentiated tissue 
and contributes to the closing of the ear-hole. To evaluate whether 
the downregulation of TGFb activity affected the differentiation, the 
area of the chondrogenic nodules and the muscle formed de novo 
were measured. An area of <10,000 mm2, corresponding to smaller 
cartilage nodules, was observed in 71.4% of the total cartilage 

Fig. 3. TGFb1 and TGFb3 distribution during limited regeneration of mouse ear. (A-D) Immunofluorescence of TGFb1 in cross histological sections 
of ears wounded with a 2-mm thumb punch at 21 (A,B) and 28 (C,D) dpw. (A,C) shows TGFb1 localization (green). (B,D) shows TGFb1 (green) with 
DAPI (blue). Arrowheads indicate TGFb1 presence. (E-H) Immunofluorescence of TGFb3 at 21 (E,F) and 28 (G,H) dpw. (E,G) shows only the immu-
nolocalization of TGFb3 (red). (F,H) shows TGFb3 (red) with nuclei stained with DAPI (blue). (I-L) Immunofluorescence of Sox9 at 28 (I-J) and 35 (K,L) 
dpw. (I,K) shows Sox9 distribution (red). (J,L) shows Sox9 (red) with DAPI (blue). Arrowheads indicate Sox9 in pilosebaceous units. Squares indicate 
the digital magnification area shown in the bottom left corner. Scale bar, 100 mm.
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nodules present in control ears, while 42.8% corresponded to 
cartilage nodules present in ears treated with SB431542 (n = 14 
nodules presented in 12 sections corresponding to six ears of each 
group). A total of 28.6% of the control cartilage nodules fall into the 
interval of 10,000-30,000 mm2, whereas 42.9% were observed in 
ears treated with the inhibitor. Large cartilage nodules of >30,000 
mm2 were exhibited only in ears treated with SB431542 in 14.3% 

(Fig. 6 D,E). With respect to new muscle, areas of <10,000 mm2 
were observed in 91.6% of the controls and 58% in ears treated 
with the inhibitor (n = 12 tissue sections corresponding to six ears 
for each condition). A de novo muscle area of >20,000 mm2 was 
exhibited in 8.3% of the control ears, while 41.6% was present in 
SB431542-treated ears (Fig. 6 D,E). There were no differences with 
respect to the number of pilosebaceous units between control and 

Fig. 4. Activin bb subunit expression and ALK4 distribution during wound healing phase of limited regeneration of mouse ear. (A,B) In situ 
hybridization of activin bb subunit in cross histological sections of ears wounded with a 2-mm thumb punch at 1 (A), 3 (B), 5 (C) and 7 (D) dpw. Scale 
bar, 200 mm. (E-H) Immunofluorescence of ALK4 (red) with nuclei stained with DAPI (blue) at 1 (E), 3 (F), 5 (G) and 7 (H) dpw. Scale bar, 100 mm.

Fig. 5. pSmad3 levels in wounded ears treated with SB431542 at the 
redifferentiation stage. (A-D) Presence of pSmad3+ cells in wounded 
ears treated with DMSO (A,B) or with SB431542 (C,D) during 7 days at 
21 dpw. (E-H) pSmad3+ cells in wounded ears treated with DMSO (E,F) 
or with SB431542 (G,H) during 14 days at 21 dpw. (A,C,E,G) shows the 
immunolocalization of pSmad3 (green). (B,D,F,G) shows pSmad3 (green) 
and nuclei stained with DAPI (blue). Arrowheads indicate areas of pSmad3+ 
cells. Scale bar = 100 mm. (I) Graph depicting the ratio of pSmad3+ cells 
in the dermal new-tissue blastema-like structure of wounded ears treated 
with DMSO of SB431542 during 7 days (DMSO; n = 8 sections, SB; n = 10 
sections) or 14 days (DMSO; n = 6 sections, SB431542; n = 10 sections). 
*p = 0.028 (Student t test). dt, days of treatment.
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experimental conditions. The presence of larger cartilage nodules 
and higher neo-muscle areas in ears treated with the inhibitor 
indicated an improvement in the differentiation of both tissues. 
To evaluate the presence of cartilage progenitors in injured ears 
treated with SB431542, Sox9 expression by immunofluorescence 
was assessed. A reduction of Sox9 in both cartilages in formation 
and epidermis was found in ears treated with the TGFb signal 
inhibitor 7 days after administration (Fig. 6 F,G), suggesting that 
the development of new cartilage does not depend on the inhibi-
tion of Sox9 by TGFb signalling, but rather on mechanisms such 
as a reduction in fibrosis.

