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Abstract

In the pregnant mouse endometrium, collagen fibrillogenesis is characterized by the presence of very thick colla-

gen fibrils which are topographically located exclusively within the decidualized stroma. This dynamic biological

process is in part regulated by the small leucine-rich proteoglycans decorin and biglycan. In the present study we

utilized wild-type (Dcn+ ⁄ +) and decorin-deficient (Dcn) ⁄ )) time-pregnant mice to investigate the evolution of

non-decidualized and decidualized collagen matrix in the uterine wall of these animals. Ultrastructural and mor-

phometric analyses revealed that the organization of collagen fibrils in the pregnant endometrium of both non-

decidualized and decidualized stroma showed a great variability of shape and size, regardless of the genotype.

However, the decidualized endometrium from Dcn) ⁄ ) mice contained fibrils with larger diameter and more

irregular contours as compared to the wild-type littermates. In the Dcn) ⁄ ) animals, the proportion of thin (10–

50 nm) fibrils was also higher as compared to Dcn+ ⁄ + animals. On day 7 of pregnancy, biglycan was similarly

localized in the decidualized endometrium in both genotypes. Lumican immunostaining was intense both in

decidualized and non-decidualized stroma from Dcn) ⁄ ) animals. The present results support previous findings

suggesting that decorin participates in uterine collagen fibrillogenesis. In addition, we suggest that the absence

of decorin disturbs the process of lateral assembly of thin fibrils, resulting in very thick collagen fibrils with irreg-

ular profiles. Our data further suggest that decorin, biglycan and lumican might play an interactive role in colla-

gen fibrillogenesis in the mouse endometrium, a process modulated according to the stage of pregnancy.

Introduction

Decidualization of the uterine stroma is a key event that

occurs in early pregnancy in rodents and humans. Previous

studies have identified important changes in the composi-

tion and structure of extracellular matrix (ECM) during

decidualization in both humans and rodents (Aplin, 1996;

Abrahamsohn et al. 2002; San Martin et al. 2003a,b, 2004;

Teodoro et al. 2003). These changes include alterations in

collagen fibril distribution, structure and thickness (Alberto-

Rincon et al. 1989; Carbone et al. 2006). In the mouse,

during the peri-implantation stage from day 5 to day 8 of

pregnancy, decidualizing stromal cells grow, compressing

the intercellular spaces so that the volume fraction of ECM

is reduced. At the same time, unusually thick collagen fibrils

of up to 520 nm diameter appear exclusively in the decidu-

alizing areas of the endometrial stroma (Alberto-Rincon

et al. 1989; Carbone et al. 2006). Previous studies using

radioautographic analysis have demonstrated the presence

of 3H-Pro on the surface of thick collagen fibrils, indicating

that they are produced by mature decidual cells (Oliveira

et al. 1991). Collagen fibrillogenesis is a complex process

that involves several processing steps including association

with other extracellular molecules including the proteogly-

cans (PG). It has been demonstrated that PG in the ECM bind

to specific sites on the surface of collagen, exerting a strong

influence on its aggregation into fibrils (Ruggeri & Benazzo,

1984; Iozzo, 1997, 1999). Previous studies on the small leu-

cine-rich proteoglycan distribution in the uterus showed

that biglycan, decorin and lumican, but not fibromodulin,

are present in the endometrial stroma of pregnant mouse

(San Martin et al. 2003a,b). In addition, those studies

showed that decorin is detected in the non-decidualized

uterine stroma but is absent from decidualized endome-

trium (San Martin et al. 2003a,b) Moreover, the same group

of authors has showed by immuno-electron microscopy that

biglycan and not decorin is associated with the thick colla-
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gen fibrils in the mouse endometrium (San Martin & Zorn,

2003). Small leucine-rich proteoglycans (SLRPs) belong to a

family of secreted proteoglycans that includes decorin,

biglycan, fibromodulin, lumican, epiphican and keratocan

(Iozzo & Murdoch, 1996; Iozzo, 1999; Ameye & Young,

2002). There are now five proposed classes of SLRPs with 17

genes encoding clusters of SLRPs, suggesting high conserva-

tion and tandem duplication during evolution (Schaefer &

Iozzo, 2008). Decorin has been postulated to regulate colla-

gen type I fibril diameter and to be located on the surface

of such fibrils, at the D band in the gap region (Pringle &

Dodd, 1990). Decorin is known to bind to collagen types I, II,

III, V, VI, XII and XIV (Oldberg et al. 1989; Bidanset et al.

