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Abstract

The tissue organisation of dermal collagen is gaining importance as a contributing factor both in development
and ageing, as well as in skin maturation processes. In this work we aim to study different representative
parameters of this structural organisation in 45 human skin samples of assorted ages, by means of image
analysis. The variation of these parameters on the basis of age was assessed using several regression models
(linear, quadratic and cubic). The area occupied by collagen was significantly reduced as a function of age in
the papillary dermis (R?> = 0.437, P < 0.0001), as well as the thickness of the collagen bundles (R?> = 0.461,
P < 0.0001), following statistical models of cubic and quadratic regression, respectively. The width of the
papillary dermis increased in a significant manner over a linear regression model (R*> = 0.26, P < 0.0001). In the
reticular dermis, the cubic regression indicated a significant decline (R = 0.392, P =0.002) of the area filled
with collagen according to the age. Both collagen thickness and bundle orientation parameters fit a quadratic
regression over the age in a significant way (R? = 0.433 and R’ = 0.334, respectively, both P < 0.0001). The
width of the reticular dermis followed also a significant quadratic distribution according to age (R? = 0.193,
P = 0.011). These parameters could partially explain the lifelong functional changes taking place in the skin and
propose a baseline providing a useful entry point for future investigation.

Key words: ageing; collagen; development; image analysis; Masson’s trichrome; maturation; morphometry; skin.

other factors such as smoking habits or environmental
pollution influence this type of ageing (Farage et al. 2009;

Introduction

Skin ageing is a widely studied process using a morphologi-
cal (Moragas et al. 1998), cellular (Dellambra & Dimri, 2009)
and molecular approaches (Naylor et al. 2011): the skin is a
superficial organ and accounts for one-sixth of a person’s
total body weight, hence being accessible and highly repre-
sentative of the ageing processes of the organism (Kohl
et al. 2011; Zouboulis & Makrantonaki, 2011). Two basic
types of ageing can be distinguished: intrinsic ageing, also
known as chronological ageing owing to the passing of
time, and extrinsic ageing, also called photoageing, mainly
due to the harmful effect of ultraviolet light (UV). However,
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Chung et al. 2003).

Different agents contribute to intrinsic skin ageing. Cell
senescence is a classical conception whereby cells fall into a
senescent phenotype at the end of their replicative life span
(Passos & von Zglinicki, 2005). As an example, it has been
demonstrated that fibroblasts of old individuals’ dermis exhi-
bit less replicative capability and present an altered pattern
of substance secretion (West et al. 1989; Varani et al. 2006;
Quan et al. 2011). Another ageing theory relies on oxidative
stress: the levels of reactive oxygen species (ROS) increase
and the levels of antioxidants decrease during ageing, thus
inducing the expression of several matrix metalloproteinases
(MMPs; Callaghan & Wilhelm, 2008), which could partially
explain the degradation of collagen that occurs with skin
ageing. In turn, the remnants of fragmented collagen con-
jointly stimulate MMPs and ROS synthesis, closing a vicious
cycle which perpetuates the lesions of the extracellular
matrix started with intrinsic skin ageing (Fisher et al. 2009).
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Another relevant factor is the ageing of the extracellular
matrix molecules. Dermal collagen, for example, with a
half-life of 15 years is a considerably long-lived molecule, a
feature that predisposes it to accumulate lesions such as
advanced glycosylation end products (AGE), which have cat-
abolic effects on the molecules they bind (Bailey et al. 1998;
Verzijl et al. 2000).

All these factors are steadfastly interrelated and share
common pathways and mechanisms leading to ageing.
Nonetheless, the structural organisation of the extracellu-
lar matrix and its interaction with dermal cells have
been the source of concern for some years (Imayama &
Braverman, 1989). To the paradigm in which several alter-
ations in a cellular level provoke changes in the extracellu-
lar matrix (Chung et al. 2001; Varani et al. 2006) has been
added, in the case of skin ageing, the model in which the
extracellular matrix itself is able to exert influence over
the cells and regulate several parameters related to ageing
(Fisher et al. 2008). Specifically, it has been demonstrated
that the rests of fragmented collagen inhibit the synthesis
of procollagen | and connective tissue growth factor
(CTGF) by fibroblast, block their proliferation, induce a
senescent fibroblastic morphology, alter the cell cytoskele-
ton, and stimulate the expression of MMP and synthesis
of ROS (Varani et al. 2001; Fisher et al. 2009; Xia et al.
2013).