In order to assess whether the administration of SB exerts an 
effect in the short term, the ears were treated immediately with 
SB431542 after the wound was performed and the presence of 
pSmad3 was tested 1 day later. Complementarily, TGFb1-soaked 
beads were implanted after the wound was performed, and the 
activation of Smad3 was also evaluated 1 dpw and post-bead im-
plantation. The administration of SB431542 resulted in a decrease 
of Smad3 phosphorylation (Fig. 7 A,B,E,F), while an increase in the 
intensity of pSmad3 was evident in the ears treated with TGFb1 
(Fig. 7 C,D,G,H), indicating that the cells of mouse healing ear are 
responsive in a short time to TGFb/activin signalling, which leads 
to a progressive effect during the differentiation stage evidenced 
7 days after treatment.

Administration of SB431542 reduced fibrosis and a-SMA 
expression

TGFb1 is well recognized as a profibrotic factor during the 
repair of several organs in mammals. On the other hand, it has 
been considered that fibrosis contributes to inhibiting regenera-
tion. To evaluate whether promotion of differentiation and dermal 
growth by downregulation of the TGFb signalling correlates with a 
decrease in fibrosis, the presence of myofibroblasts by means of 
the immunofluorescence of alpha-Smooth Muscle Actin (a-SMA) 
and collagen fiber distribution by Masson stain were analyzed 
in experimental and control groups. A significant reduction of 
a-SMA+ cells was observed in ears treated with SB431542 (Fig. 
8 A-D,I). Nevertheless, only 33.3% of the ears treated with the 
inhibitor exhibited sparse packing of collagen. To estimate whether 
a prolonged treatment of SB431542 could decrease the packed 
packing of collagen in the neo-formed tissue, the inhibitor was 
administered daily during 14 days from 21 dpw. At the end of 
treatment, 66.6% of ears treated with SB431542 revealed a less 
dense packing of collagen compared to the DMSO-controls (Fig. 
8 J,K). However, pSmad3 levels were not reduced in comparison 
to the controls after 14 days of treatment, indicating a decrease 
in drug absorption (Fig. 5 E-H,I). Elongation of the new tissue do 
not appear to have significant changes either. Although larger 
chondrogenic nodules and neo-muscle areas were still observed 

Fig. 6. The growth of the neo-
formed tissue and differentia-
tion is increased by SB431542 
treatment. (A,B) Representa-
tive images of wounded-ear 
edges that exhibit the length of 
the neo-formed tissue indicated 
by line extending from original 
cartilage to tip of the neo-
formed tissue. Tissue sections 
were stained with the Masson 
trichrome technique. Scale bar 
= 200 mm. (C) Graph depicting 
the length of the neo-formed 
tissue in wounded ears treated 
with DMSO or SB431542 for 7 
days (n = 12 sections for each 
condition). *p = 0.029 (Student 
t test). (D-K) Representative 
images of wounded ear edges 
treated with DMSO (D,F,H,J) or 
SB431542 (E,G,I,K) for 7 days 
(D-G) or 14 days (H-K). (D,E,H,I) 
Tissue sections stained with the 
Masson trichrome technique in 
which could be appreciated the 
cartilage nodules and the new 
muscle formation (arrowheads). 
(F,G,J,K) shows the immuno-
localization of Sox9 (red) and 
nuclei stained with DAPI (blue). 
dt = days of treatment. The 
dashed lines in (D,E) separate 
the original tissue (right) from 
the neo-formed tissue (left). 
Scale bar, 100 mm.
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in ears treated with SB431542, differences with respect to the 
controls were lower than when the inhibitor was administrated 
during 7 days: cartilage nodules of <10,000 mm2 were observed in 
26.7% of controls and in 25% of SB431542-treated ears, cartilage 
nodules from areas between 10,000 and 30,000 mm2 were exhibited 
in 70% of controls and in 56.6% of experimental ears, and 13.3% 
of the controls showed cartilages >30,000 mm2 whereas 18.7% of 
the ears treated with the inhibitor exposed this feature (Fig. 6 H,I); 
muscle areas of <10,000 mm2 presented in 66.6% of the control 
ears and in 50% in SB431542- treated ears, and finally, 33.3% of 
the controls exhibited muscle areas of >10,000 mm2, while 50% 