1992; Font et al. 1993, 1996; Hedbom & Heinegärd, 1993;

Schönherr et al. 1995a,b; Thieszen & Rosenquist, 1995;

Wiberg et al. 2001), and fibronectin (Schmidt et al. 1987).

Decorin also binds to transforming growth factor b (TGF-b)

inhibiting its activity in some situations (Hildebrand et al.

1994). Moreover, decorin has been implicated in the control

of cell differentiation and proliferation in a cell-specific

manner (Santra et al. 1995; De Luca et al. 1996; Iozzo et al.

1999a,b; Xanus et al. 2001). Access to mice deleted at the

decorin gene locus offers a unique opportunity to better

understand the role of this proteoglycan in tissue biology.

It has been demonstrated that targeted ablation of the

decorin gene causes a skin fragility phenotype due to abnor-

mal collagen fibril morphogenesis within the dermis and

tail tendon (Danielson et al. 1997).

Although decorin-null animals are fertile, there is no avail-

able detailed evaluation regarding reproductive efficiency

or possible changes in the uterine microenvironment of

these animals. In light of previous observations on collagen

remodeling (Zorn et al. 1986; Alberto-Rincon et al. 1989)

and differential localization of various SLRPs in the mouse

uterus during decidualization (San Martin et al. 2003a,b,

2004), we felt that it would be important to establish the

role of decorin on collagen fibrillogenesis in the pregnant

mouse endometrium. To this end, we used ultrastructural

and morphometric analyses to determine the morphology

and organization of collagen fibrils in the decidualized and

nondecidualized endometrium on days 3, 5 and 7 of preg-

nancy in Dcn) ⁄ ) mice vis-à-vis wild-type animals. Our results

show that decorin plays a key role during physiological colla-

gen fibril formation in decidualized stroma and that this pro-

cess might be affected by other SLRPs such as lumican.

Material and methods

Animals

Gene-targeted mice deficient in decorin (Dcn) ⁄ )) and wild-type

control mice (Dcn+ ⁄ +) were maintained on a 129SvXB1 ⁄ Swiss

mixed background (Danielson et al. 1997). The genotype of the

animals was determined by PCR analysis as previously described

(Danielson et al. 1997). National and international principles of

laboratory animal handling established by the University of

Manchester Ethical Committee and by the Ethics Committee for

Animal Research of the Institute of Biomedical Sciences of the

University of São Paulo, Brazil, were followed.

Tissue collection

Pregnant animals were obtained by mating virgin nulliparous

homozygous females with heterozygous males of the same col-

ony. Female mice, aged 2–3 months, and males of the same col-

ony were used. The animals were exposed to a 12 h light ⁄ 12 h

darkness schedule at 22 �C, with food and water available.

Females were left to mate and were examined for the presence

of a vaginal plug each morning. The time on which a vaginal

plug was found was designated as the first day of pregnancy

(dop). Pregnant animals on day 3 (n = 4), day 5 (n = 3), and day

7 (n = 5) were used in this study, with at least three animals

being used on each day of pregnancy. The animals were killed

by cervical dislocation and the uteri were removed and dis-

sected free of fat. Sections of dorsal skin from wild-type mice

and knockout animals were used as controls.

Uterine horns on days 3, 5 and 7 of pregnancy were col-

lected, cut into small transverse segments and immediately

immersed in a solution of 2.0% glutaraldehyde, 2.0% parafor-

maldehyde, 2.5 mM calcium chloride, 0.1 M sodium cacodylate,

pH 7.3 for 24 h at 4 �C. The tissues were then postfixed for 2 h

at room temperature in 1.0% OsO4 in the same buffer, dehy-

drated and embedded in Spurr resin. Semi-serial sections of

the implantation sites (days 5 and 7) were made until the

embryos were reached. Sections (0.5 lm-thick) were stained

with 1.0% toluidine blue in 1.0% aqueous sodium borate for

light microscopic examination. To confirm the pregnancy of

the animals on day 3, oviduct and ovaries were cut serially

until the non-implanted embryos were reached. The region of

the antimesometrial decidua was chosen for ultrastructural

analysis. At least five samples from each animal were exam-

ined. Thin sections were stained with uranyl acetate and lead

citrate, and observed with a JEOL 1010 transmission electron

microscope. Electron micrographs were taken from the antime-

sometrial stroma on day 3 of pregnancy from mature decidua,

and from nondecidualized stroma on days 5 and 7 of preg-

nancy.