Morphological changes in the characteristics of the extra-
cellular matrix in the processes of skin development that
take place in the first stages of life have also been studied
(Gallivan et al. 1997; Sephel et al. 1987; Furth et al. 1997).
However, available data are scarce and methodologically
limited (Stamatas et al. 2010). Therefore it is still necessary
to study in more detail the organisational characteristics of
young collagen and find a relationship between these fea-
tures and the functional data available.

The study of the tissue organisation of collagen bundles
and their morphological characteristics is important as these
are contributing factors both in intrinsic skin ageing and in
the development and maturation processes. We analysed
distinct morphological parameters that are representative
of the features and structural organisation of collagen dur-
ing life, in both the papillary dermis and the deeper reticu-
lar dermis, to establish an explicative model that relates the
morphological and structural changes with the disposable
physiological data in the literature.

Materials and methods

Study population and skin samples

Forty-five abdominal skin samples of material remaining from
autopsy at the Service of Pathology of the University Clinical Hospi-
tal in Valencia were included. We discarded all altered samples or
those coming from potentially damaged skin (e.g. from accidents,
collagenopathies, diabetes mellitus). The age of the individual
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ranged from a month old to 95years old (average of
57.02 + 27.68 years), including 28 men and 17 women.

A sample approximately 2.5 cm long x 2.5 cm wide was taken
from the periumbilical region adjacent to the midline in all the
cases. The chosen zone is assumed to be protected from sun expo-
sure, allowing the exclusion of the detrimental effects of photoage-
ing or extrinsic skin ageing, and focusing on the intrinsic skin
changes. Routinely, haematoxylin-eosin and orcein staining proto-
cols and subsequent examination were followed to confirm the
absence of solar elastosis, the most prominent histopathological
feature of photoageing (Berneburg et al. 2000; Rabe et al. 2005).

The study was approved by the local research ethics committee.
A coded number was assigned to every case to prevent the
researchers having access to the age and sex of the individuals by
sample processing, image capture, parameter measurement or data
analysis, thus ensuring the objectivity of the measurements.

Processing and staining of the samples

The tissue samples were fixed in a 5% formaldehyde solution and
underwent paraffin inclusion. Histological sections of 5 um width
were performed with the microtome and were posteriorly stained
with a Masson’s trichrome protocol that included Harris' haemat-
oxylin, Briebrich Scarlet/acid fuchsin and Aniline Blue as reagents.
All types of collagen are stained with this technique, allowing eval-
uation of collagen as a whole.

Image analysis

The microphotographs were taken with a microscope Leica
DMD108 (Leica Microsystems, Wetzlar, Germany) and posteriorly
underwent computer study with the software of image analysis
IMAGE-PRO PLUS 7.0 (Media Cybernetics, Silver Spring, MD, USA). Five
photographs were taken for each case and each parameter, follow-
ing a method of semi-randomisation, which excluded altered zones
(e.g. material accumulation, white spaces, and areas containing
large structures such as sebaceous glands or pilo-sebaceous follicles)
and assured representativeness of the photographs. The magnifica-
tion of the snapshots was adjusted individually for each parameter.
The mean for each image was calculated and, later, the mean of
the case from the values of the five images.

Statistical analysis

The statistical analysis was performed with the software spss 17.0 for
Windows (SPSS Inc., Chicago, IL, USA). For all the parameters, a
Kolmogorov-Smirnov normality test was carried out; after that, the
regression analysis was done, including linear regressions
[y (x) = a + bx], quadratic regressions [y (x) =a + bx + ox?] and
cubic regressions [y (x) = a + bx + ox® + dx°]. The model with a
higher R? value was selected, and, in case of evenness of the results,
the simpler model was chosen. A P-value below 0.05 was considered
significant.

