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Type I collagen is a major component of the dermis and is formed by dermal
fibroblasts. The development of dermal collagen structures has not been fully
elucidated despite the major presence and importance of the dermis. This lack
of understanding is due in part to the opacity of mammalian skin and it has
been an obstacle to cosmetic and medical developments. We reveal the pro-
cess of dermal collagen formation using the highly transparent skin of the
axolotl and fluorescent collagen probes. We clarify that epidermal cells, not
dermal fibroblasts, contribute to dermal collagen formation. Mesenchymal
cells (fibroblasts) play a role in modifying the collagen fibers already built by
keratinocytes. We confirm that collagen production by keratinocytes is a
widely conserved mechanism in other model organisms. Our findings warrant
a change in the current consensus about dermal collagen formation and could
lead to innovations in cosmetology and skin medication.

The skin is the largest organ of the human body, consisting of two
layers: the epidermis and the dermis. The dermis is primarily
composed of type I collagen, accounting for 40% of the total
protein in the skin'. In most tetrapods, dermal collagen cannot be
restored to its original fine structure once its structure becomes
malformed. Such structural changes cause wrinkles and sagging if
caused by aging; however, they can lead to excessive collagen
secretion and scar formation, resulting in skin dysfunction, if they
occur as a result of skin damage®. Therefore, maintaining the
normal structure of dermal collagen is important, both cosmeti-
cally and medically. Despite the importance of collagen, the
process of skin collagen formation in the skin has not been
thoroughly elucidated. Clarifying the process of dermal collagen
formation is essential for understanding and solving various
problems related to skin collagen.

Dermal fibroblasts are considered to play a major role in the for-
mation of extracellular matrix (ECM) by secreting type I collagen, a
major component of the dermal ECM structure. The human dermal
structure comprises two layers: the papillary dermis and the reticular
dermis, and each layer displays specific collagen structures. The
papillary dermis has a low-density collagen structure with fragmented
fibers arranged in a helical pattern, whereas the reticular dermis has a
high-density collagen structure, with fibers woven in a regular and
orderly lattice pattern. Maintaining the fine structure in each layer is
considered important to keep the skin healthy and beautiful. Although
research has been conducted on mature skin®**, much remains
unknown regarding the construction of dermal collagen.

Axolotls provide an excellent research environment for derma-
tology, particularly for elucidating the formation of dermal collagen.
Much dermatological research has been conducted in vivo and
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in vitro®”’. Mature mammalian skin has a thick epidermis and mela-
nocytes, making it difficult to observe the deeper dermis and to detect
fluorescent signals in the living state. Human or mouse cultured cells
cannot fully mimic dermal collagen structure, despite recent devel-
opments in skin-equivalent technology. Axolotl skin has a relatively
higher transparency, which aids in research involving the detection of
fluorescent signals. Thus, the axolotl is an ideal model animal by which
to investigate dermal collagen development.

Research in axolotl skin has been conducted in association with
skin regeneration®°. Like that of mammals, the skin of axolotls is
composed of epidermis and dermis”. The structure of the dermal
collagen in axolotls consists of two layers with different structures: the
stratum spongiosum (SS) and the stratum compactum (SC). The SS
consists of columnar collagen fibers that extend in the apical-basal
direction, whereas the SC has orthogonal lattice-like collagen fibers.
Formation of the SC involves cells with lattice-like filopodia in the
creation of this collagen structure®. The structures within SS and SC
can be reconstructed, even after damage. However, there are limits to
their regenerative abilities, and the orthogonal lattice-like collagen
fiber structure of the SC cannot be completely regenerated after
damage in mature axolotls”. Moreover, regulation of matrix metallo-
proteinase (MMP) expression by keratinocytes is crucial for the
reformation of collagen structure without scar formation®. A study
comparing skin regeneration and skin development in the axolotl
showed that several similarities exist between regeneration and
development”. Although axolotl skin and its regeneration have been
widely studied, little is known about the detailed mechanism by which
the dermal collagen structure is formed. This knowledge is essential
for understanding the development of dermal collagen structures in
tetrapods and the complete skin regeneration mechanism in axolotls.

In this work, we investigate the transition of dermal collagen
structure formation in the axolotl skin dermis using fluorescent probes
recently reported by Kuroda et al., 2024, We investigate skin in ani-
mals of four different body sizes. We find that keratinocytes secrete
collagen and supply it to the dermis, showing a lattice-like collagen
structure in smaller animals. In larger animals, lattice-patterned cells
and mesenchymal cells participate in the formation of the dermis. The
lattice-patterned cells contribute to both collagen production and
collagen fiber modification. We also find that the invading mesenchy-
mal cells help separate the upper and lower layers of the axolotl dermal
collagen, resulting in the establishment of the three-layered axolotl
dermal structure. Finally, we investigate whether collagen production
by keratinocytes is a conserved mechanism among species. Collagen
production by epidermal cells is confirmed not only in axolotls but also
in zebrafish, chickens, and mouse embryos. The conservation of col-
lagen expression by epidermal cells across species indicates that col-
lagen production by epidermal cells is key to the formation of lattice-
patterned collagen structures.

Results

Axolotl dermal collagen structure

To elucidate the mature dermal collagen structure of axolotl, we first
examined the entire dermal collagen structure of axolotls with a body
size of 12 cm (Fig. 1). We used the fluorescent collagen probes DAF-FM
DA (hereafter DAF) and DAR-4M (hereafter DAR) to visualize axolotl
collagen. These fluorescent probes specifically stain type I, II, and IX
collagen and elastin. However, elastin may not be encoded in the
reported axolotl genome, and Victoria blue staining for elastin did not
generate significant staining in axolotl skin (Supplementary Fig. 1a-e).
Furthermore, immunofluorescence for COL2 revealed no COL2 pro-
duction in the dermis (Supplementary Fig. 1f-h). Because COL9 func-
tions to crosslink COL2", it is unlikely that COL9 is produced in the
absence of COL2. Additionally, we observed a fine overlapping signal
between the DAR signal and the GFP signal from TgScel(mPrrx::GFP-
axCOL1a2) transgenic axolotls (Supplementary Fig. 1i). Therefore, we

consider that the signals from DAF and DAR are specific to type |
collagen as long as we focused on the axolotl skin. Figure 1 shows the
results for the mature dermis layer. The collagen structure of the
axolotl dermis was seen to be composed of three layers: the two layers
of collagen structures (SS and SC) that were previously reported®”,
and a newly classified layer of collagen structure, named stratum
baladachinum (SB) (Fig. 1c, d, d3). The SB is located underneath the
epidermis (Fig. 1a-d). The structure of the collagen fibers in SC, SS, and
SB is shown in Fig. 1d1-d3. SC has a dense, lattice-patterned collagen
structure, as previously reported' (Fig. 1d1). SS has a low density, and
the collagen fibers run in the apical-basal direction (Fig. 1b, d2). SB has
a lattice-like structure similar to that of SC (Fig. 1d3). However, the
lattice-like structure in SB is less dense and rougher than that of SC.
These observations clarify that the axolotl skin structure is composed
of three layers-SS, SC, and SB-and that each layer has a characteristic
collagen fiber structure.

Development of the dermal collagen structure in axolotls

To investigate the developmental changes of the dermal collagen
structure in axolotls, we examined the entire skin collagen fibers using
histological staining (Masson'’s trichrome staining) on limbs of axolotls
with a body size ranging from 5 to 12 cm. In the 5-cm-long animals
(5cm dermis), a thin collagen layer was observed beneath the epi-
dermis (Fig. 2a). In the 8-cm-long animals (8 cm dermis), the collagen
layer was thicker than that of the 5 cm dermis (Fig. 2b), and cells were
observed to be invading in the collagen layer (Fig. 2b). In the 10-cm-
long animals (10 cm dermis), we observed the presence of SS-like
structures (Fig. 2¢). In the 12-cm-long animals (12 cm dermis), mature
dermal glands became apparent, and the three-layered structure of SB,
SS, and SC could be clearly visualized (Fig. 2d).

Next, we investigated dermal collagen development by immu-
nofluorescent analysis using anti-type I or anti-type Il collagen
antibodies (Fig. 2e-t). It has been reported that human dermal ECM
contains large amounts of type Il collagen as well as type I collagen,
which plays an important role in maintaining dermis structure”.
However, the changes in COL3 expression during dermal develop-
ment have not been fully clarified. In the 5 cm dermis, we observed a
single layer of collagen (Fig. 2e, m, q). We named this single collagen
layer, which emerges temporarily during dermal collagen develop-
ment, the stratum coniunctum. COL3 signal was observed in the lower
basal part of the single collagen layer (Fig. 2i, m, q). Progression to
8 cm dermis resulted in an increase in collagen thickness and the
presence of cells within the stratum coniunctum (Fig. 2f, n, r). As in
the 5 cm dermis, the COL3 signal was found in the lower basal part of
the single collagen layer (Fig. 2j, n, r). In the 10 cm dermis, more cells
could be observed inside the collagen layer (Fig. 20, s). At this stage,
the separation of the three dermal layers became apparent (Fig. 2g, o,
s). We observed that COL3 signals were present not only in the lower
basal part of the dermis but also within the SS-like structure (Fig. 2k,
0, s). In 12 cm dermis, we observed that the mature dermal collagen
structure with fully formed SS, SB, and SC layers (Fig. 2h, p, t). COL3
was present in SS and the layer basal part of SC (Fig. 21, p, t). Next, we
measured the thickness of the dermal collagen layer (Fig. 2u), which
confirmed that the thickness of the axolotl dermis increases as the
animal develops. These analyses revealed that the axolotl dermal
collagen develops from the monolayered structure to the triple-
layered structure.