Immunoperoxidase staining

Samples were fixed in 4% paraformaldehyde, 0.1 M sodium cac-

odylate, pH 7.3 for 24 h at 4 �C and embedded in Paraplast

(Oxford, St. Louis, MO). Samples were sectioned at 5 lm and

mounted on Silane (Sigma, USA) pre-coated slides. Sections

were deparaffinized, hydrated and treated with 3% H2O2 in PBS

for 30 min to block endogenous peroxidase activity. All steps

were performed in a humidified chamber, and care was taken

to avoid drying out of sections; each step was followed by

washing with phosphate-buffered saline (PBS). For each anti-

body, nonspecific reactions were blocked by incubating the sec-

tions in a solution of Pierce SuperBlock� Blocking Buffer

(Pierce, Rockford, IL) for 1 h at room temperature. Additional

incubation was performed using a solution of Pierce Super-

Block� Blocking Buffer containing 1.5% normal donkey serum

(NDS) (The Jackson Lab, Bar Harbor, ME), and 2% PBS ⁄ BSA for

1 h at room temperature.
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Sections were incubated in rabbit polyclonal antibodies raised

against murine decorin (LF-113) and biglycan (LF-106) (Fisher

et al. 1995). These antibodies were provided by Dr. Larry Fisher,

National Institute of Dental and Cranial Research, NIH, Beth-

esda, USA. The antibodies were used at 1 : 1000 in 1% TBS ⁄ -
bovine serum albumin (BSA) containing 1.5% NDS, and 10%

Pierce Blocking buffer for 18 h at 4 �C. Anti-lumican was kindly

provided by Dr. Shukti Chakravarti, Johns Hopkins University

(Baltimore, MD), and used at 1 : 250 in 1% TBS ⁄ BSA containing

1.5% NDS, and 10% Pierce Blocking buffer for 18 h at 4 �C. The

sections were then washed thoroughly with PBS followed by

incubation for 1 h at room temperature with peroxidase-conju-

gated goat anti-rabbit IgG (KPL, Silver Spring, MD) diluted

1 : 500 in 1% TBS ⁄ BSA containing 1.5% NDS, and 10% Pierce

blocking buffer. Peroxidase was visualized using 0.03% (w ⁄ v) 3,

3¢-diaminobenzidine (Sigma) in PBS with 0.03% (v ⁄ v) H2O2. To

achieve standardization of the immunoreactions, for each anti-

body, the samples from Dcn+ ⁄ + and Dcn) ⁄ ) were simultaneously

incubated with diaminotetraacetic acid (DAB) and the reaction

was immediately interrupted with PBS after a period of 10 min.

The sections were counterstained with Mayer’s hematoxylin.

The specificity of immunolabeling was tested by omitting the

primary antibody. The samples were examined with a Nikon

Eclipse E600 microscope. Images were captured using IMAGE-PRO

PLUS software (Media Cybernetics, Silver Spring, MD).

Quantitative analysis

For quantitative analysis, the greater diameter of cross-sectioned

collagen fibrils was manually measured on electron micrographs

with final magnification of ·50 000, and histograms were

A C

B D

Fig. 1 Representative image of a bundle of

collagen showing cross-sectioned collagen

fibrils: (A) day 3, Dcn) ⁄ ) endometrium

showing thin collagen fibrils with a rounded

and smooth surface intermingled with thick

fibrils (arrow). (B) Day 5, Dcn) ⁄ ) decidua

showing thicker and irregular collagen fibrils

(arrows). (C) Day 3, Dcn+ ⁄ + endometrium

showing a bundle of collagen fibrils with

uniform outlines. (D) Day 5, Dcn+ ⁄ + decidua

showing a bundle of collagen fibrils with

heterogeneous diameters. Insets: high

magnification showing the outline of collagen

fibrils. Scale bars, 250 nm. Insets, 125 nm.
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obtained. The data presented are the percentage of collagen

fibrils over 50 nm in diameter and the median values from dif-

ferent days of pregnancy. Statistical analysis tested the differ-

ence in proportions of collagen fibrils over 50 nm between the

two groups. The Chi-squared test was used for the statistical

analysis using MINITAB 15 statistical software (Minitab Inc., State

College, PA).