Results

Thickness of the papillary dermis

We took 15 representative measurements of the thickness
of the papillary dermis in the 100x magnification images,
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thanks to the contrast produced between the thick collagen
bundles integrating the reticular dermis and the thin colla-
gen bundles forming the papillary dermis. A Best Fit filter
was applied to improve and maximise that contrast. We
found that this parameter was incremented according
increasing age following a linear regression model in a sta-
tistically significant way (P < 0.0001, R? = 0.26), from 63.24-
um-thick in the moment of birth until 100 pm, which the
regression line predicts for the age of 100 years (Table 1,
Fig. 1A-C).

Area occupied by collagen in the papillary dermis

To determine the density of the collagen bundles within
the papillary dermis we selected the area occupied by
collagen in 400x magnification photographs of the papil-
lary dermis using a semi-automatised procedure. In the
images, the area corresponding to the papillary dermis
was manually selected, a Hi-Pass filter was applied to
optimise individualisation of the bundles, the red colour
channel was extracted and, posteriorly, a segmentation
of the image that would allow the selection of the area
filled with collagen was performed. Over a statistically
significant (P < 0.0001, R? =0.437) model of quadratic
regression with age as independent variable, a diminu-
tion in the area occupied by collagen was demonstrated
starting from 40 years old onwards, with a value of
69.16% of density until reaching a minimum in the last
stage of life, with a value of 45.8% of density (Table 1,
Fig. 1D-F).

Thickness of collagen in the papillary dermis

The thickness of 15 collagen bundles was measured in
the 400x magnification photographs, enlarging the
image so that the limits of the bundles could properly
be discriminated. With increasing age the measured
parameter in reticular dermis decreased significantly,
following a quadratic regression model (P < 0.0001,
R?=0.461). At the moment of birth, the thickness of
collagen bundles was of 1.096 um, reaching a predicted
minimum of 0.6474 um for 100-year-old individuals
(Table 1, Fig. 1G-).

Table 1 Statistical values of measured parameters in papillary dermis.

Thickness of the reticular dermis

Fifteen representative measurements of the thickness of the
reticular dermis were taken either in the 40x magnification
detail micrographs or in the macroscopic photograph,
according to the case, excluding the papillary dermis of this
measure. The thickness fluctuated on the basis of age fol-
lowing a statistically significant quadratic function
(P=0.011, R? = 0.193). The thickness was minimum in the
first and last stages of life, with values of 1603.88 um at the
moment of birth and 1303.48 ym predicted for 100-year-
olds, and maximum values in adult skin, reaching a thick-
ness of 3236.18 um at 50 years of age (Table 2, Fig. 2A-D).

Area occupied by collagen in the reticular dermis

In the 200x magnification micrographs we measured the
area filled with collagen bundles in the reticular dermis, a
parameter which is representative of the density of the
bundles. To accomplish that aim, a Best Fit filter was
applied to the image; it was transformed to greyscale and
manually segmented to select the area occupied by colla-
gen. This parameter adjusted a cubic regression in a statisti-
cally significant manner (P < 0.0001, R* = 0.392), defining a
maximal density at the moment of birth (81.14% of den-
sity) which is then reduced and kept stable between 40
and 60 years of age (68.7% of density at 50 years of age)
and further dwindles with cutaneous ageing (58.48% of
density of collagen bundles at 100 years of age; Table 2,
Fig. 2E,G-).

Thickness of the collagen bundles in the reticular
dermis

We measured the thickness of 15 collagen bundles in the
200x magnification detail micrographs, manually amplify-
ing the image in pursuance of easy visualisation of the lim-
its between bundles. This parameter was explained by a
statistical model of quadratic regression by increasing age
in a statistically significant way (P < 0.0001, R? = 0.433). The
maximum thickness of collagen is present in adult age
(9.944 um thick at 45 years old), whereas in the first and
last stages of life, this thickness reaches minimum reaching

