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ABSTRACT

Dorsoventral fibers in the presumptive dermis of the chick limb bud
reported first by Hurle’s group in 1989 are now revealed as bundles of
fibrillin microfibrils (Isckawa et al., 2004). The bundles, which could be
called oxytalan fibers at the light microscopic level, are aligned perpendicu-
larly to the overlying ectoderm and form a unique fiber array, originating
directly from the basal lamina. This well-oriented organization is beneficial
in examining the process of in vivo bundling of microfibrils into oxytalan
fibers. In this study, sections through the presumptive limb dermis were
preferentially prepared from chick embryos at Days 4-6 (ED4-6). Immuno-
histochemically, fibrillin-positive dots representing cross-sectioned surfaces
of individual fibers, increased in size from ED4 to 6, but their number per
unit area remained constant. Ultrastructurally, a single oxytalan fiber at
ED4 consisted of ~15 microfibrils; the latter number increased fourfold
from ED4 to 5 and threefold from ED5 to 6. Oxytalan fibers were all closely
associated with mesenchymal cell; notably, the fibers at ED5 and 6 were
held in a shallow ditch on the cell body or by lamellipodial cytoplasmic pro-
trusion. In the sites of cell-fiber adhesion, microfibrils in the periphery of
an oxytalan fiber appeared to adhere directly or by means of short floccu-
lent strands to a nearby cell membrane; the latter showed a thickening of
plasmalemma and its undercoat, indicating the presence of adhesive mem-
brane specification. These findings suggest that the bundling of microfi-
brils is a progressive and closely cell-associated process. Anat Rec, 296:71—
78,2013. ©2012 Wiley Periodicals, Inc.
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Extracellular architectural molecules such as collagen,
fibronectin and fibrillin give rise to large assemblies,
which are organized into tissue-specific macrostructures,
and therefore they inevitably interact with their own
molecules, the other matrices, and cell surface receptors
such as integrins and syndecans. As for collagen assem-
bly, purified collagens could self-assemble into fibrils in
the absence of cells, but the way in which in vivo colla-
gens become organized into fibrillar matrices has been
suggested to be under cellular control (Yamada et al.,
2003). Indeed, in vivo assembly of collagen molecules is
a multistep process (Trelstad, 1982) and fibroblasts exert
controls over the steps from the molecules to fibrils,
fibrils to fibers (fibril bundles), and fibers to tissue-spe-
cific 3D architecture. Birk and Trelstad (1984, 1986)
demonstrated the presence of fibril channels and bundle-
forming compartments ultrastructurally; that is, fibril
polymerization occurs within narrow channels in the
fibroblast surface, and fibril bundle formation occurs
within a more peripheral extracytoplasmic compartment
defined by a single or adjacent fibroblasts.

In fibronectin assembly, hierarchical steps for fibril,
bundle and macroaggregate formation are not well
demarcated, but cell involvement, or an integrin-depend-
ent process on the cell surface, is known to be essential
for conformational changes of extracellular fibronectin
undergoing multimeric fibril formation (Schwarzbauer
and Sechler, 1999; Mao and Schwarzbauer, 2005). Inter-
estingly, pericellular fibronectin acts as a suitable
template for fibrillin assembly. Kinsey et al. (2008)
reported that «5B1-integrin-mediated fibronectin fibrillo-
genesis regulates fibrillin assembly into microfibrils in
the pericellular milieu. Tsuruga et al. (2009) showed by
antagonistic inhibition that integrin avp3 is involved in
control over the fibrillin-1 deposition at the cellular
level. In addition, Massam-Wu et al. (2010) reported
that not only integrins but syndecan affect pericellular
assembly of fibrillin and related molecules, and thus
regulate TGFp bioavailability. These studies indicate the
significance of cellular activity in the primary step for
both fibronectin and fibrillin assemblies. Meanwhile, in
oxytalan fiber formation, the primary step for molecule
to fiber need to be followed by a discrete next step, in
which fibrillin microfibrils with a distinct diameter are
organized into fibril bundles (or oxytalan fibers), but
unlike being shown in bundle formation of collagen
fibrils, in vive progression of microfibril to the bundle
has, so far, not been examined in detail.