Results

Collagen fibril ultrastructure

Pre-decidualization: day 3

On day 3 of pregnancy, the endometrial stroma of decorin-

deficient mice showed a great variability in the shape and

size of collagen fibrils (Fig. 1A) as compared to the wild-

type animals (Fig. 1C). However, no alteration was observed

in the morphology or periodicity of the cross-banding of

the collagen fibrils. In the Dcn) ⁄ ) animals, collagen bundles

contained a mixture of thin and thick fibrils. Cross-sections

showed that the thin collagen fibrils had a rounded and

smooth surface, whereas fibrils larger than 40–50 nm pre-

sented an irregular and rough profile (Fig. 1A, insert). In

contrast, Dcn+ ⁄ + mice showed quite uniform fibril outlines

that were circular in cross-section (Fig. 1C, insert).

Post-decidualization: days 5–7

On day 5 of pregnancy, in both genotypes, collagen fibrils

of heterogeneous diameters and with very irregular profiles

CA

DB

Fig. 2 Representative image of the

decidualized endometrium on day 7 of

pregnancy. (A) Dcn) ⁄ ), showing the

coexistence in the collagen bundle of thicker

and irregular collagen fibrils (arrows) and

much thinner fibrils (arrowheads). (B) Dcn) ⁄ )

showing thin filaments connecting the

collagen fibrils to each other (arrows) as well

as to the decidual cell surface (arrowhead).

(C) Note in Dcn) ⁄ ) that some thick collagen

fibrils appeared to be connecting to another,

forming an aberrant pattern (arrow). (D)

Decidualized endometrium from and Dcn+ ⁄ +

animal. Scale bars, 250 nm (A,B,D) and

125 nm (C).
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were present in the narrow extracellular spaces between

mature decidual cells (Fig. 1B,D). As discussed below, how-

ever, decorin-null animals contained a significantly higher

proportion of fibrils with larger diameters.

By day 7, the phenotypic appearance of collagen fibrils in

the mature decidua from Dcn) ⁄ ) mice continue to progress,

reaching very irregular and large fibrils (Fig. 2A). The thin

collagen fibrils exhibited mostly a rounded and smooth sur-

face. In contrast, the thick ones had very irregular outlines

in cross-section, varying from a rosette-like appearance to a

trefoil shape with deep indentations and protuberances

(Fig. 2A–C). Interestingly, thin filaments were observed con-

necting collagen fibrils (Fig. 2B) with each other and with

the surface of the decidual cells (Fig. 2B). In addition, some

thick collagen fibrils (> 200 nm) appeared to be intercon-

nected, forming aberrant patterns (Fig. 2C). In the wild-type

animals, although the bundles of collagen fibrils were also

heterogeneous, they were formed mostly by thick collagen

fibrils (Fig. 2D). In longitudinal section, however, the peri-

odicity of the cross-banding of collagen fibrils was typical of

collagen in both genotypes (Fig. 3A–D).

Morphometric analyses

A quantitative morphometric analysis was performed on

both genotypes and at various stages of pregnancy. First,

the results showed that in the pre-decidualized endome-

trium, although the percentage of collagen fibrils with

A C

B D

Fig. 3 Decidualized endometrium on day 7 of

pregnancy from the Dcn) ⁄ ) (A) and Dcn+ ⁄ +

(C) animals showing longitudinal section of a

bundle of fibrils with typical periodicity of the

collagen cross-banding. Nondecidualized

stroma from Dcn) ⁄ ) (B) and Dcn+ ⁄ + (D)

animals. In B, observe the presence of thick

and very irregular fibrils (arrows) and the

coexistence of heterogeneous thin fibrils. Thin

filaments are seen to connect the collagen

fibrils in both genotypes (Insets in B and D).

Scale bars, 250 nm.
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diameters > 50 nm did not vary significantly between

genotypes (P = 0.558) [being 31.2% in the Dcn) ⁄ ) (med-

ian = 42.5) and 28.8% in the Dcn+ ⁄ + animals (med-

ian = 46.5)], the Dcn) ⁄ ) mice exhibited a wider range with

fibrils varying from 19 to 125 nm in diameter (Fig. 4A,E).