Regression
Parameter equation R? F P Constant b1 b2 b3
Thickness of papillary Linear 0.26 15.118 < 0.0001 63.238 0.361 - -
dermis (um)
Area fraction occupied by Quadratic 0.433 16.034 < 0.0001 67.9 0.2 —421 x 1073
collagen bundles (%)
Thickness of collagen Quadratic 0.461 17.953 < 0.0001 1.096 —0.002 —2.486 x 107> -

bundles (um)
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Fig. 1 Morphometric parameters in the papillary dermis. (A) Scatter plot of the thickness of the papillary dermis as a function of age. (B) Thickness
of the papillary dermis in a 1-month-old individual (mean of 44.84 um). (C) Thickness of the papillary dermis in a 79-year-old subject (mean of
137.1 um). (D) Scatter plot of the area occupied by collagen (density of collagen bundles) in the papillary dermis as a function of age. (E) Area
occupied by collagen in the papillary dermis in a 40-year-old subject (mean of 73.63% density). (F) Area occupied by collagen in the papillary
dermis of a 95-year-old individual (mean of 43.27% density). (G) Scatter plot of the collagen thickness in the papillary dermis on the basis of age.
(H) Thickness of collagen in the papillary dermis in a 2-year-old subject (mean of 1.37 um). (I) Thickness of the collagen of the papillary dermis in a
90-year-old subject (mean of 0.52 um).
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Table 2 Statistical values of measured parameters in reticular dermis.

Regression

Parameter equation R? F

Thickness of reticular Quadratic 0.193 5.018
dermis (um)

Area fraction occupied by
collagen bundles (%)

Thickness of collagen
bundles (um)

Collagen orientation

Cubic 0.392 8.803
Quadratic 0.433 16.028

Quadratic 0.334 10.54

< 0.0001

Constant b1 b2 b3
0.011 1603.882 68.296  —0.713 -
81.141 -0.723 0.014 —9.036 x 10°°
< 0.0001 5.039 0.199 —0.002 -
< 0.0001 0.757 0.004 —5.578 x 107° -

values of 5.039 and 4.939 um thick at birth and at
100 years of age, respectively (Table 2, Fig. 2F-I).

Orientation of collagen in the reticular dermis

Collagen orientation in the reticular dermis was measured
in 200x magnification micrographs following a methodol-
ogy which has been validated previously (van Zuijlen et al.
2002). This technique applies Fourier transform to the
image and, over the resulting 2D power plot, the length
and the width of the central figure are measured. The rela-
tion between both sets of data is representative of the ori-
entation of the bundles: values which tend to 0 indicate
higher orientation, and values tending to 1 indicate a dis-
orientation of the collagen bundles.

The orientation of the bundles in the reticular dermis
obeyed a quadratic regression model on the basis of age in
a statistically significant way (P < 0.0001, R? = 0.334), dis-
playing maximal orientation in both first and last stages of
life (values of 0.757 at birth and 0.6 at 100 years of age),
and a disorganisation of the bundles during adult age, with
a 40-year value of 0.8279 (Table 2, Fig. 3).

Discussion

In this study we have analysed distinct representative
parameters of dermal collagen morphology and organisa-
tion, independently for papillary and reticular dermis. Blind
research method and semi-automated measurement proto-
cols used for each of the different parameters ensure the
maximum objectivity of obtained results.

About skin development and maturation

We found a high density of collagen bundles existing at
birth that remains constant until adulthood in the papillary
dermis, but not in the reticular dermis, where it diminishes
progressively. These results supports the study done by
Furth et al. (1997), who reported a high expression of type |
and Il procollagens in fetal dermis that remained partially
elevated during the postnatal period to decrease later with
skin maturation. Furthermore, it was shown that the total

number of fibroblasts present in human dermis decreases in
a progressive way after birth (Gunin et al. 2010). It may be
possible that, after birth, remodelling type processes are
the dominant ones, inasmuch as collagen synthesis dimin-
ishes, eventually leading to the loss of density of these bun-
dles, which is what we quantitatively proved.