of ears treated with the inhibitor exhibited these larger muscle 
areas (Fig. 6 H,I). Expression of Sox9 began to be evident on the 
cartilage nodules of ears treated with SB431542 (Fig. 6 J,K) and 
changes in the rate of a-SMA+ cells were not significant between 
DMSO-controls and SB431542-treated ears during 14 days (Fig. 
8 E-I). These results indicate that reduction in the packing of col-
lagen is the consequence of the early downregulation of the TGFb 
signal by SB431542 and consequently, in the decrease of a-SMA 
expression levels.

Discussion

In this work, we detected the expression of the activin bb subunit 
and ALK4 during the wound-healing phase and of TGFb1 and TGFb3 
during the redifferentiation phase during the limited regeneration 
of the ear hole in middle-aged female mice. Activin bb and ALK4 
expression were linked with reepithelialization and inflammation, 
while TGFb3 expression was related with the chondrogenesis of 
elastic cartilage and TGFb1 was associated with cells found in 
dermal growth with a blastema-like structure. In complementary 
fashion, the presence of pSmad3 in some cells present during the 
initial days post-wound and in the new dermal tissue indicates that 
the intracellular TGFb pathway is active and suggests some role 
for this signal in the wound-healing and redifferentiation stages. 
The expression of the several TGFb isoforms and the activation 

of Smads in the blastema and buds of the different regenerative 
systems, such as axolotl limb, gecko tail and Xenopus tail (Lévesque 
et al., 2007; Ho and Whitman, 2008; Gilbert et al., 2013), suggest 
a role of the TGFb signal in the redifferentiation and formation of 
new tissues. In fact, in loss-of-function experiments by the admin-
istration of the pharmacological inhibitor of the Smad-dependent 
TGFb/activin pathway, SB431542, interfered with the formation of 
neural tube, notochord, and muscle during Xenopus tail regenera-
tion (Ho and Whitman, 2008), inhibited the complete regeneration 
of axolotl limbs at the early bud stage (Lévesque et al., 2007), 
and attenuated cardiomyocyte proliferation, altering the source 
of a new myocardium during the regeneration of zebrafish heart 
(Chablais and Jaźwińska, 2012). Contrary to those reports, in this 
study we found that the administration of the SB431542 starting at 
the redifferentiation phase during the limited regeneration of ear, 
transiently accelerated the growth of dermal tissue and improved 
the differentiation of cartilage and muscle. This finding correlated 
with a decrease in a-SMA expression and collagen deposition, 
supporting the idea that fibrosis interferes with regeneration. The 
blocking of regeneration by fibrosis has been evidenced by sub-
cutaneous injection of Bleomycin during skin-wound healing in 
axolotl. This treatment resulted in fibrosis and the inhibition of skin 
regeneration (Lévesque et al., 2010), and it has been suggested 
that slow deposition and composition of the new extracellular 
matrix during the wound healing of axolotl skin could promote 
regeneration (Seifert, et al., 2012). Additionally, in accordance 
with our results, the reduced levels of a-SMA were also observed 
in the ear holes of Smad3 knockout mice that resulted in reduced 
wound contraction and even in enlarged excisional ear wounds due 
to an overexpression of elastic components (Arany et al., 2006). 
Together with the well-recognized role of TGFb1 as a profibrotic 
factor during wound healing in mammals even under pathological 
conditions (Sharma et al., 1996; Kanzler et al., 1999; Penn et al., 
2012; Ide et al., 2017; Kanaoka et al., 2018), our results indicated 
that TGFb signalling promotes a fibrotic phenotype and contributes 
to the prevention of regeneration during late-repair in a system of 