When observing axolotl dermal development, we found that
numerous mesenchymal cells were involved in the collagenous struc-
ture. We counted the number of nuclei existing in the COLI" collagen
layer (Fig. 2v). In the stratum coniunctum (5 cm dermis), there were
almost no nuclei, but the number of the nucleus was increased as the
skin developed. In the electron microscopic observation, we found the
cellsinvading the dermal collagen layer (Supplementary Fig. 2a), where
they appeared to digest collagen fibers to integrate the cell body into
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Fig. 1| Structure of type I collagen in the 12-cm-long axolotl dorsal skin.

a-d DAF was used to label the collagen. The images were taken using a confocal
microscope and reconstituted using AMIRA software. Clipping image for visualiz-
ing the stratum compactum (a), stratum spongiosum (b), and stratum baladachinum
(c).d The combined image shows all three layers of the dermal collagen structure in

Stratum spongiosum|C

¥ St spongiosum|/d3

Stratum baladachinum

Dorsal Skin on 12cm-long animal

Stratum baladachinum
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the dorsal skin. d1-d3 Representative images of collagen fibers from the original
data taken using confocal microscopy. d1 Stratum compactum, d2 stratum spon-
giosum, and d3 stratum baladachinum. d1-d3 are the same magnification; the scale
bar in d1 is 50 pm. These collagen structures were confirmed n =10 biologically
independent samples. The representative images are shown.

the dermal collagen. This suggests that the mesenchymal cell invasion
starts from the 8 cm dermis and settles at the 10 cm dermis stage.

We further confirmed whether the SB was part of the dermal
collagen structure or not. We performed double staining for COL1 and
COL4, which are components of the basement membrane (Fig. 2w, X).
The stratum coniunctum and the SB are distinct from the COL4" basal
membrane existing underneath the epidermis (Fig. 2w, w’, X, X). This
indicates that the stratum coniunctum and the SB are the newly
reported dermal collagen layer existing underneath the basement
membrane.

Cells in the axolotl dermal collagen
Dermal collagen structures are known to be formed by dermal fibro-
blasts. From our previous studies, we identified the dermal fibroblasts

that produce the lattice-like collagen structure of the axolotl dermis'.
These dermal fibroblasts have a characteristic cell morphology with
extended lattice-patterned filopodia and are present in the SC. To
clarify the changes in the presence of the lattice-patterned filopodia
during dermal formation, we visualized filopodia and collagen fibers at
each dermal growth stage. We used CMV::GFP transgenics for the
filopodia visualization and DAR for collagen visualization. The results
are shown in Fig. 3. One layer of stratum coniunctum was visible in 5 cm
dermis (Fig. 3a, a’), and no GFP signals were detected inside the col-
lagen layer (Fig. 3b, b’). It is noteworthy that the collagen fiber struc-
ture of the stratum coniunctum in the 5cm dermis had a lattice
structure, even though no lattice-patterned filopodia were found
(Fig. 3b, b’). Similar to the results shown in Fig. 2, we detected pene-
tration of mesenchymal cells into the collagen layer in the 8 cm dermis
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(Fig. 3¢, ¢'). The presence of filopodia was evident in the 8 cm dermis
(Fig. 3d, d’). The 10 cm dermis comprised pre-mature SC, SS, and SB
structures (Fig. 3e, €'). Moreover, consistent with the results shown in
Fig. 2, cell invasion between the SC and SB was seen (Fig. 3e, €).
Compared to the mature SB in the 12 cm dermis (Fig. 1), the SB in the
10 cm dermis had a thinner and rougher structure (Fig. 3f). In the SS,

10°™ Dermis | 12°" Dermis |

e

St. Spongiosum

St. Coniunctum

collagen fibers formed in the apical-basal orientation around the cells
(Fig. 3g). In the SC of the 10 cm dermiis, lattice-patterned filopodia were
clearly visible (Fig. 3h, ). In the 12 cm dermis, the three mature layers
of SS, SB, and SC were found (Fig. 3i, '), and cells were abundant in the
SS (Fig. 3k, i"). The SB is lattice-patterned collagen fiber and has a more
robust structure compared to the 10 cm dermis (Fig. 3j). Lattice-
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Fig. 2 | Development of dermal collagen structure during growth.

a-d Histological observation of the axolotl dorsal skin. Masson’s trichrome staining
was performed for 5 to 12 cm dermis. Blue indicates collagen, red indicates cyto-
plasm, and dark brown color indicates nuclei. e-t Immunofluorescence of

e-h COLla (green), i-1 COL3 (red), and nucleus (Hoechst 33342; blue) in the axolotl
dermis. m-p Merge images of (e-I). q-t High magnification view of the boxed
region in (m-p). SB, SS, and SC indicate stratum baladachinum, stratum spongio-
sum, and Stratum compactum. The open windows in q-t display views with one
color deleted. For example, ACOLIa indicates that the green signal of COL1a is
omitted from the region. The expression patterns were confirmed in five inde-
pendent samples at each time point, and the representative images are shown.

u Analysis of thickness of collagen layer (n =4 biologically independent samples)
Each point on the box plot represents all measured data points. p values from up to
down: 1.40 €¥,3.10 e, 291 € 2.60 €, 4.92 ¢, 2.72 €°. v Counting the
number of nuclei in the dermis (n=4 for 5cm, and n=5 for 8, 10, and 12cm

biologically independent samples) Each point on the box plot represents all mea-
sured data points. p values from up to down: 1.63 e™°,3.74 ¢, 3.11¢5,1.16,6.28 ¢/,
0.025. w Immunofluorescence of COL1a (green), COL4 (red), and nucleus (Hoechst
33342; blue) of the stratum coniunctum. w’ High magpnification view in w. x
Immunofluorescence of COL1a (green), COL4 (red) and nucleus (Hoechst 33342;
blue) of the 12 cm. x” High magnification view in x. The scale bars in (a, e, q) are
50 um, and that in w is 10 pm. a-d, e-0, q-t, and w-x are the same magpnification.
The expression patterns were confirmed in five independent samples at each time
point, and the representative images are shown. The white dotted line in

q-t indicates the dermal collagen layer. The statistical analysis was performed
using two-tailed ANOVA, followed by pairwise two-tailed t-tests with Bonferroni
correction. *p < 0.05, *p < 0.025, **p < 0.01. n.s. no significant difference. Each box
represents the interquartile range (IQR, the range between the 25th and 75th per-
centile) with the mid-point of the data, bars indicate the upper and lower value
within 1.5 times the IQR. Source data are provided as a Source Data file.

Axolotl Skin Developm
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Fig. 3 | Developmental changes of entire collagen structure and collagen fibers
at each stage. The red color indicates collagen, and the green color is for cyto-
plasm. a—f The structure of collagen fibers and the presentation of cytoplasm on
stratum coniunctum at 5 cm and 8 cm dermis. a, ¢ Three-dimensional (3D) structure.
a’, ¢’ Orthogonal image from the reconstituted images. b, d The merged image of
collagen fibers and cytoplasm. b’, d’ Cytoplasm. e-1 The structure of collagen fibers
and the presentation of cytoplasm on three collagen layers (stratum baladachinum,
stratum spongiosum, stratum compactum) at 10 and 12 cm dermis. e, i 3D structure.
€, i’ Orthogonal image from the reconstituted images. f, j The structure of collagen
fiber in stratum baladachinum. These images are the maximum intensity projec-
tion. g, k The structure of collagen fiber and the location of cytoplasm at the
stratum spongiosum and h, | stratum compactum. W, I’ Cytoplasm. The expression
patterns were confirmed in five independent samples at each time point, and the

25 (%)

10cm
St. compactum

8cm
St. coniunctum

representative images are shown. m Quantification of occupied area of cytoplasm
(filopodia) (n =3 biologically independent samples.) Each point on the box plot
represents all measured data points. p values from left to right: 1.89 €%, 1.59¢7,
6.20e8, 1.66, 4.17 €7, 6.36 € 2. n Analysis of directionality of collagen fibers. The
same analysis was performed on five biologically independent samples, and the
representative pattern was selected and presented. The scale bars in b is 10 pm. All
images have the same magnification. The white line ina’, ¢, €, i’ indicate the dermal
collagen layer. The statistical analysis was performed using two-tailed ANOVA,
followed by pairwise two-tailed ¢-tests with Bonferroni correction. *p <0.05,

**p <0.025, **p < 0.01. n.s. no significant difference. Each box represents the
interquartile range (IQR, the range between the 25th and 75th percentile) with the
mid-point of the data, bars indicate the upper and lower value within 1.5 times the
IQR. Source data are provided as a Source Data file.
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patterned filopodia were found in the SC (Fig. 31, I'), and we conducted
a quantitative evaluation of their proportion (Fig. 3m). A large number
of filopodia were quantified in 10 and 12 cm dermis, whereas fewer
were observed in the 8 and 5cm dermis, especially in the latter
(Fig. 3m). Moreover, we analyzed the directionality of collagen fibers at
each stage in the SC and in the stratum coniunctum (Fig. 3n). Direc-
tionality analysis revealed that the collagen structures in both the
stratum coniunctum and SC exhibited bipolarity (Fig. 3n). These
observations suggested that lattice-patterned fibroblasts appeared in
the 8 cm dermis; therefore, despite their absence in the 5cm dermis,
the collagen structure is lattice-patterned. This suggests that cells
other than lattice-patterned cells are involved in forming the lattice-
patterned collagen structure.