Nevertheless, in spite of the loss of density of the bundles
observed in our study, collagen bundles in reticular dermis
show an increased thickness during adulthood compared
with at the moment of birth, or during infancy and adoles-
cence (first stage of life). This could be explained as owing
to intermolecular cross-linking of the collagen molecules
that occurs during development in a very precise enzymatic
process carried on by lysyl oxidase. Initially divalent and
immature, these cross-links become trivalent and more sta-
ble in a spontaneous process through well-established bio-
chemical pathways (Bailey et al. 1998). Hence, we postulate
that, at the beginning of this development stage, there is a
high density of small diameter collagen bundles which, as
the individual ages, are involved in this process of enzy-
matic cross-links formation and maturation of the existing
ones from divalent to trivalent, leading to the presence of
thicker and more functional collagen bundles in adulthood.

The fact that the thickness of collagen bundles in papil-
lary dermis shows no increase in adulthood could be due to
exclusive morphologic and biochemical characteristics of
this papillary collagen. Those differences are masked in
studies which do not differentiate between papillary and
reticular dermis. Morphologic and functional differences
between papillary and reticular fibroblasts have been pro-
ven, which also supposes differential morphologic and func-
tional characteristics in the type of collagen secreted by
these cells (Mine et al. 2008; Pageon et al. 2012; Janson
et al. 2013). Subsequent studies about collagen in papillary
dermis will clarify these differences.

Changes in the thickness of reticular dermis during skin
development and maturation can be interpreted with the
obtained data. During the postnatal period, the thickness
of reticular dermis is minimal as, despite the high density of
collagen bundles, these are thin and display parallel
arrangement, as found in our study. However, as reticular
dermis develops and matures, it progressively become

© 2014 Anatomical Society
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Fig. 2 Morphometric parameters in the reticular dermis. (A) Scatter plot representing the thickness of the reticular dermis on the basis of age.

(B) Thickness of the reticular dermis in a 2-month-old (mean of 698.66 um), (C) in a 48-year-old (mean of 5192.02 um), and (D) in an 80-year-old
subject (mean of 2032.86 um). (E) Scatter plot showing the thickness of collagen in the reticular dermis as a function of age. (F) Scatter plot of
the area occupied by collagen in the reticular dermis as a function of age. (G-I) Examples in 1-month-old (85.77% of occupied area and 4.02 um
thick), 49-year-old (72.45% of occupied area and 13.68 um thick) and 90-year-old individuals (56.63% of occupied area and 2.78 um thick).

thicker, until reaching the maximum thickness during adult-
hood, approximately in the fourth decade of life. This could
be explained as follows: in spite of the reduction in synthe-
sis and density of collagen bundles, these bundles progres-
sively become thicker and spatially disorganised (i.e. in any

© 2014 Anatomical Society

of the three spatial directions) in the tissue, i.e. they acquire
the characteristics of disorganised dense connective tissue.
This increase in the thickness of reticular dermis is sup-
ported by previously published studies (Moragas et al.
1998; Kakasheva-Mazhenkovska et al. 2011).
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Fig. 3 Analysis of the collage orientation in the reticular dermis with the Fourier transform. (A) Scatter plot of the collagen orientation as a func-
tion of age. Image of the collagen orientation (B) in a 19-month-old individual, with a mean of 0.6923, (C) in a 35-year-old subject, with a mean

of 0.9067 and (D) in a 76-year-old individual, with a mean of 0.7073.

One might expect that, during these development pro-
cesses, synthetic and cellular changes carried out by fibro-
blasts take precedence over changes in the extracellular
matrix (cells-»>matrix) and not the other way around, con-
sidering that, due to the relative lack of stimuli damaging
the extracellular matrix during these life stages, collagen
bundles are thicker, arranged in all spatial directions and
show no signs of degradation, inducing a higher mechani-
cal stimulation of fibroblasts. This would result in a pheno-
type characterised by the synthesis of extracellular matrix
components (Sarasa-Renedo & Chiquet, 2005; Chiquet et al.
2009). Consequently, we postulate that a maximal homeo-
static point would be reached during the adult stage: the
decrease in the number of fibroblasts and their intrinsic col-
lagen synthesis and, on the other hand, the integrity and
three-dimensional spatial orientation of collagen bundles
would establish a equilibrium, thereby maintaining, thanks
to mechanical stimulation of fibroblasts, the homeostasis of
collagen and catabolic enzymes of the extracellular matrix
(Quan et al. 2013).