To explore this issue, the present study was under-
taken to investigate the development of oxytalan fibers
in the chick presumptive dermis at the ultrastructural
level. Bundle formation of fibrillin microfibrils could
take place in elastic and nonelastic tissues. Adult dermis
is an elastic-type tissue, but our previous studies showed
that elastin deposition on microfibril bundles occurs only
at later than embryonic Day 13 in the presumptive der-
mis of leg bud autopod (Yamazaki et al., 2007a). In
addition, those microfibril bundles, or oxytalan fibers,
are arranged in a unique spaced parallel array originat-
ing perpendicularly from the dermoepidermal junction
(Isokawa et al., 2004). A distinct parallel orientation of
the developing bundles without elastin deposition is
greatly beneficial to the examination in this study. Using
this embryonic chick autopod model, we demonstrate in
vivo oxytalan fiber formation taken place through the

increase of constitutive microfibrils in number under the
close association of mesenchymal cell surface with some
membrane specification.

MATERIALS AND METHODS
Preparation of Specimens

Fertilized eggs of White Leghorn (Gallus gallus)
obtained from a local hatchery (Oohata Shaver, Shi-
zuoka) were incubated at 39°C in a humidified incubator
(MTI-201A; EYELA). Embryos at stages 24, 27, and 29
were selected according to the morphological criteria by
Hamburger and Hamilton (1951) and denoted in embry-
onic days (ED), that is, ED4, 5, and 6, respectively.
Embryos (n = 18 each for ED4-6) for histological and
ultrastructural observations were fixed in 2.5% glutaral-
dehyde (GA) in phosphate-buffered saline (pH 7.35;
PBS) for 2 hr at 4°C, and those (n = 30, 40, 20 for ED4-
6) for immunohistochemical staining were fixed in 4%
paraformaldehyde (PFA) in PBS for 2 hr at 4°C. Hind
limb buds excised from aldehyde-fixed embryos were
used as specimen. All the procedures were carried out in
accordance with a guideline by the Animal Experimenta-
tion Committee of Nihon University School of Dentistry,
which is in compliance with the Nation Act on Welfare
and Management of Animals.

Histological Observation

Limb bud specimens fixed in GA were postfixed in 1%
0s04 in 0.1 M phosphate buffer (pH 7.3) for 2 hr at room
temperature, dehydrated in graded ethanols and propyl-
ene oxide, and embedded in Spurr’s resin (1969), from
which 0.8-um-thick sections of the presumptive dermis
were prepared tangentially to its ectodermal covering.
Approximately 60% of specimens were sectioned tangen-
tially and the rest longitudinally along the proximodistal
axis of the limb bud. The sections were stained with 1% to-
luidine blue containing 1% sodium borate and examined
under a microscope (Vanox, AH-2; Olympus) equipped
with a digital camera (DP11; Olympus).

Immunohistochemistry

Limb bud specimens fixed in PFA were processed for
immunohistochemistry as reported previously (Isckawa
et al., 1994). Briefly, they were immersed in a graded
series of sucrose (10%, 15%, and 20%) in PBS for cryopro-
tection, embedded in Tissue-Tek OCT compound (Miles),
and frozen in liquid nitrogen-cooled 2-methyl butane.
Approximately 90% of specimens were cryosectioned
tangentially to the covering ectoderm and the rest longitu-
dinally along the proximodistal axis of the limb bud. The
cryosections, 7 pm in thickness, were equilibrated in PBS
for 10 min and treated with 1% bovine serum albumin
(BSA) in PBS for 1 hr. Subsequently, the sections were
reacted with primary antibodies for 1 hr at room tempera-
ture, rinsed in PBS, and then incubated in a 1:100 dilution
of fluorescein-isothiocyanate (FITC)-conjugated secondary
antibody (ICN Pharmaceuticals, CA) in 1% BSA-PBS for 1
hr at room temperature. The sections were rinsed in PBS,
and mounted with SlowFade™ (Light Antifade Kit; Mo-
lecular Probes). Controls included the omission of primary
antibodies or the use of nonimmune IgG for the primary
antibody incubation. Observations were carried out with
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Fig. 1. Tangentially prepared, histological sections through the limb bud presumptive dermis (pdm) at
ED4 (A), ED 5 (B), and EDE6 (C). Plastic embedded leg bud tissue was sectioned and stained with toluidine
blue. Arrowheads indicate a boundary basement membrane between *pdm” and the ectodermal cell layer
(ect). All panels are presented in the same magnification and a scale bar in A is 30 um.