Secondly, in the post-decidualized endometrium at day 5,

the percentage of collagen fibrils > 50 nm in diameter was

significantly different between genotypes (P = 0.001), being

44% in the Dcn) ⁄ ) (median = 50.0), and 20% in the Dcn+ ⁄ +

animals (median = 41.75). In addition, the thicker collagen

fibrils found in the Dcn) ⁄ ) mice were up to 110 nm in diam-

eter, whereas in the wild-type animals the maximum diame-

ter of the collagen fibrils was 80 nm (Fig. 4B,F). Thirdly, at

day 7, the collagen fibrils of decorin-null mice had an even

wider range of diameters, between 19 and 380 nm, com-

pared with collagen fibrils of the wild-type, which ranged

from 21 to 260 nm (Fig. 4C,G). In addition, in Dcn) ⁄ ), 50%

of the fibrils were 10–80 nm in diameter, whereas in the

wild-type animals only 39% of collagen fibrils were

10–80 nm in diameter. The percentage of collagen fibrils

over 50 nm in diameter was significantly different between

genotypes (P < 0.001), being 91.6% in the Dcn+ ⁄ +

(median = 100.0) and 84% in the Dcn) ⁄ ) animals (med-

ian = 80.0).

On day 7, in areas of nondecidualized stroma, fibril diame-

ter remained much smaller than in the decidualized areas in

both genotypes (Fig. 4D,H) and bundles of collagen fibrils

with very heterogeneous diameters were evident in Dcn) ⁄ )

animals (Fig. 3B). The percentage of collagen fibrils over

50 nm in diameter was significantly different between geno-

types (P = 0.001), being 3% in the Dcn+ ⁄ + (median = 40.0)

and 45% in the Dcn) ⁄ ) animals (median = 50.0) (Fig. 4D,H).

Interestingly, the collagen fibrils of this region were embed-

ded in a flocculent material with a moderate electron den-

sity. In both genotypes, thin filaments were seen to connect

the collagen fibrils to each other (Fig. 3B,D).

Immunolocalization of decorin

As expected, no immunoreactive decorin was detected in

the uterus of Dcn) ⁄ ) mice (Fig. 5A–B). In wild-type animals,

immunoreactivity for decorin was present in uterine tissues

(Fig. 5C–D). The deletion of the decorin gene did not dis-

turb the general organization of the decidua.

A

B

C

D

E

F

G

H

Fig. 4 Distribution of collagen fibril diameters

in the pregnant endometrium from Dcn) ⁄ )

and Dcn + ⁄ + animals. P < 0.001. DC, mature

decidua. NS, nondecidualized stroma.
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In wild-type animals on day 3, a weak reaction for deco-

rin was restricted to the deep stroma close to the myometri-

um (Fig. 5C). Decorin was also present in the connective

tissue of the myometrium and the mesometrium. On day 7,

an immunoreaction for decorin was detected surrounding

the implantation crypt (Fig. 5D). Only minimal immunoreac-

tivity for decorin was scattered in the mature decidua and

in the predecidual region (Fig. 5D). The myometrium and

the mesometrium were both immunopositive for decorin

(Fig. 5D). As a positive control we utilized parallel sections

of dorsal skin and found diffuse decorin immunoreactivity

throughout the dermis, and in the subcutaneous and per-

imysial connective tissue (not shown).

Immunolocalization of biglycan

In wild-type animals on day 3, biglycan was expressed exclu-

sively in the connective tissue between smooth muscle cells

of the myometrial external layer (Fig. 6A). In contrast, in

Dcn) ⁄ ) animals, it was detected in the endometrial stroma

and glandular epithelium, as well as in the external layer of

the myometrium (Fig. 6C). By day 7, immunostaining for

biglycan was predominantly detected in the mature decid-

ual region and in the nondecidualized stroma in both geno-

types (Fig. 6B,D).

Immunolocalization of lumican

On day 3, no expression of lumican was detected in the

endometrial stroma, except for a small area of the deep

stroma, in either genotype (Fig. 7A,D). In the Dcn) ⁄ ) ani-

mals, however, the reactivity for lumican was increased in

the deep stroma (Fig. 7A,D). By day 7, no lumican expres-

sion was detected in either decidualized or nondecidualized

stroma in wild-type animals (Fig. 7B,C). In contrast, in

Dcn) ⁄ ) animals there was an increase in lumican expression

in both the mature decidual region and the nondecidual-

ized endometrium (Fig. 7E,F).