We performed a detailed investigation of ultrastructure using
electron microscopy (EM) in 8 cm dermis and 12 cm dermis. (Supple-
mentary Fig. 3). Using TEM imaging, we confirmed the typical collagen
structure as previously reported'®". In the 8 cm dermis, mesenchymal
cells could be observed invading the stratum coniunctum with filopo-
dia (Supplementary Fig. 3a), with orthogonal collagen fibers (Supple-
mentary Fig. 3b). The filopodia of the cells were seen to be inserted
between these longitudinally and transversely orthogonal collagen
fibers (Supplementary Fig. 3b). In 12 cm dermis, EM confirmed that the
collagen lattice structure in SB and SC was composed of orthogonal
collagen fibers (Supplementary Fig. 3c-e). In addition, the thickness of
each fiber in the SB and SC was different (Supplementary Fig. 3d, e).
These findings suggest that the stratum coniunctum, SB, and SC have
orthogonal fiber structures, but SB and SC have slightly different
microfiber structures.

We then focused on cell invasion into the collagen layer. As shown
in Figs. 2, 3, the invasion of mesenchymal cells in the dermis appeared
to be a key step in SS formation. It was not clear how the cells, whether
entering or inserting filopodia, interacted with the densely woven
collagen layer to achieve entry and filopodia insertion. We focused on
the expression of genes encoding collagen-degrading enzymes, spe-
cifically Mmp 1, 2, 9, 13, and 14, which have type I collagen-degrading
activity. We investigated the expression of these genes (Supplemen-
tary Fig. 4a-d, a’-d’) and observed Mmp2' cells and Mmp9* cells at all
stages from 5 to 12 cm dermis, either within the dermis or just beneath
it (Sup. Fig. 4a2, b2, c2, d2, a3, b3, c3, d3). Additionally, Mmpi13* cells
were found at 12 cm dermis (Sup. Fig. 4d4). These results suggest that
cells invade the collagen layer while degrading type I collagen. Pre-
vious studies have shown that inhibition of cell invasion during the skin
regeneration process in the axolotl results in inhibition of SS
formation". As the regenerative process mimics the developmental
process, it was speculated that cell invasion inside the collagen layer is
involved in the formation of SS in the developmental process.

Type I collagen production in keratinocytes

As can be seen in Fig. 3, a lattice-patterned collagen structure was
identified despite the absence of lattice-patterned fibroblasts in the
5cm dermis. This suggests that cells other than lattice-patterned
fibroblasts contribute to the formation of lattice-patterned collagen
structures in the 5 cm dermis. To identify the cells that contribute to
dermal collagen formation, we conducted in situ hybridization to
clarify the Collal expression pattern at each stage (Fig. 4a—d). Collal
signals were found not only in the mesenchymal cells but also in the
keratin (KRT)-positive epidermal cells in the basal layer of the epi-
dermis in the 5 and 8 cm dermiis (Fig. 4a, a’, b, b’). Conversely, in 10 and
12cm dermis, keratinocytes displayed no strong Collal signals,
whereas cells in the SS and SC exhibited intense Collal expression
(Fig. 4 ¢, ¢, d, d’). In mammals, keratinocytes are not typically asso-
ciated with the production of type I collagen®*”. Therefore, we further
investigated whether protein synthesis from the Collal mRNA in ker-
atinocytes was inhibited by post-translational regulation. For this
purpose, we conducted immunofluorescence staining using pro-type |

collagen antibodies (Fig. 4e-h, e’-h’) and IEM (Fig. 4i-k). Briefly, pro-
type I collagen (procollagen) can be detected prior to collagen secre-
tion from a cell and just before fiberization>. By using the anti-
procollagen antibody, we could identify the location of the collagen
molecules within the cell and the region where new collagen was being
fiberized. Procollagen signals were detected in the keratinocytes in the
5, 8, and 10cm dermis (Fig. 4e-g). In particular, we identified a
stronger signal on the apical side of the dermis in the 5 to 10 cm der-
mis. Figure 4e’-h’ shows a heatmap of all stages. A strong signal was
observed on the epidermal cell side (Fig. 4¢’, '), suggesting that col-
lagen is secreted from epidermal cells. Procollagen expression pat-
terns in the 10 and 12 cm dermis suggest that collagen supply is from
cells in the SS and that collagen production rate is decreased by the
12 cm dermis stage. In the 12 cm dermis, relatively weaker procollagen
signals were present in keratinocytes and the apical side of the SB
(Fig. 4h). Furthermore, the integrated heatmap combining multiple
images also produced similar findings in 5 cm dermis to 12 cm dermis
(Supplementary Fig. 5a-d). We further confirmed these observations
using the 5 cm dermis using IEM (Fig. 4i-k). I[EM signals were detected
in the basement membrane (lamina lucida) (Fig. 4i, i’). IEM signals
could also be observed in the mesenchymal cell just below the dermal
collagen layer (Fig. 4j, j’). In the absence of primary antibodies (nega-
tive control), no IEM signals were observed (Fig. 4k, k’). These results
suggest that collagen is secreted from keratinocytes and delivered to
the dermis through the basement membrane.

To determine how collagen produced by keratinocytes con-
tributes to the formation of dermal collagen structures, we conducted
a pulse-chase experiment using DAR and DAF (Fig. 5a). DAR was
injected under the skin on the dorsal side of the forelimb, and the
injected animals were kept for 5 days. Then, DAF was injected into the
area where the red fluorescence from DAR was visible. We collected
the skin 1 day after the DAF injection. Consequently, most collagen
fibers had both red and green fluorescence, whereas green signals
were found only in newly synthesized collagens that were made
between the day of the DAR injection and the day of the DAF injection
(within 5 days). The skin was analyzed using a confocal microscope. On
the apical side, DAF signals occupied a larger area than DAR signals
(Fig. 5b). In the basal side, DAF and DAR signals were almost com-
pletely overlapping (Fig. 5¢). To visualize the spatial occupancy, we
reconstituted the confocal images, resulting in an orthogonal image
(Fig. 5d), which clearly demonstrated that the newly synthesized col-
lagen fibers were located at the apical side of stratum coniunctum. To
visualize this quantitatively, we made a histogram of Fig. 5d and cal-
culated the rate of each color (Fig. Se, f). Whereas most of the apical
side contained new collagen (DAF"), the area of DAR and DAF gradually
equalized as it shifted toward the basal side. We conducted another
analysis to quantify the areas of DAR and DAF in all sections (Fig. 5g).
The area of DAF was significantly larger than that of DAR (Fig. 5g). To
confirm that the offset of the DAR/DAF labeling is not caused by dif-
ference in diffusion properties or tissue specificity, we conducted two
control experiments. First, we reversed the injection timing of DAR and
DAF in the 5cm dermis, left it for 10 days and performed the same
analysis (Supplementary Fig. 6). As in Fig. 5, only new collagen (DAR")
signals were observed on the apical side of the dermis (Supplementary
Fig. 6a-e), indicating that the stacking on the apical side is not affected
by the difference in the diffusion properties of the dyes. Next, we
performed a pulse-chase experiment on tendons in order to test
whether tissue specificity caused the offset of the DAR/DAF labeling
(Supplementary Fig. 6f). As a result, in tendons, new collagen (DAF*
fibers) was observed within old collagen (DAR" fibers), and the offset
of DAR/DAF was observed among the older collagen fibers
(Sup. Fig. 6f1-3). This indicates that the pulse-chase analysis using DAR
and DAF accurately monitors newly synthesized collagen fibers
regardless of tissues. The accuracy and the results of the pulse-chase
analysis in the axolotl skin confirm that the newly synthesized collagen
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Immunoelectron microscopy (IEM)

Fig. 4 | Type I collagen production in keratinocytes. a-d The Collal expression
pattern in the dorsal skin was revealed by in situ hybridization. a’-d’ Immuno-
fluorescence of pan-cytokeratin (KRT) and Hoechst signal (nucleus). e-h Procollagen
expression from the 5cm dermis to the 12 cm dermis. e’~h’ The heatmap shows the
signal strength of the boxed region in (e-h). The expression patterns were confirmed
in five independent samples at each time point, and the representative images are
shown. Heatmap analysis was performed on three selected biologically independent
samples from n=35, and a representative example is presented. i-k Immunoelectron
microscopy (IEM) using procollagen antibody. i’ Higher magnification views of the

boxed region in (i). Arrowheads indicate the signals from the basement membrane
(lamina lucida). j, j Positive control. Showing collagen production in mesenchymal
cells. j The high magnification view of the boxed region in (j). The pink arrowheads
indicate the IEM signals from in the mesenchymal cells. k, k’ Negative control (no
antibody). K’ The high magnification view of the boxed region in (k). Yellow asterisks
indicate the hemidesmosomes. The white dotted line indicates the basement mem-
brane (lamina densa). The scale bars in a, @', e are 50 um, those in i, j, j’, k, kK are 1um,
and that in i’ is 500 nm. More than 20 IEM images were collected from the three
biologically independent samples. And the representative images are shown.

layers are stacked on the epidermal side. Considering that neither
mesenchymal cells nor lattice-patterned fibroblasts were present at
the 5 cm dermis as shown in Figs. 2, 3, these results suggest that the
collagen structure formation at the 5cm dermis was due to collagen
production by keratinocytes only.