Fig. 2. Aldehyde-fixed frozen sections immunostained with anti-
fibrillin-2. Presumptive dermis (pdm) and the overlaying ectodermal
cell layer are shown at ED4 (A, D), ED5 (B, E) and ED6 (C, F) in the
limb bud sections along a proximodistal axis (A-C; a scale bar in A is

an epifluorescence microscope (Eclipse E600; Nikon)
equipped with a CCD camera (Pro 600ES; Pixera).

All of primary antibodies used in this study were
directed to avian antigens. Undiluted conditioned medium
collected from culture of FB1 hybridoma (Isokawa et al.,

30 pm) and in tangential sections through *pdm* (D-F; a bar in D is 30
um). Arrowheads indicate the basement membrane beneath an ecto-
dermal cell layer.

2004) was used for fibrillin staining. Monoclonal antibod-
ies (1:100 dilution in use) to integrin B1 (CSAT; Neff et al.,
1982), a5 (A21F7; Muschler and Horwitz, 1991), and «6
(P2C62C4; Bronner-Fraser et al., 1992) were obtained
from the Developmental Studies Hybridoma Bank
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(University of lowa, lowa City, IA). Monoclonal antibody
to avp3 (LM609; Cheresh and Spiro, 1987) and polyclonal
antibody to fibronectin (AB1946; Yamada, 1983) were pur-
chased from Chemicon International.

Electron Microscopy

Ultrathin sections, 75 nm in thickness, were prepared
from resin embedded specimens, identical to those served
for histological observations in toluidine blue-stained sec-
tions. The sections were contrasted with uranyl acetate
and lead (Hanaichi et al, 1986), and examined in a
Hitachi H-800 transmission electron microscope at an
accelerating voltage of 75 kV. Some (n = 5 each for ED4-6)
of the osmicated leg bud specimens were fractured with a
razor blade, dehydrated in graded ethanols and critical-
point-dried with isoamyl acetate and CO, as the transi-
tional and exchange fluids, respectively (HCP-2; Hitachi).
The dried specimens were coated in an osmium coater
(HPC-18; Vacuum Device, Ibaraki, Japan) for 20 sec and
observed with a Hitachi S-4300 field emission-type scan-
ning electron microscope (SEM) operated at 15 kV.

Histomorphometry

At the light microscopic level, immunofluorescence
micrographs from tangential sections stained for fibrillin
were used for histomorphometry. Three micrographs
derived from different embryos were randomly selected
at each of ED4-6. In each of selected micrographs, the
number of stained fibers and the cross-section area of
individual fiber were measured in unoverlapped three
areas (50 x 50 pum? each), using an image software
(ImagedJ, ver. 1.44f; U.S. National Institutes of Health).

At the electron microscopic level, electron micrographs
(45,000 x; taken at 18,000x and printed at 2.5x) were
used. Orthogonally sectioned oxytalan fibers (i.e., micro-
fibril bundles) with a clearer resolution were randomly
selected (n = 8 each at ED4 and 5, n = 4 at ED6). The
number of microfibrils in each oxytalan fiber was
counted manually with a magnifying glass.

Values are presented as mean * standard errors and
statistically analyzed by Student’s ¢ test with Holm’s
adjustment utilizing R (ver.2.10.0; R Foundation for Sta-
tistical Computing, Austria).

RESULTS

Tangential sections through the presumptive dermis of
chick limb bud at ED4-6 showed a mesodermal tissue
densely populated by mesenchymal cells (Fig. 1). In these
sections, individual extracellular fibers could be hardly
observed and most of the stained materials in the intercel-
lular space were cytoplasmic processes when examined at
the ultrastructural level (as described below). However, a
well-oriented organization of oxytalan fibers in the pre-
sumptive dermis was successfully demonstrated by fibrillin
immunohistochemistry (Fig. 2). Immunohistochemical
preparations along the proximodistal axis of a limb bud
showed that fibrillin-positive fibers originating perpendicu-
larly from the basement membrane were extended into the
presumptive dermis (Fig. 2A-C); the fibers at ED4 were
shorter and those at ED5-6 longer. These fibers were
observed as numerous fibrillin-positive dots in tangential
sections (Fig. 2D-F). Dots represent the cross-sectioned
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Fig. 3. The number of fibrillin-positive fibers in 50-um? areas (A)
and cross-section area of fibers (B) in the presumptive dermis at ED4,
5, and 6. Results are expressed as mean * standard errors (n = 9);
*P < 0.01.