B

A

D

C

Fig. 5 Immunoperoxidase for decorin: Dcn+ ⁄ + (A–B); Dcn) ⁄ ) (C–D) animals. (A) Day 3 of pregnancy showing a weak reaction in the entire

antimesometrial stroma (AMS). (B) On day 7 a discrete immunolabeling is present surrounding the implantation crypt (arrow) and minimal

immunolabeling in the mature decidua and in the predecidual region. The myometrium and the mesometrium are immunopositive for decorin.

(C,D) No immunoreactivity is observed in the uterine tissues of Dcn) ⁄ )animals, on day 3 and 7 of pregnancy. My, myometrium; UL, uterine lumen;

E, embryo; DC, mature deciduas; PD, predecidua; NS, nondecidualized stroma; M, mesometrium. Mayer’s hematoxylin.
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Discussion

It is well established that remodeling of endometrial ECM is

an important event during decidualization in mice, influ-

encing collagen production (Oliveira et al. 1991, 1998) and

fibrillogenesis (Alberto-Rincon et al. 1989; Carbone et al.

2006) as well as the biosynthesis of both glycosaminogly-

cans (Carson et al. 1987; Zorn et al. 1995) and proteoglycans

(Greca et al. 1998, 2000; San Martin et al. 2003a,b, 2004). In

this context, ECM is expected to play a significant role in

embryo implantation and development (Kadler, 2004;

Aplin, 2008). Collagen fibrillogenesis is a complex process

involving lateral and axial growth, lateral aggregation and

regulation of interfibrillar spaces (Linsenmayer et al. 1990;

Linsenmayer, 1991; Wight et al. 1991; Birk et al. 1995). Pro-

teoglycan deficiencies produce changes in collagen fibril

size, shape, and organization in several tissues. Mice lacking

decorin and other proteoglycans such as biglycan, lumican

and fibromodulin, all produce abnormal collagen fibrils,

characterized by uncontrolled lateral fibril assembly, which

in turn results in fibrils with enormous diameters and aber-

rant profiles (Danielson et al. 1997; Svensson et al. 1999;

Chakravarti et al. 2000, 2006).

During decidualization, proteoglycans as well as collagen

types I, III, and homotrimeric (a1) 3 type V are likely to be

involved in the initial steps of collagen fibrillogenesis (San

Martin & Zorn, 2003; Teodoro et al. 2003; Spiess et al. 2007)

and recent studies have demonstrated that the thick colla-

gen fibrils of mouse decidua are heterotypic, containing

collagen types I, III and V (Spiess et al. 2007). The present

study has shown that deletion of the decorin gene results

in significant alteration in collagen fibrillogenesis and fibril

morphology in both decidualized and nondecidualized

endometrium. The main observed consequences of the

A C

B D

Fig. 6 Immunoperoxidase for biglycan: Dcn+ ⁄ + (A–B); Dcn) ⁄ ) (C–D) animals. (A) On day 3 immunoreaction is present exclusively in the connective

tissue between smooth muscle cells of the myometrial external layer. (B) On day 7, immunoreaction predominates in the mature decidual region

and in the nondecidualized. (C) Note that in Dcn) ⁄ ) on day 3, besides being present in the external layer of the myometrium, the

immunoreactivity is also present in the endometrial stroma and glandular epithelium. (D) However, on day 7, the immunostaining for biglycan is

similar in both genotypes. UL, uterine lumen; E, embryo; DC, mature decidua; PD, predecidua; NS, nondecidualized stroma; My, myometrium; M,

mesometrium. Mayer’s hematoxylin.
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decorin disruption were: (i) greater heterogeneity of colla-

gen fibril diameters, (ii) increased thickness of fibrils and

(iii) a marked irregularity of fibril outlines. Increased thick-

ness of collagen fibrils is seen exclusively in the decidualized

region in which decorin is not present (Alberto-Rincon et al.