A basement membrane exists between the epidermis and dermis.
When considering the supply of collagen from the epidermis, the

presence of the basement membrane is notable. The results of
immunofluorescence staining for the basement membrane compo-
nent laminin are shown in Supplementary Fig. 7. Signals of laminin
were observed just beneath the epidermis from 5 to 12cm dermis
(Supplementary Fig. 7a-d). We investigated the ultrastructure of the
basement membrane using an EM (Supplementary Fig. 7e); hemi-
desmosomes and basal lamina composed of lamina densa, and lamina
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Fig. 5 | Structural changes of dermal collagen conducted by keratinocytes.

a Schematic diagram of the experiment. (1) Injection of DAR under the dorsal skin
(Day 0). (2) DAF is injected at the same locations as DAR on Day 5. (3) Samples were
harvested on Day 6. b-d Confocal microscopic images: b epidermis side,

¢ hypodermis side, d orthogonal image from the reconstituted images. The results
were confirmed in four independent samples. e Histogram of DAR and DAF areas
from all stack images. f Histogram of the rate of each color. The same analysis was
performed on four biologically independent samples, and the representative
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nificant difference. All images are the same magnification. Each box represents the
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IQR. Source data are provided as a Source Data file.

lucida was also observed. Furthermore, we found some areas showing
hole-like structures on EM (Supplementary Fig. 7e). It has been
reported that holes exist in the basal membrane in Drosophila devel-
opmental stages and early mouse embryos®**. Our results suggest that
holes may also exist in the basement membrane of the developing
stage of the axolotls. It has been reported that COL4 in the axolotls is
partially absent®. It is also possible that the basement membrane of
the axolotls may have a very rough structure compared with that of
mammals. These observations support the idea that collagen mole-
cules produced by keratinocytes are transported to the dermis
through the basement membrane.

Transition of dermal collagen structure through each
developmental stage

Our results demonstrate that keratinocytes, in addition to dermal
fibroblasts, are a new type of collagen-producing cell in the early stages
of dermal formation (5 cm dermis), responsible for creating the initial

lattice-patterned collagen structure. Next, to elucidate how collagen
production by dermal cells and keratinocytes cooperatively con-
tributes to dermis formation, we conducted a DAR/DAF pulse-chase
experiment similar to that depicted in Fig. 5a in four phases: from 5 to
8 cm dermis, 8 to 10 cm dermis, 10 to 12 cm dermis, and 5 to 12cm
dermis. In the dermis development from 5 to 8 cm dermis, accumu-
lation of new collagen on the apical side could be observed (Fig. 6a, b).
The collagen fibers that were generated at the 5 cm dermis (DAR” fibers
in Fig. 6a) were located basally in the 8 cm dermis (Fig. 6b, c1-c3). We
also found that there are many pillar-like formations (Fig. 6a’, c1’) with
only a DAF signal, indicating that the pillar formation takes place in a
stage after 5 cm dermis. These pillars, which are formed by fibroblasts
having a pillar-like filopodia, have been reported previously™. It is likely
that Collal" cells located on the mesenchymal side, as shown in
Fig. 4a, b, may contribute to the formation of this pillar-like structure.
From 8 to 10 cm dermis, the DAF signals were also detected on the
apical side (Fig. 6d, e). The SB-like structure had only a DAF signal,
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Fig. 6 | Dynamics of dermal collagen formation during growth. a-1 Changes in
collagen structure from 5 to 8 cm dermis, 8 to 10 cm dermis, 10 to 12 cm dermis,

and 5 to 12 cm dermis. a, d, g, j Orthogonal images from the reconstituted confocal
images. b, e, h, k Histograms of DAR and DAF areas from all stacked images. c1-¢3,
f1-f3, i1-i3, 11-13 Representative fiber images at the basal side of the dermis. The
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scale bars in ¢ is 20 pm. All images are the same magnification. SB, SS, and SC
indicate stratum baladachinum, stratum spongiosum, and Stratum compactum. The
experiment confirmed five biologically independent samples at each time point.
The representative histograms and images are selected and shown from the five
samples. Source data are provided as a Source Data file.

indicating that the SB was composed of newly synthesized collagen
between 8 and 10 cm dermis (Fig. 6d, e). However, older collagens
(DAR") could be observed in the SC, indicating that the collagen fibers
synthesized at the 8 cm dermis contributed to the SC of the 10 cm
dermis (Fig. 6d, f1-f3). Focusing on the hypodermis side of the SC, the
DAF* area seemed to be slightly larger than that of the DAR" area
(Fig. 6f1-f3), suggesting that new collagen fiberization takes place in
the SC. From 10 to 12 cm dermis, the DAF signal was detected apically
(Fig. 6g, h), and many cells were observed within the SB. This suggests
that SS and SB is formed by cells that have invaded the collagen layer.

In contrast, collagen produced at 10 cm dermis (DAR") was present in
the SC (Fig. 6g-i). In the lattice structure of the SC were DAF-only
collagen fibers (Fig. 6h, i1-i3). This means that new collagen fibers
appeared inside the SC. In particular, many filopodia of lattice-
patterned cells were observed at 8 to 12 cm dermis, which is due to
collagen production by lattice-patterned cells. Finally, changes from 5
to 12cm dermis are shown in Fig. 6j-1. Structures formed at 5cm
dermis (DAR" fibers) were found to form the basal layer (basal side) of
the 12 cm dermis at the SC (Fig. 6j-1). Additionally, the structure from
5 cmdermis collagen fibers (DAR fibers) appears to be in a low-density
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state (Fig. 6l1-13). These results suggest that the lattice-patterned
collagen structure initially synthesized by keratinocytes becomes the
SC and undergoes fine changes during growth.

Since lattice-patterned cells have been shown to contribute to the
formation of lattice collagen in SC, we hypothesized that these cells
induce subtle structural changes in SC. In line with previous findings,
we observed cells with filopodia within the SC (Supplementary
Fig. 8a, b). Additionally, secreted collagen with a lattice pattern was
evident (Supplementary Fig. 8c, d). We closely examined pulse-chase
experiments conducted in the dermis. The results of subtracting the
red (older collagen) color from the green (newly synthesized collagen)
color are displayed in Supplementary Fig. 8e, f, confirming the inde-
pendent existence of green fibers (DAF* fibers). This suggests that the
mesenchymal cells, including the lattice-patterned cells, contribute to
building up the preexisting collagen fibers.

To confirm whether the preexisting fibers became thicker during
skin development at the single fiber level, we used EM to investigate
changes at the single fiber level in 5cm dermis, in which filopodia are
absent, and in 12 cm dermis, in which filopodia are present. The entire
collagen ultrastructure at 5cm dermis is shown in Fig. 7a. No cells or
filopodia were detected inside the collagen layer (Fig. 7a). Fig. 7b
shows the structure just below the keratinocytes, and Fig. 7c, d shows
the ultrastructure of the 12 cm dermis. The SB can be observed just
below the keratinocytes, and the single collagen fiber is very thin
(Fig. 7c). SC collagen fibers are shown in Fig. 7d; the collagen fibers
comprising SC were thicker than those comprising SB. In addition,
filopodia of lattice-patterned cells were detected inside the SC as if
they were inserted between the fibrous layers (Fig. 7d). We measured
the area of the single collagen fiber in the 5cm dermis and the single

12°ndermis Ultrastructure | 5°"dermis Ultrastructure

Fig. 7 | Changes in collagen fiber in the dermis development. a, b Ultrastructure
of 12 cm dermis. a Keratinocyte and collagen fibers in the stratum baladachinum.
b Collagen fibers in the stratum compactum. c, d Ultrastructure of 5 cm dermis.
¢ Keratinocyte and collagen fibers in the stratum coniunctum. d Epidermis side of
the stratum coniunctum. e Analysis of the size of collagen fibrils (n =3 biologically
independent samples). Each point on the box plot represents all measured data
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fiber of SC at the 12 cm dermis (Fig. 7e); the single collagen fiber at
12 cm dermis was significantly thicker than that in the 5c¢m dermis.
These results suggest that the collagen supplied by lattice-patterned
cells thickens the single collagen fiber, forms new fibers, and, as a
result, modifies the SC structure.