About skin ageing

In our study we perceived a loss of density of collagen bun-
dles, occurring since birth in the case of reticular dermis but
from the fourth or fifth decade of life in the papillary layer,
which concurs with findings of other studies (Moragas et al.
1998; Kakasheva-Mazhenkovska et al. 2011). This could be
explained by the progressive decrease of type | and llI
collagen secretion by dermal fibroblasts after the second
decade of life (Dumas et al. 1994), and the already proved
reduction in type | procollagen synthesis and fibroblast
proliferation that take place during intrinsic skin ageing
(Varani et al. 2006), due to the decreased expression of

transforming growth factor (TGF)-p and CTGF by these cells
(Quan et al. 2010). In another study the density of collagen
network was observed to increase during ageing; however,
no objective measurements were provided to support this
(Lavker et al. 1987).

Together with collagen synthesis reduction by dermal
fibroblasts in intrinsic skin ageing, it has also been proved
that there is an increase in MMP-1, MMP-2 and MMP-9
expression (Varani et al. 2000; Quan et al. 2011). This
abnormal pattern of molecular secretion was designated as
‘age-associated secretory phenotype’ (Quan et al. 2011).
MMPs are degrading enzymes that act on extracellular
matrix molecules by inducing the advent of fragmented col-
lagen remainders in the tissue (Hernandez-Pérez & Mahalin-
gam, 2012). This is congruous with the thickness reduction
in collagen bundles that we observed in papillary and retic-
ular dermis according to age, and supports the observation
of thinner and more fragmented collagen bundles in aged
dermis reported by other studies (Varani et al. 2001, 2006;
Baroni Edo et al. 2012; El-Aal et al. 2012).

This reduction in the thickness of dermal collagen could
also be explained by molecular mechanisms causing ageing
of these molecules, which include the cross-linking between
collagen bundles that occurs in an indirect and non-
enzymatic way, basically by glycosylation of glucose and its
indirect products. This leads to accumulation of advanced
AGEs, which affect the aggregation of collagen monomers,
with catabolic effects on the molecules where they settle
(Bailey et al. 1998). Skin collagen is a long-lasting molecule,
showing a half-life of about 15 years, which predisposes it
to these molecular ageing processes (Verzijl et al. 2000).

Supplementary to ageing processes centered on the role
of cells in the extracellular matrix, the influence of the
matrix itself on the cellular component of the tissue has

© 2014 Anatomical Society



been studied recently. The presence of fragmented collagen
remainders in aged dermis inhibits both fibroblast prolifera-
tion and type | procollagen synthesis by these cells (Varani
et al. 2001), induces an increase in MMP-1 expression and
its AP-1/0-2-B-1-integrin signalling pathway, and increments
ROS (Fisher et al. 2009). At the same time, MMP-1 frag-
ments dermal collagen, hence configuring a vicious circle
that could have a role in skin ageing.

Therefore, it is postulated that collagen tissue organisa-
tion may also play a role in mechanic stimulation of fibro-
blasts (Fisher et al. 2008). In aged skin, it has been proven
that fibroblasts partially lose their characteristic elongated
shape, presenting less contact surface with collagen bundles
(Varani et al. 2006). In addition, cell cultures of dermal
fibroblasts that have been transfected to express a mutant
MMP-1 (MMP-1 V94G) experience fragmentation of the
synthesised collagen and, what is more relevant, morpho-
logic and functional alterations similar to the ones occur-
ring with ageing: a rounded aspect and decreased contact
surface with collagen, decreased procollagen and CTFG
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production due to alterations in TGF-f pathway and actin
skeleton disassembly, which participates in the transmission
of mechanical forces among extracellular matrix and
fibroblasts (Oender et al. 2008; Xia et al. 2013).

The parallel arrangement of skin collagen during senes-
cence that was demonstrated in our study could at least
partly explain this lack of fibroblast mechanical stress trans-
duction, as a result of progressing from an adult dermis
with disorganised collagen bundles and arranged in the
three spatial directions (and with important tridimensional
stress forces transmitted to fibroblasts), to an aged dermis
with a parallel arrangement of collagen (and with a minor
capability to transmit stress forces to fibroblasts). This supe-
rior parallel arrangement of dermal collagen has been only
proved in one previous study (Moragas et al. 1998). The loss
of thickness of dermal collagen during ageing would also
have a role in this defective fibroblast mechanical stress
transduction (Varani et al. 2006). All these findings high-
light the importance of the extracellular matrix in the skin
ageing process.