1989; San Martin & Zorn, 2003). The present data also show

A D

B E

C F

Fig. 7 Immunoperoxidase for lumican: Dcn+ ⁄ + (A–C); Dcn) ⁄ ) (D–F) animals. (A) On day 3, no immunoreactivity at endometrial stroma, except for

a small area in the deep stroma. (B) On day 7, absence of immunoreaction in both decidualized or nondecidualized stroma. (C) High magnification

showing absence of immunoreaction in the decidualized region. (D) In the Dcn) ⁄ ) animals, increasing immunoreactivity in the deep stroma on day

3. (E) On day 7 in Dcn) ⁄ ) animals, increasing immunoreactivity for lumican in both the mature decidual region and the nondecidualized

endometrium. (F) High magnification showing immunoreactivity in the decidualized region. UL, uterine lumen; E, embryo; DC, mature decidua;

PD, predecidua; NS, nondecidualized stroma; My, myometrium. Mayer’s hematoxylin.
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an increase in fibril thickness (though not to the very large

values seen in decidua) in the nondecidualized endome-

trium of Dcn) ⁄ ) animals, substantially confirming the role

of decorin in collagen fibrillogenesis in the mouse endome-

trium. Increased thickness of collagen fibrils has also been

observed in the skin and tail tendon from decorin-deficient

animals (Danielson et al. 1997).

Accumulation of thin collagen fibrils and an increase in

collagen fibril diameter may imply an overall increase in the

deposition of collagen, and such an increase in content has,

in fact, been demonstrated in the pregnant mouse endo-

metrium (Oliveira et al. 1991; Teodoro et al. 2003). Further

study is required to assess whether similar collagen increases

occur in the decorin null endometrium.

Previous ultrastructural analysis of serial sections suggests

that the increase in diameter and the irregular profile of

the decidual collagen fibrils result from lateral aggregation

of thin fibrils (Carbone et al. 2006). In addition, it has been

shown that decorin is absent at the stage when this lateral

aggregation is occurring in early decidua, suggesting that

this absence may be responsible for the exceptional fibril

thickening observed during mouse decidualization (San

Martin & Zorn, 2003). The effects in endometrium of delet-

ing the decorin gene are complex: besides promoting an

impressive thickening of collagen fibrils, a higher percent-

age of thin fibrils is seen, perhaps suggesting a general

deregulation, and perhaps also some reduction in the rate

of lateral aggregation of thin collagen fibrils into thick

ones.

Recent studies have demonstrated that in a variety of tis-

sues, different SRLPs show regulatory roles in collagen fibril-

logenesis and control of lateral fibril growth (Reed & Iozzo,

2002, Zhang et al. 2006, 2009; Rühland et al. 2007), as well

as biomechanical properties of collagenous matrices (Robin-

son et al. 2005; Ferdous et al. 2008). The class I SLRP bigly-

can has been demonstrated to compensate in vivo and in

vitro for loss of decorin, regulating and modulating colla-

gen fibril assembly during the development of the cornea,

and tendon in decorin-deficient mice (Zhang et al. 2006,

2009). Specifically, at early developmental stages biglycan is

upregulated and in in vitro collagen fibrillogenesis assays

are capable of functionally compensating for decorin, albeit

at higher concentrations (Zhang et al. 2009). Notably, our

analysis of biglycan expression has demonstrated its

increased expression in the nondecidualized endometrium,

coinciding with structural changes in collagen fibrils, such

as increase of diameter and the appearance of irregular

profiles. However, the expression of biglycan in the decidu-

alized endometrium was similar in both genotypes. In addi-

tion, in Dcn) ⁄ ) animals the expression of lumican was

increased in decidualized stroma on day 7, coinciding with

the increase of percentage of thin fibrils that reached

almost double that in wild-type animals. Thus possible com-

pensation for the absence of decorin may involve these two

other SLRPs acting at different stages of tissue differentia-

tion. In fact, there is evidence that lumican regulates colla-

gen fibrils diameter and prevents lateral fibril growth in the

adult cornea (Chakravarti et al. 2000, 2006). Despite this, it

is not possible from our results to establish a hierarchy for

the role of the studied molecules in the control of collagen

fibrillogenesis in the endometrial stroma.

Thus, there are tissue-specific changes in regulating the

coordinated expression of these two class I SLRPs, presum-

ably mediated by tissue-specific transcription factors signal-

ing pathways and or ovarian hormones (Salgado et al.

2008). Further studies with immunoelectron microscopy are

necessary to investigate a possible interaction between

biglycan, lumican, and collagen fibrils in endometrium of

decorin-null mice. The use of biglycan (Bgn) ⁄ 0) knockout

(Xu et al. 1998), lumican knockout (Lum) ⁄ )) or Bgn) ⁄ 0, and

Dcn) ⁄ ) double knockout animals (Corsi et al. 2002) may add

more information to our understanding of the complex

steps of collagen fibrillogenesis during decidualization.
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