Transition of collagen fibers in the axolotl dermis

We found that lattice-patterned cells expand filopodia and provide
collagen to modify the SC collagen structure. The previous study
reported that the lattice-patterned cells secrete collagen around the
expanded lattice-patterned filopodia. We succeeded in further elu-
cidating the role of the lattice-patterned cells in the axolotl dermis. The
lattice-patterned filopodia are inserted into the existing collagen layer
(Fig. 7d), and collagen molecules are secreting around the filopodia,
modifying and building up the collagen fibers (Fig. 7 and Supple-
mentary Fig. 8e, f). This causes slight differences in the lattice-
patterned collagen structure. Such modification may cause a transition
of the dermal collagen fibers. To test and visualize this transition of the
collagen fibers, we performed principal component analysis (PCA).
Properties of the fibers involved in lattice-patterned cells were sub-
jected to PCA with features derived using a pretrained deep-learning
model (Fig. 8). We analyzed seven lattice fiber structures (5, 8, 10 cm:
SS side of SC (10 cm Spo), 10 cm: hypodermis side of SC (10 cm hypo),
12 cm: SS side of SC (12 ¢cm spo), 12 cm: hypodermis side of SC (12 cm
hypo)) (Fig. 8a). Feature extraction from our collagen images, we
adopted ResNet, which is one of the best-tested models for image
recognition and that has been used on biological data for feature
extraction??%, Each fiber group occupied specific domains in the PCA
plot (Fig. 8b, c). The one-dimensional PCA scores plot in PC1 suggested
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tailed). ***p < 0.01. The representative images were selected from 15 images made
from three independent samples. The scale bars in (a-d) are 1 um. Each box
represents the interquartile range (IQR, the range between the 25th and 75th per-
centile) with the mid-point of the data, bars indicate the upper and lower value
within 1.5 times the IQR. Source data are provided as a Source Data file.
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Fig. 8 | Analysis of structural changes in lattice-like collagen due to the invol-
vement of lattice-patterned fibroblasts. a Representative images used for ana-
lysis. All images are the same magnification. The most representative image is
shown from more than 30 images obtained from n =5 biologically independent

samples. b, ¢ Principal components analysis (PCA) on features extracted using
ResNet50. b PCA plot for each group; ¢ PCA plot for all groups. d Heatmap of the
effects of the Mahalanobis distance for seven groups. All images used for this
analysis was registered in Dryad. Source data are provided as a Source Data file.

a gradual change in collagen fiber structure with growth from stratum
coniunctum to SC. The scores of the SB of the 12 cm dermis are plotted
between the stratum coniunctum and SC (Fig. 8c). This suggests that
the SB in the 12 cm dermis receives some modification after lattice-
patterned collagen production by keratinocytes. We further investi-
gated structural similarities by measuring the distance between each

cluster (Fig. 8d). The seven types of fibers could be classified into three
groups: 5and 8,10, and 12 cm, and SB (Fig. 8d). Notably, SB exhibited a
fiber structure distinct from that of SC and Stratum coniunctum (5 and
8 cm). However, when examining SB, it shared characteristics with
10 cm SC-Spo and 8 cm. Given that SB formation occurs after 10 cm, it
is likely shaped following modifications by lattice-patterned
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Fig. 9| Type collagen production by epidermal cells by various animal species.
a-c Pulse-chase experiments with Danio rerio. a DAF and CHP-Cy3 signals at the
epithermal side. al CHP-Cy3, a2 DAF, a3 The marge image in (al, a2). b, b’ Ortho-
gonal view from the reconstituted confocal microscopic images. ¢ The histogram of
relative sum of brightness. d-g Hamburger-Hamilton stage 26 embryo in Gallus
gallus domestics d Colla2 gene expression pattern in the whole body section, e in
the forelimb bud. f High magnification view in E. f1 Colla2 gene expression pattern.
f2 Immunofluorescence of COL4. f3 The Merge image of (cl, c2). f1-f3 are the
flipped images of the boxed region in (e). gl The negative control in the ectoderm.
g2 High magnification view in (d1). h-k Stage of E13.5 in Mus musculus. h Colla2

gene expression pattern in lower body section, i in the hindlimb bud. j High mag-
nification view in (f). j1 Colla2 gene expression pattern. j2 Immunofluorescence of
COL4. j3 Merge images of 1 and 2. j1-j3 are the flipped images of the boxed region
in (i). k1 The negative control in backbone. k2 High magnification view in (k1). The
d-k (exclude £2, j2) used pseudo-coloring. In f3 and j3, epi. and mes. indicate
epidermis and mesenchyme. The scale bars in a, f1, g2, j1, and k2 are 10 um, d, h are
500 pm, e, i are 100 pm, g1 and k1 are 100 um. The results were confirmed in five
biologically independent samples and experiments. Source data are provided as a
Source Data file.

fibroblasts. Therefore, the strong structural similarities between 10 cm
SC-Spo and 8 cm are logical, and the low similarity with 5 cm, which is
solely formed from keratinocytes, is expected. These findings support
the idea that the 5 cm lattice structure is gradually transformed into a
12 cm SC lattice structure by lattice-patterned fibroblasts.

Collagen production by epidermal cells in other species
Finally, to investigate whether collagen production in epidermal cells is
a conserved mechanism in other animal species, we first performed

pulse-chase experiments in zebrafish (Fig. 9a, b). DAF staining of
zebrafish at 12 dpf was performed according to the method described
before'. The DAF-stained zebrafish were then fixed at 17 dpf and
stained with CHP-Cy3, thereby conducting a pulse-chase experiment
like that shown in Fig. 5. The CHP-Cy3 signal was observed over a
broader area than the DAF signal (Fig. 9a1-3). Similar to our findings in
axolotls, the accumulation of new collagen (CHP-Cy3* fibers) on the
apical side was apparent when the reconstituted confocal image was
observed orthogonally (Fig. 9b, b’). The procollagen signals were also

Nature Communications | (2025)16:1757

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57055-7

observed in epidermal cells, suggesting that the epidermal cells are a
potential source of collagen even in zebrafishes (Supplementary
Fig. 9a, a). The quantification of the image in Fig. 9b is shown in
Fig. 9¢, confirming that the CHP-Cy3" region is shifted epidermal side.
This result confirmed that new collagen is layered on the epidermal
side in zebrafish. Next, we examined the pattern of Colla2 expression
using different developmental stages of chicks and mice. We con-
ducted in situ hybridization (ISH) and double staining with
immunofluorescent staining for COL4 in chicks at stage 26
(Hamburger-Hamilton) (Fig. 9d-g). Colla2 signals were expressed in
epidermal cells (Fig. 9d-f). A strong signal of Colla2 was visible in cells
on the mesenchyme side. The COL4 signal could be observed at the
mesenchyme-epidermis interface (Fig. 9f2). This could be a signal of
COL4 in the basement membrane. The merged image is shown in
Fig. 9f3, and control stains are shown in Fig. 9g1 and g2. A Colla2 signal
could be observed inside the epidermal cells just above the
COL4 signal in the immunofluorescence staining (Fig. 9f1-f3). Similar
observations were made in mice (E13.5). In mice, as in chickens, a
strong Colla2 signal could be observed on the mesenchyme (Fig. 9h—j).
The results of Colla2 in epidermal cells and immunofluorescence of
COL4 are shown in Fig. 9J)1 and J2. The control staining is shown in
Fig. 9kl and k2. The Colla2 signal was observed in the epidermal cells
just above the basement membrane in Fig. 9j3. The results of immu-
nofluorescence using the procollagen antibody were shown in Sup-
plementary Fig. 9b, b’. Similar to the ISH results in Fig. 9j, the
procollagen signal could also be observed within the epidermal cells.
These results suggest that epidermal cells are producing collagen even
during the fetal stage of mammals. Therefore, these findings suggest
that in various animal species, not only mesenchymal cells but also
epidermal cells may produce type 1 collagen at the develop-
mental stage.

Discussion

Keratinocyte-based dermal collagen formation

In this study, we demonstrated that the dermal collagen structure in
the axolotl was formed by the cooperative activity of keratinocytes and
mesenchymal cells (fibroblasts). Keratinocyte-based dermal collagen
production had been speculated in previous studies?. In those stu-
dies, collagen production by keratinocytes was assumed based on the
observation of collagen production in environments with few or no
mesenchymal cells. Our data more directly demonstrated that kerati-
nocytes are the primary source of dermal collagen in the early phase of
axolotl skin development. Our result may help change the widely held
view that keratinocytes do not produce collagen. Our results clearly
indicate that collagens produced by the keratinocytes contribute to
the dermis of the axolotl throughout their lifespan.

If the collagen production ability of keratinocytes is focused, it is
possible to find that other types of collagen are produced by epithelial
cells®®. Potentially, no genetic regulatory mechanism is shared. How-
ever, given the intracellular trafficking of collagen molecules®, it is
likely that the trafficking system remains active in keratinocytes. This
also supports the finding that keratinocytes of axolotls, zebrafishes,
chicken embryos, and mouse embryos produce type I collagen.