Reticular dermis

Fig. 4 Proposed evolutional model from the histopathological parameters throughout life. After birth, the skin has a high density of fine bundles
of collagen, in a parallel disposition in the reticular dermis. Progressive development and remodelling of the tissue cause several observable
changes during adult life: the density of the bundles is reduced in the reticular dermis, but these bundles reach their maximal thickness and dispo-
sition in the three directions of the space, which conditions an increase in the thickness of the reticular dermis; in the papillary dermis, on the
other hand, the density is kept stable but the bundles lose thickness and the papillary dermis increases its width. Finally, in the last stage of life
during the intrinsic cutaneous ageing the collagen bundles lose density and thickness both in the papillary and reticular dermis, and, in this last
localisation, the collagen is again disposed in a parallel manner. The reticular dermis becomes thinner but the papillary dermis continues to increase

in thickness.
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Especially noteworthy is the fact that, with age, we have
found an increase in the thickness of papillary dermis, in
spite of the decrease in the density of collagen bundles and
the loss of thickness of these bundles that takes place. The
increase of the thickness of papillary dermis with ageing
has already been demonstrated in a previous study
(Branchet et al. 1990). It might be possible that the thick-
ness of this dermal layer increases at the expense of derma-
tan sulphate, because the quantity of this molecule in
papillary dermis has been proved to increase since the fifth
decade of life (Longas et al. 1987; Willen et al. 1991).
Nevertheless, the exact cause of this observation remains to
be elucidated and should be researched in depth. Besides,
ecography-based studies invariably show the presence of a
subepidermal low echogenic band (SLEB or SENEB) in aged
skin (Gniadecka, 2001). This band, located in papillary
dermis, increases its thickness according to age and is corre-
lated with changes in collagen structure and water accumu-
lation (Waller & Maibach, 2005). Accordingly, this increase
in the amount of water, possibly related to the previously
mentioned increase in dermatan sulphate, could explain
the increase in the thickness of papillary dermis with age
that we have shown.

Different parameters determined in the present study
have relevance for dermal tissue functionality. On the one
hand, mechanical force and stress resistance depend not
only on the number of collagen bundles but also on their
tissue orientation. Bundle diameter is important as well
(Ottani et al. 2001), as a loss of collagen thickness in differ-
ent tissues, with small and rigid molecules that are not very
break-resistant, has been described during senescence, and
big bundles are the ones that support high stress levels
(Parry, 1988).

Concluding remarks

The arrangement of collagen bundles an exceptional
importance: it is important to delve into tissue structure
and the disposition adopted by collagen bundles, not just
into the synthesis and degradation of these molecules. The
present study provides a detailed description of dermal col-
lagen bundles and their arrangement in the tissue, and dis-
cusses the possible relationship with functional parameters
that have shown their involvement in skin development
and ageing, emphasising the fundamental role played by
connective tissue microenvironment in these processes.

Using data obtained from our work we have developed
an evolutionary morphological model of different histo-
pathological parameters and their modification according
to age (Fig. 4).

As a conclusion, the present paper compiles and confirms
in one study population different histopathological param-
eters for intrinsic skin ageing and skin development. The
model that we present provides a homogeniser baseline
data that could be useful in future studies trying to delve

into the effects that different drugs, cutaneous or systemic
diseases or extrinsic conditions (e.g. environmental pollu-
tants, solar radiation) produce on the macrostructural
arrangement of dermal collagen, but also in the existing
relationship between morphologic characteristics of the
skin and functional factors involved in development and
ageing biology. Further studies should confirm whether
these findings are also applicable to other anatomical sun-
protected skin sites, and objective comparison with photo-
ageing should be done to clarify the extent to which the
histopathological and morphometric changes in intrinsic
ageing and photoageing differ.
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