Fig. 7. Cells of ear healing tissue are responsive to TGFb signal in a short term. (A-H) Presence of pSmad3+ cells 1 dpw of ears treated with DMSO 
(A,E) SB431542 (B,F), Affi-Gel blue bead (C,G) or TGFb1 Affi-Gel blue beads (D,H) administered immediately after wound was made. (A-D) The im-
munolocalization of pSmad3 (green). (E-H) pSmad3 (green) and nuclei stained with DAPI (blue). Arrowheads indicate areas of intense pSmad3+ signal. 
Asterisk indicate position of the bead. Scale bar, 100 mm. dt, days of treatment.
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limited regenerative features in mammals.
On the other hand, contrary to our observations, a fast and 

regenerative healing of the ear-hole was obtained in mice with 
partial activation of TGFbRI, which resulted due to N-ethyl-N-
nitrosourea-induced mutagenesis (Liu et al., 2011). Unlike the 
experiment described herein, activation of TGFbRI was present 
throughout the wound-repair process, suggesting that early ectopic 
activation of TGFb signalling could affect some events that gener-
ate a regenerative phenotype in the ear. In addition, non-canonical 
pathways independent of Smads could be activated to increase 
the regenerative response in these systems. Interestingly, it has 
been demonstrated that blocking the activity of TGFb Activated 
Kinase 1 (TAK1), a crucial mediator of the TGFb non-canonical 
pathway, resulted in the delay in wound epidermis formation during 
limb regeneration in axolotls, indicating a role of the non-canonical 
pathway in some regenerative processes (Sader et al., 2019).

Although the presence of larger cartilage nodules was evident 
in ears treated with SB431542, a decrease on Sox9 expression, 

an important inducer of chondrogenesis, was detected, pointing 
out that TGFb signalling promotes Sox9 expression in the mouse 
healing ear in a similar manner to that occurring during develop-
ment. The implantation of TGFb1-soaked beads in the interdigit 
of chick-limb development induces the expression of sox9 at 30 
min after TGFb treatment, revealing TGFb signal as a promotor 
of chondrogenesis (Chimal-Monroy et al., 2003). Our results are 
consistent with this view, although it has also been demonstrated 
that chondrogenesis is promoted by other mechanisms, such as 
the need for a loose extracellular matrix and a scar-free environ-
ment, which may be transiently obtained by a blockade of TGFb 
signalling activity.

Administration of SB431542 during 14 days did not affect the 
levels of pSmad3, suggesting that absorption of the inhibitor 
decreased by extending the treatment. Notwithstanding this, the 
possibility is not excluded of loss of effectiveness by the drug. The 
daily local topical delivery of the Rho-kinase inhibitor in murine full-
thickness cutaneous wounds during 12 days prevents the normal 

Fig. 8. Wounded ears treated with SB431542 decreased in a-SMA+ cells and collagen packing. (A-D) a-SMA+ cells in the neo-tissue of wounded 
ears treated with DMSO (A,B) or SB431542 (C,D) during 7 days at 21 dpw. (E-H) Presence of a-SMA+ cells in neo-tissue of wounded ears treated 
with DMSO (E,F) or SB431542 (G,H) during 14 days at 21 dpw. (A,C,E,G) shows only the immunolocalization of a-SMA (green). (B,D,F,H) shows the 
presence of a-SMA (green) and nuclei stained with DAPI. Arrowheads indicate areas positive for a-SMA. (I) Graph depicting the rate of a-SMA+ cells in 
neo-formed tissue of wounded ears treated with DMSO or SB431542 during 7 days (DMSO; n = 6, SB431542; n = 8) and 14 days at 21 dpw (DMSO; n 
= 8, SB431542; n = 6). (J,K) Representative images of neo-formed tissue histological sections of wounded ears treated with DMSO (J) or SB431542 
(K) for 14 days and stained with the Masson trichrome technique to observe collagen packing. Scale bar, 100 µm.
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dynamic of wound closure from day 2 to day 7 post-wound; how-
ever, by day 9, no differences were found between experimental 
and control conditions, which may be due to changes in the 
bioavailability of the inhibitor (Tholpady et al., 2014). The lack of 
effect of SB431542 administered during 14 days indicates that 
the decrease in tightly packed collagen is the consequence of 
the downregulation of a-SMA induced by early treatment with 
this inhibitor during the first 7 days at the beginning of the re-
differentiation phase. In conclusion, these results indicate that 
modulation of fibrosis mediated by TGFb signalling contributes 
to the differentiation of cartilage and muscle, as well as to the 
dermal growth of blastema-like structures. 