Dermal collagen formation in axolotls

In the present study, we newly identified two dermal layers in addition
to the two layers already determined. The stratum coniunctum is a
monolayer formed transiently from collagens during axolotl dermal
development (Fig. 3a, ¢). The SB is the uppermost layer in the relatively
mature axolotl dermis (Fig. 3j). Collagens up to the 5 cm dermis stage
appear to be synthesized mainly by keratinocytes, not dermal fibro-
blasts. In the 5 cm dermis, collagens were stacked apically (Fig. 5d), and
filopodia from the fibroblasts (lattice-patterned cells) could not be
observed (Fig. 3m). In contrast, we also observed Collal" cells under-
neath the stratum coniunctum (Fig. 4a, b). The presence of Collal’ cells

is thought to contribute to the formation of the pillar-like structures in
the stratum coniunctum (Fig. 6a’). These pillar-like structures extend
from the basal side of the stratum coniunctum toward the apical side
(Fig. 6a). At the 5 cm dermis stage, these structures are not observed
(Fig. 3a, @), and it is thought that the pillar-like structures are formed
between the 5 and 8 cm dermis through collagen supply from basal
CollalI" cells. However, we have not addressed the role of basal Collal*
cells at a stage earlier than 5cm dermis. Consequently, the role of
fibroblasts in the early phases of development warrants further
investigation. In the later stage, the stratum coniunctum became
thicker and the mesenchymal cells could be observed between the
epidermis and the stratum coniunctum (8 cm dermis) although no
mesenchymal cell could be observed there in the earlier stage (5cm
dermis) (Fig. 2q, r). Given that no major collagen stacking takes place in
the hypodermal side in the transition of the dermis from 5 to 8 cm, the
mesenchymal cells between the epidermis and the stratum coniunctum
likely invade through the stratum coniunctum. We found that some of
those are Mmp2' cells (Supplementary Fig. 4). This gene expression
pattern also supports cell invasion through the collagen layer. This cell
emergence may contribute to the separation of the dermal collagen
layer into three layers (Figs. 2, 3). Regarding SS formation by migrating
cells, the inhibition of fibroblast migration in wounded axolotl skin
results in impaired SS thickening™. It is likely that invading cells play a
similar role in the development of the SS in developing axolotl skin.
However, it is still unclear whether cell invagination is the major force
separating the SB and SC, because elimination of fibroblasts
throughout skin development is currently impossible in axolotls. After
the separation of the three layers, it is difficult to imagine that kerati-
nocytes affect the lower layers, such as the SC. Given the Collal
expression pattern, keratinocytes seem to produce less collagen after
the separation of the three layers (Fig. 4d). Nevertheless, the newly
synthesized collagens emerged throughout the dermis (Fig. 6a-1). This
suggests that the center of collagen production shifts from the kera-
tinocytes to the mesenchymal cells, and this shift might be conserved
among species. We demonstrated the conserved collagen production
mechanism by keratinocytes in mouse, chick, and zebrafish embryonic
skin (Fig. 9). Generally, it is recognized that keratinocytes in the mature
mammalian skin lose their ability to produce collagen and fibroblasts
take on the role’®?.. However, our findings suggest that the shift in
collagen production from keratinocytes to mesenchymal cells (fibro-
blasts) appears to be a highly conserved evolutionary mechanism.
Consequently, the axolotl dermal collagen system presents a valuable
model for studying the developmental mechanisms of dermal collagen
production across species.

Ultrastructure of the dermal collagen and the role of fibroblasts
Dermal collagen structures in the axolotl were investigated using EM.
The ultrastructure of axolotl dermal collagen fibers appears to have a
nested pattern (Supplementary Fig. 3), which results in the char-
acteristic lattice-patterned collagen network. We also clarified the
spatial relationship between the basement membrane, collagen fibers,
and keratinocytes (Supplementary Fig. 7). Not much is known about
the basement membrane of axolotls. However, we could confirm the
presence of the lamina lucida and lamina densa, suggesting that the
basic structure of the basement membrane is conserved. Given the
collagen production ability of keratinocytes, it is quite intriguing how
collagen molecules go through the basement membrane. We con-
firmed the presence of laminin and COL4 in the axolotl basement
membrane’. The basement membrane composed of these commonly
conserved molecules may knit a loose network, or specific molecules
may help the collagen molecules to pass through, or the orthodox
structure of the basement membrane might allow collagen transfer.
This is possible because a single unit of collagen is about 300 nm long
and 1.5 nm in diameter®, and it has been shown that albumin, which is
about 4 nm in diameter*, can pass through the glomerular basement
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membrane. Furthermore, we observed the gap-like structure in our EM
image (Supplementary Fig. 7e). Such holes in the basement membrane
can be found in mouse and Drosophila embryos***. It has also been
reported that there are holes in the basement membranes of adult
mammalian skin, serving as pathways for immunocytes®. These find-
ings suggest that the collagen molecule could potentially go through,
and the basement membrane might function to arrange and orient the
collagen. We cannot currently visualize collagen molecules passing
through the basement membrane, but this should be investigated in
the future.

EM revealed the unique relationship between lattice-patterned
cells and collagen fibers. Lattice-patterned fibroblasts inserted filopo-
dia just between warp and weft (Supplementary Fig. 3), consistent with
previous findings that the lattice-patterned filopodia extended from
cells and contributed to knitting collagen fibers in the SC'. Given the
collagen production in those cells, it is reasonable that the role of
lattice-patterned fibroblasts in the axolotl SC is the modification and
maintenance of the collagen network originally produced by kerati-
nocytes. Our results suggest that two patterns contribute to SC mod-
ification and maintenance: (1) the generation of new fibers, and (2) the
thickening of existing fibers. The pulse-chase labeling technique using
DAR and DAF revealed a slight shift to newly synthesized collagen
fibers from older ones (Supplementary Fig. 8¢, f), such that new fibers
were added on the side of older fibers. Regarding the thickening of the
existing fibers, EM observations clearly indicated that fibroblasts play a
role in the process (Fig. 7). However, the biological and physiological
meanings of modification by fibroblasts are still unknown. Further-
more, it is unclear whether fibroblasts can generate lattice-patterned
collagen fibers without a lattice-patterned collagen template. Eluci-
dating how existing collagen fibers interact with fibroblasts and the
biological significance of this will help to confirm the mechanisms
when collagen synthesis by keratinocytes has disappeared.

Lattice-patterned collagen networks without mesenchymal cell
(fibroblast) participation

We clarified that the lattice-patterned collagen network was formed
without or with minimum influence of mesenchymal cells (Figs. 3a, 5).
The mechanism of how the lattice pattern is generated has been

unknown, but there are some possibilities: (1) autonomous lattice
formation of collagen molecules; (2) physical force by movement; or
(3) directional filtration by the basement membrane. Collagens are
rod-shaped molecules and can self-assemble. This molecular property
may be sufficient to form a lattice pattern. To ensure this, a finer design
of molecular simulation is necessary. Physical force should be part of
the force to make a lattice pattern. An axolotl can move its limbs both
intentionally and unintentionally, and such movement should gen-
erate a stretch force in the collagen fibers. It is well known that one-
directional stretching contributes to aligning fibers. Aligning the col-
lagen molecules via filtering by the basement membrane is another
possibility. As mentioned above, collagen molecules may be able to
pass through the basement membrane vertically. This selection in
molecular orientation may reasonably account for collagen alignment.
However, there is no clear explanation as to why the collagen fibers
make the characteristic lattice pattern in the axolotl dermis. The pro-
cess by which geometrically ordered forms are created by amorphous
cells is a very interesting biological topic. More sophisticated obser-
vation methods and simulations will help to solve the problem. Eluci-
dating the process of well-ordered collagen formation may lead to a
technique whereby complete regeneration of the skin without scar
formation is possible.

Perspectives on dermal collagen formation

Dermal collagen, a crucial component of skin structure, has long been
attributed solely to fibroblast production in mammals. However, the in
vivo dynamics of dermal collagen construction have remained elusive,
primarily due to the opacity of mammalian skin. The axolotl, with its
remarkable skin transparency, offers an unprecedented opportunity to
revise our understanding of dermal collagen architecture. Leveraging
the unique transparency of axolotl skin, we conducted an in-depth
investigation into the process of dermal collagen formation. Our
findings are summarized in Fig. 10, illustrating the detailed process of
axolotl dermal collagen formation.

These findings reveal that axolotl dermal collagen is the result of
intricate spatiotemporal coordination among diverse cell types, col-
lectively constructing a complex three-dimensional collagen frame-
work. Importantly, our research highlights a paradigm shift:
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keratinocytes play an important role in the early stage of lattice-
patterned collagen structure formation. This paradigm-shifting model
offers a new foundation for understanding vertebrate dermal collagen
formation and holds significant potential for advancing regenerative
medicine and skin bioengineering.

Methods

Animals

Axolotls (Ambystoma mexicanum) were procured from the Hiroshima
University Amphibian Research Center and kept in aerated water at
22 °C. The leucistic strain was used in all experiments. For the surgical
experiments conducted in this study, axolotls with nose-to-tail lengths
ranging from 5 to 12 cm were used, with no specific bias towards either
sex. The care and treatment of the animals in this study was carried out
under protocols approved by the Animal Care and Use Committee of
Okayama University. All animal experiments adhered strictly to the
guidelines provided by the Animal Care and Use Committee of
Okayama University. Every possible measure was taken to minimize
animal suffering, in line with the NIH Guide for the Care and Use of
Laboratory Animals. Zebrafish (Danio rerio) were originally obtained
from the Zebrafish International Resource Center. The individuals bred
in our laboratory were used for the experiments. Regarding the ddY
mouse embryo, and chick embryo, the fixed samples were bought
from companies (mouse:Tokushima Molecular Pathology Institute,
Inc, chick: alphabio, Inc).