Materials and Methods

Mice
This study was carried out in accordance with the Guide for Care 

and Use of Laboratory Animals of the Mexican Official Standard (NOM-
062-ZOO-1999), and the protocol was approved by the Mexican Internal 
Committee for the Care and Use of Laboratory Animals of the Instituto 
Nacional de Rehabilitación Luís Guillermo Ibarra Ibarra in Mexico City. 
Eight-month-old female Balb-c-strain mice with an approximate weight 
of between 25 and 30 gr were kindly donated by the Instituto de Biotec-
nología of the Universidad Nacional Autónoma de México. Animals were 
housed under pathogen-free conditions with food and water provided ad 
libitum. Vivarium conditions included the following: 21 ± 2°CM 50% ± 10% 
relative humidity, and a 12-h light/dark cycle. 

A 2 mm diameter ear hole
The mice were anesthetized with Isoflurane (Laboratorios PiSA, Gua-

dalajara, Jal., México), and a 2-mm-diameter ear hole was made in the 
center of the ear pinnae using a thumb punch and a piece of cardboard 
for support. This procedure avoids the formation of irregular wound edges, 
which disrupt the limited regenerative capacity of the ear (Rajnoch et al., 
2003). After sacrificing the mice, the ears were collected and fixed for 
36 h with Protocol SAFEFIX II™ (Fisher Diagnostics, Kalamazoo, MI, 
USA) on days 1, 2, 3, 5, 7, 14, 21, and 28 (n = 4 ears/time point, two 
ears per animal) and processed by H&E and Masson histological stains 
and immunofluorescence for TGFb1, TGFb2, TGFb3, pSmad3 and Sox9.

SB431542 treatment
Immediately after the ear hole was made, 20 ml of SB431542 2 mM 

(Abcam, cat. no. ab120163; Cambridge, UK) or DMSO (Sigma-Aldrich, cat. 
n. 154838-1L; St. Louis, MO, USA) was topically applied. This concentra-
tion was chosen based on the effects obtained from the administration of 
SB431542 in subconjunctival injections in rabbit eye (Xiao et al., 2009). 
One day after treatment, the ears were collected, fixed, and processed 
by pSmad3 immunofluorescence. In another group, the mice were left 
for 21 days and then were topically administered 20 ml of SB431542 2 
mM or DMSO in the left and right ears, respectively, for 7 days. Another 
group was treated daily with the drug and DMSO for 14 days. Follow-
ing these treatments, the ears were collected, fixed, and processed by 
Masson stain or by pSmad3, Sox9, and a-SMA immunofluorescence. 

TGFb1 bead implantation
Affi-Gel® Blue beads (Bio-Rad Laboratories, Hercules, CA, USA), 

embedded previously in a solution of 100 mg/ml recombinant human 
TGF-b1 (PreproTech, Inc., Rocky Hill, NJ, USA), were implanted close 
to the ear wounds after ear punch in 9-month-old female mice (n = 3 
ears); beads soaked in vehicle were implanted into the opposite ear of 
the same animal as control. Beads were introduced using a tuberculin 
needle adjacent to the punch wounds. Ears were harvested and fixed at 
1 day post-wound (dpw) and processed by pSmad3 immunofluorescence. 

Histomorphological evaluation and immunofluorescence
Fixed ears were cut transversely through the hole; then, each ear half 

was dehydrated and embedded in paraffin (Paraplast®; Sigma-Aldrich, 
St. Louis, MO, USA). Serial cross-sections of 5-mm (Fig. 1D) were stained 
with H&E or Masson’s trichrome. Also, tissue sections of wounded ears 
treated with DMSO and SB431542 were processed by immunofluores-
cence. Briefly, after dewaxing and rehydration, sections were blocked and 
permeabilized with 1% albumin, 0.3% Triton X100 in phosphate Buffered 
Saline (PBS) for 2 h in room temperature and then incubated at 4°C 
overnight with one of the following primary antibodies: rabbit monoclonal 
anti-TGF beta 1 [EPR21143] (ab215715), mouse monoclonal anti-TGF 
beta 2 (ab36495); rabbit polyclonal anti-TGF beta 3 (ab15537); rabbit 
polyclonal anti-pSmad3 [phospho S425] (ab51177); rabbit polyclonal 
anti-Activin A Receptor Type IB (ab64813); rabbit polyclonal anti-SOX9 
(ab26414) or mouse monoclonal anti-alpha smooth muscle Actin [1A4] 
(ab7817), all of these purchased from Abcam (Cambridge, UK). After 
washing, the slides were incubated at room temperature for 2 h with the 
following secondary antibodies: for anti-TGF beta 1 and anti-pSmad3 
we used Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) (Abcam, cat. n. 
ab150077, Cambridge, UK), for anti-TGF beta 2 and anti-alpha smooth 
muscle Actin we used fluorescein F(ab´)2 fragment of goat anti-mouse 
IgG (H+L) (Invitrogen Molecular Probes, cat. n. F11021, CA, USA), and 
for anti-TGF beta 3, anti-ALK4 and anti-Sox9, we used DyLight®594 anti-
rabbit IgG (H+L) (Vector Laboratories, cat. n. DI-1594, Burlingame, CA, 
USA). Sections were washed three times in PBS with 0.3% Triton and 
then twice in PBS, followed by mounting with Vectashield® containing 
4’,6-DiAmino-2-PhenylIndole (DAPI; Vector Laboratories, Burlingame, 
CA, USA) and cover slipping. 

Activin bb in-situ hybridization
Tissue sections of wounded ears were hydrated through graduated 

methanols until PBT, post-fixed with cold PFA 4% during 15 min, and 
treated with 1 mg/ml proteinase K (preincubated at 37°C) for 5 min at room 
temperature, then washed with PBT and pre-incubated with hybridization 
buffer at 55°C for 15 min. After this, tissue sections were incubated with 
the activin bB probe overnight and washed with a solution of formamide 
50%, SSC 4X, SDS 1%, and a solution with formamide 50%, SSC 2X 
3 times during 15 min at 50°C for each section. Washes with TBST + 
2 mM Levamisole hydrochloride 2 mM (Sigma-Aldrich, St. Louis, MO, 
USA) were carried out and the sections were blocked with 10% goat 
serum during 30 min, incubated with anti-DIG-AP (Roche Diagnostics 
GmbH, Mannheim, Germany), and diluted 1:500 overnight at 4°C. Sec-
tions were washed with TBST + Levamisole 2 mM and NTMT + 1 mM 
Levamisole and revealed with BM-Purple (Roche Diagnostics GmbH, 
Mannheim, Germany). 

Image acquisition and morphometric analysis
Tissue sections were captured using an Imager Z1 microscope (Carl 

Zeiss). For bright-field and fluorescent image acquisition, high-speed 
polychromatic and monochromatic cameras (AxioCam; Carl Zeiss), 
respectively, were used. Measures of chondrogenic and muscle areas, 
as well as the elongation of the dermal growth, were performed using 
AxioVision software (ver. 4.8.1.0; Carl Zeiss) on the images acquired.

Statistical analyses
Statistical analyses were carried out using GraphPad Prism ver. 8 

statistical software. D’Agostino & Pearson and Shapiro-Wilk normality 
tests were utilized to data distribution. Normally distributed data were 
analyzed by the two-tailed Student t test. Data are expressed as the mean 
± Standard Deviation (SD)P values ≤0.05 were considered significant.
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