Histology

Harvested limbs were fixed in 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) at room temperature overnight. To
prepare frozen sections, fixed samples were decalcified in 10% EDTA at
room temperature overnight, equilibrated in 30% sucrose in PBS at
room temperature overnight, and frozen in O.C.T. compound (Sakura
Finetek). Frozen sections were cut to a thickness of 12 ym using a
CM1850 cryostat (Leica) and dried. Collagen fibers were visualized
using a Masson’s Trichrome Stain Kit (HT15-1KT, Sigma). Masson’s
trichrome staining was performed as follows. The prepared frozen
sections were washed with water and post-fixed in preheated Bouin’s
solution at 65 °C for 15 minutes. After post-fixation, the sections were
washed with water and stained with Weigert's hematoxylin solution at
room temperature for 15 min. Following a water wash, fuchsin solution
was applied to the sections, which were stained at room temperature
for 3min and washed again with water. Next, a phosphomolybdic-
phosphotungstic acid solution was applied and reacted at room tem-
perature for 5min, followed by staining with aniline blue at room
temperature for 5min. Finally, the sections were washed with 100%
ethanol and G-NOX and mounted with a soft mounting solution
(Softmount, Fuji Film). Elastic fibers were visualized using a Victoria
Blue stain solution (Muto Pure Chemicals Co., Ltd, 40772). Victoria
Blue staining was performed as follows. The frozen sections were first
washed with water and then with 95% ethanol. The sections were
stained with Victoria Blue stain solution at room temperature for
2 min, followed by a wash with 70% ethanol and replacement with
water. Finally, the sections were mounted in glycerin. Images were
acquired using a BX61 microscope (Olympus).

Collagen visualization

To visualize the fibers of type I collagen in the forelimb at the dermal
skin, we used DAR-4M (SK1005-01, Goryo Chemical) and DAF-FM DA
(SK1004-01, Goryo Chemical). Each solution (1-2pL) was injected
under the skin of an axolotl dorsal limb using a fine glass capillary. One
day later, injected skin was harvested and fixed by 4% paraformalde-
hyde (PFA) in phosphate-buffered saline (PBS) at room temperature
overnight. The fixed skin sample was washed with Tris-buffered saline
with Tween 20 (TBST) and stained for nuclei using DAPI solution
(19178-91, 5 pg/mL, Nakarai tesque) and tissue clearing using CUBIC-

R+ (N) (Tokyo Chemical Industry), and the samples were mounted in
Mounting Solution (PI11.520) for CUBIC-R+ (Tokyo Chemical Industry).
Images were acquired using a FV3000, and FV4000 confocal laser
scanning microscopes (Evident). To visualize the structure of the
stratum baladachinum, maximum intensity projection was applied to
the confocal images using Fiji software. Normalization and adjust-
ments of brightness and contrast were applied to figure images using
Fiji software. Three-dimensional construction of collagen and cell
structure was performed using Amira software. Deconvolution (Sup-
plementary Fig. 8e) was performed using cellSense software (Evident).

Measurement of the region of interest in Z-stack images

We measured the area of GFP * filopodia in the SC (Fig. 3m) using Fiji
software. We used the image set in which Type I collagen in the
CMV::GFP transgenic axolotls was stained with DAR-4M. To measure
the area of filopodia, we isolated the SC region. This extraction was
limited to the GFP (green) channel. The green channel (GFP) was then
converted to grayscale, and normalization was applied using the Fiji
Plugin (normalization local contrast). Then, we set the threshold for
the green channel (GFP) to 40-125, selecting the GFP * area within this
range. The GFP * area was further limited to regions containing only
lattice-patterned filopodia, and both the selected GFP * area and the
total area of the selected region were measured. This method was
applied to all Z-stack images of the isolated SC. We analyzed more than
15 images taken from n=3 biologically independent samples, with
each point on the box plot representing the result from one image
analysis. Similarly, the red and green area measurements (Figs. 5, 6 and
Supplementary Fig. 6) were conducted in Fiji. Z-stack image color
channels were separated and converted to grayscale. Each channel’s
Z-stack images were normalized using the previously mentioned Fiji.
For the normalized Z-stack images, we set the threshold to 45-255 and
selected signals within this range. The selected area was then mea-
sured across all Z-stack images to quantify the red and green areas.

Analysis of collagen fiber orientation

To investigate fiber orientation, the directionality plugin of Fiji was
used: a Z-stack image of collagen visualized using DAF/DAR was con-
verted to greyscale, and a 200-pix-square region was extracted for
analysis. Normalization processing was applied to the extracted ima-
ges using Fiji, and Fourier components were calculated using the
directionality plugin.

Immunofluorescence

The following primary antibodies were used for immunofluorescence
staining: rabbit anti-GFP pAb (MBL Cat# 598, 1:500, RRID:AB_591819),
mouse anti-collagen type | (#C2456-2 ML, 1:500; Sigma), mouse anti-
pan cytokeratin (AE1+ AE3) antibody (NBP2-29429, 1:100; Novus Bio-
logicals), mouse anti-procollagen type I aminoterminal extension
peptide (SP1.D8, 1:10; DSHB), rabbit anti-Laminin (L9393, 1:100;
Sigma), rabbit anti-collagen type Il alphal (N-terminal) (22734-1-AP,
1:500; Proteintech), rabbit anti-collagen type IV (600-401-106-0.1,
1:100; Rockland), rabbit anti-procollagen type I (orb389309, 1:100;
Biorbyt) and mouse anti-collagen Type2 (II-1l6B3C, 1:100; DSHB).
Antigen retrieval was performed for mouse anti-procollagen type |
aminoterminal extension peptide and rabbit anti-procollagen type |
antibodies. Antigen retrieval and Proteinase K (25530049, Invitrogen,
5pg/ mL) digestion at room temperature for 30 min were performed
for mouse anti-collagen type I, rabbit anti-laminin, rabbit anti-collagen
type IV, and mouse anti-collagen type Il antibodies. The secondary
antibody was the anti-mouse IgG Alexa 488 conjugated antibody
(A11017, 1/1000; Invitrogen), goat anti-rabbit IgG Alexa 594 (A-11012,
1:1000; Invitrogen), and anti-rabbit IgG Alexa 488 (Cat# A-21207, RRID:
AB_141637,1:500, Thermo Fisher). The nuclear staining was performed
using Hoechst 33342 (19172-51, 0.125 pg/ mL, Nacalai tesque). Images
were acquired using a BX61 microscope (Olympus) and an FV3000
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confocal laser scanning microscope (Evident). To visualize the struc-
ture of an entire single cell, maximum intensity projection was applied
to the confocal images using Fiji software. Adjustments of brightness
and contrast were applied to the figure images using Fiji software. The
heatmaps (Fig. 4e’-h’) were created using Fiji. We converted RGB
images to grayscale. The heatmap was created using Fiji's look-up table
(16 colors) for a grayscale image. The original images used to create the
heatmaps were taken under the same image-capturing conditions. The
integrated heatmap was created by processing the captured images
using Python code. Briefly, the images were measured at multiple
distances between two points that traverse the collagen layer of the
dermis, and the Colla signal intensity between the two points was
calculated. Data from the same dermal developmental stage were then
standardized to the mean value of the distance between those two
points. The mean values of all intensities were rearranged to the mean
value of the two conversion distances and displayed as a heatmap. The
code necessary for a series of integrated analyses has been registered
and published on GitHub (https://doi.org/10.5281/zenodo0.14729473).

Measurement of collagen layer thickness and number of nuclei
To measure the thickness of the collagen layer (Fig. 2u), images of
sections immunofluorescence stained with type I collagen were con-
verted to greyscale; normalization was performed using Fiji's Nor-
malization to obtain binarized data. The length (pix) of any ten points
from the binarized data was measured. From each of the n=4 inde-
pendent samples, two images were acquired, and ten measurements
were taken per image. Each point on the box plot represents all mea-
sured data points. To count the number of nuclei (Fig. 2v), binarized
images of sections immunofluorescence stained for type I collagen
were acquired in the same way and superimposed with Hoechst
staining. For the independent samples (n =4 for 5c¢cm; n=5 for 8§, 10,
and 12 cm), two images were obtained and analyzed per sample. Each
point on the box plot represents all measured data points. The
number of nuclei present inside the collagen layer was measured using
a Fiji cell counter.

In situ hybridization

Axolotl Mmp2, axolotl Mmp?9, axolotl Mmp14, chick Colla2, and mouse
Colla2 were isolated by reverse transcription polymerase chain reac-
tion (RT-PCR) using the following primers: Mmp2 forward,
AAGAAGCCTCGCTGTGGTAA and Mmp2 reverse, ATCAGGGA-
CACCAGTCCAAG; Mmp9 forward, GCGCACGATGTCTTTCTGTA and
Mmp9 reverse CTTCCCTCTCTTGCCACTTG; Mmpi4 forward, TGA-
GACCTATGAGGCCATCC, and Mmp14 reverse; CAGTCACGCAGCACA-
GATTT, Chick Colla2 forward, GAGGTGAACCTGGCAACATT and Chick
Colla2 reverse CTGCATCAAAGCCAACTTCA; mouse Colla2 forward
GACATGCTCAGCTTTGTGGA and reverse, ACCTTTGCCACCTTGAA-
CAC; and axolotl Collal and Mmpl, as previously described®**”. The
isolated genes were subcloned into the pTAC2 vector and sequenced.
Probe synthesis was performed by T7 or SP6 RNA polymerase.
Regarding Mmp13, the gene could not be isolated by RT-PCR. Thus, the
sequence of its open-reading frame region was synthesized (Eurofin).
Section in situ hybridization was performed as previously described*®.
Images of axolotl tissues were acquired using a BX61 microscope
(Olympus). Images for mouse and chick tissues were taken by confocal
microscope (FV3000, Evident). The color was applied after taking
pictures with a monochrome camera by Fiji or Photoshop CSé6.

Immunoelectron microscopy

Sample for immunoelectron microscopy (IEM) samples were
immersion-fixed with 4% paraformaldehyde PBS overnight at room
temperature. Preparations were dehydrated through increasing con-
centrations of methanol, embedded in LR Gold resin (Electron
Microscopy Sciences), and polymerized under UV lamps at —20 °C for
24 h. Immunoelectron microscopy was performed as described

previously”. Briefly, ultrathin sections (70 nm thick) were collected on
nickel grids that were coated with a collodion film, rinsed with
phosphate-buffered saline (PBS) several times, and then incubated
with 2% normal goat serum and 2% BSA in 50 mM Tris(hydroxymethyl)-
aminomethane-buffered saline (pH 8.2) for 30 min to block non-
specific binding. To detect Procollagen signals in tissues, To detect
Procollagen signals in tissues, a 1:1 solution of undiluted mouse anti-
procollagen antibody (DSHB, Cat# SP1.D8) and Can Get Signal Solution
1 (TOYOBO) was used to incubate the sections for 1hour at room
temperature. This was followed by incubation with a biotinylated goat
anti-rabbit IgG antibody, and then with an avidin-biotin-HRP complex
using a streptavidin-biotin intensification kit (Nichirei). Finally, a goat
anti-HRP antibody conjugated to 12nm gold particles (Jackson
Immuno Research Laboratory, West Grove) was applied. The sections
were then viewed using an H-7650 electron microscope (Hitachi).

Epoxy resin was used to observe the tissue structure. The skin
samples were immersed in 4% paraformaldehyde and 2% glutar-
aldehyde in PBS overnight at room temperature, washed with 0.1M
Phosphate Buffer Solution (PB), then post-fixed with 1% osmium tetr-
oxide in 0.1 M PB for 2 h at room temperature. The skin samples were
washed with 0.1M PB, dehydrated, and embedded in epoxy resin
(Quetol-812; Nisshin EM, Tokyo, Japan). Ultrathin sections were pre-
pared as described above.

Thickness measurement of single collagen fibers

Normalization was performed on the images obtained from the elec-
tron microscope, and the images were binarized. A median was applied
to the binarized images. To separate each fiber, the watershed function
of Fiji was applied, and the fiber area was measured using Fiji’s “Analyze
particle”. Three biologically independent samples (n=3) were ana-
lyzed, and two images were obtained and analyzed per sample. Each
point on the box plot represents all measured data points.

Analysis of lattice-patterned collagen fiber

For low-dimensional visualization of the collagen image dataset, we
manually cropped image patches (200 x 200 pixels) without overlap
from the confocal images of collagen fibers. To ensure a focused
analysis of the collagen fiber pattern, we excluded regions without
collagen due to cell invasion and extracted only areas limited to the
lattice structure. This produced 484 grayscale images. For transpar-
ency and reproducibility, all images have been uploaded to Drayd
(https://doi.org/10.5061/dryad.6q573n66z). As the first step of dimen-
sion reduction (from 200 x 200-pixel intensities to 2048-dimensional
feature vector), the images were input into a deep-learning model for
image recognition, ResNet50 with ImageNet-pretrained weights
(ResNet50_Weights.IMAGENET1K_V2 from the torchvision library) for
feature extraction. We extracted image features from the last global
average pooling layer. Then, linear PCA was applied to the 2048-
dimensional feature vectors. We performed no training of the neural
network with our data; hence, the feature extraction was agnostic on
which developmental stages the images came from. To quantify dis-
tances between the clusters in the low-dimensional space, we adopted
the Mahalanobis distance. First, we computed M, where M;; represents
the Mahalanobis distance from the mean of ith cluster to jth cluster.
Then, we symmetrized it as D=(M+M")/2 (Fig. 8).

Plasmid transfection and transgenic

To visualize the fibers of type I collagen in dermal skin, we designed a
GFP-Colla2 plasmid vector containing a CMV promoter-secretory sig-
nal-(Gly,Ser); linker-AcGFP-(Gly,Ser); linker-Colla2-SV40 poly A signal
based on pCS2 plasmid. For visualization of cell morphology, we used
an mCherry plasmid vector containing a CMV promoter-mCherry-SV40
poly A signal based on the pCS2 plasmid. The plasmids were purified by
CsCI-EtBr ultracentrifugation and prepared in a 1.5 pg/pL concentration.
Plasmid solution (0.4-2 pg/pL) was mixed with Fast Green dye for
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visualization and injected under the skin of an axolotl limb using a fine
glass capillary. Immediately after injection, electric pulses were applied
(20V, 50 ms pulse length, 950 ms interval, ten times).

To create transgenic axolotls, we subcloned GFP-Colla2 into the
plscel vector (a gift from T. Hayashi). The plasmid was purified using
cesium chloride gradient centrifugation. The generation of transgenic
axolotls followed a previously published method (PMID: 25740493;
https://doi.org/10.1111/dgd.12019). F1 transgenic animals were used for
the experiments.

Pulse-chase observation of the collagen fibers in

zebrafish dermis

Living larval zebrafish at 12 days post fertilization (dpf) were incubated
in a solution of 5pM DAF-FM DA (diluted in tank water) at room
temperature for 12 h in the dark. After the incubation, the fish were
immediately returned to fresh tank water and bred for 5 days. The fish
were subsequently anesthetized with tricaine (MS-222) at an optimal
concentration and fixed in 4% PFA at 4 °C overnight. After the fixation,
the samples were washed with PBS and incubated for the denaturation
of collagen fibers at 80 °C for 5 min. Finally, the samples were stained
with 10 pM Collagen Hybridizing Peptide (CHP) -Cy3 (3Helix, FLU60) at
4°C overnight, and after subsequent washing with PBS, they were
observed by a confocal microscope, LSM 780 (Carl Zeiss). The quan-
tification was performed using the Fig. 9b tiff image, with the original
python code created and executed for the analysis (the original python
code is provided in GitHub (https://doi.org/10.5281/zenodo.14729490).

Microscopes and image analysis

Confocal laser microscopy was performed using FV3000, FV4000
(Evident), and LSM 780 (Carl Zeiss). The objective lenses used for
FV3000 and FV4000 were UPlanXApo 20x/0.80 and UPlanXApo 60x/
142 Oil. For LSM 780, Plan-Apochromat 20x/0.8 M27 and
C-Apochromat 40%/1.20 W Korr FCS M27 were used. For fluorescence
microscopy using the BX61 (Olympus), the objective lenses UPlanFL
10x/0.3, UPlanXApo 20x/0.8, and UPlanXApo 40x/0.95 were used, and
images were acquired with a color camera and long pass filter. Image
analysis was conducted using Fiji and AMIRA software. Images were
processed and arranged into figures using Photoshop CSé6 or Affinity
Photo (version 1.10.6.1665).

Statistics and reproducibility

We did not employ strict statistical methods to determine the sample
size, but given the high reproducibility of the results, we considered
these sample sizes to be sufficient. This study includes an analysis of
multiple skin stages of axolotls. Consistent observations obtained
from independent experiments performed at different skin stages
support the sufficiency and reproducibility of our results (with sample
sizes of at least n=3 skins per experiment). No data were excluded
from the analyses. We did not specifically distinguish between the
sexes of the animals. This is because there is no evidence of gender-
based differences in skin properties. The investigators were not blin-
ded to allocation during the experiments or outcome assessment due
to the nature of the sample preparation. However, to ensure the
robustness of the statistical analysis, the results were independently
verified by a different researcher who conducted the analysis with
anonymized sample labels, and the same results were confirmed.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All codes used in this study are publicly available on GitHub. All other
relevant data supporting the key findings of this study are available
within the article and its Supplementary Information files or from the

corresponding author upon request. The quantitative data used in this
study are provided in the Source Data file. Source data are provided
with this paper.

Code availability

All python code related to this manuscript is available on GitHub
(https://doi.org/10.5281/zenodo.14729473; https://doi.org/10.5281/
zen0do.14729490).
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