surface of individual fibers and it was quantitatively
confirmed that dots at ED6 were larger in size than those
at ED4 or 5, while the number of dots, or fibers, in a unit
area remained relatively constant during ED4-6 (Fig. 3).
Ultrastructurally, each of the oxytalan fibers was
shown as a collection of an increasing number of
tubular-appearing microfibrils (Fig. 4). The number of
microfibrils per fiber increased approximately fourfold
from ED4 to 5 and threefold from ED5 to 6 (Fig. 5); pre-
cisely, the number was 14.8 = 1.2 (mean = SE; n = 8) at
ED4, 69.8 = 12.9 (n = 8) at ED5 and 202.5 + 42.1 (n =
4) at ED6. An average diameter of individual microfi-
brils remained constant, being 14.1 = 0.9 nm (n = 70).
In the stages examined (ED4-6), oxytalan fibers were
observed in the close vicinity of mesenchymal cells (Fig.
4E). Thin fibers at ED4-5 sit mostly on a plain cell sur-
face, frequently being cradled between such surfaces of
two different cells (Fig. 4A,C). Thicker fibers at ED5-6
tended to be held in a shallow ditch on the cell surface
or in a deeper furrow generated by lamellipodial protru-
sion (Figs. 4D, F-H, and 6). At the sites close to
oxytalan fibers, plasmalemma and its undercoat showed
a thickening with increased electron density. In addition,
microfibrils in the periphery of oxytalan fibers appeared
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Fig. 4. Cross-sectioned images of oxytalan fibers observed in ultra-
thin sections prepared tangentially through the presumptive dermis at
ED4 (A), ED5 (B-E), and ED6 (F-H). Panels except for B and E are all
presented in the same magnification and’ scale bars are 0.3 um. At
high magnification (B; bar = 0.03 pm), tubular appearance of microfi-
brils is shown. A low magnification image (E; bar = 3 um) demon-

to adhere directly or by means of short flocculent
strands to a nearby cell membrane. These observations
in the cross sectioned images of oxytalan fibers were
confirmed by examining longitudinally sectioned fibers
(Fig. 7). Namely, microfibrils adhering to the cell mem-
brane showed an apparent outward bowing at the sites
of cell-fibril adhesion, and, on the other hand, a corre-
sponding cell surface bulged out slightly toward the
bowing of microfibrils in the periphery of oxytalan fibers.
In these sites, microfibrils were attached closely to the

strates that oxytalan fibers (encircled) are preferentially situated in the
close vicinity of cells. Arrowheads in A, C, and G indicate a membrane
thickening with higher electron density at the cell surface facing oxyta-
lan fibers. Arrows in F and G indicate flocculent strands connecting an
oxytalan fiber and a nearby cell membrane. Asterisks in D, F and G
indicate cytoplasmic processes of mesenchymal cells.

bulged cell surface or tied by means of flocculent strands
to a nearby cell membrane.

Immunohistochemical staining at the light micro-
scopic level showed that 1, o5, and «vp3 integrins were
positive in mesenchymal cells in the presumptive dermis
at ED5, while no specific staining was observed for o6
integrin and in the control in which primary antibodies
were omitted (Fig. 8). Positive staining for fibronectin
appeared extracellularly, and it delineated crowded cells
in the presumptive dermis (Fig. 8E).
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Fig. 5. Number of microfibrils in single oxytalan fibers in the pre-
sumptive dermis at ED4, 5, and 6. Results are expressed as mean =
standard errors (n = 8 at ED4 and 5, n = 4 at ED6); *P < 0.01.

Fig. 6. Scanning electron micrograph of an oxytalan fiber in the
presumptive dermis at ED6. A fiber indicated by arrowheads is held in
a relatively deep ditch generated by lamellipodial protrusion (arrows)
of a mesenchymal cell (mc) with a thick cytoplasmic process (aster-
isk). A scale bar represents 3 um.

DISCUSSION

We showed histomorphometrically that the thickness
of oxytalan fibers in the presumptive dermis increased as
their formation proceeded from ED4 to 6 in the chick
autopod model. The increase of thickness appeared to be
attained by incorporating newly formed microfibrils into
preexisting bundles of fewer microfibrils, because the
number of microfibrils per one bundle increased signifi-
cantly at the ultrastructural level (Fig. 5), while the

Fig. 7. Longitudinally sectioned image of an oxytalan fibers in the
presumptive dermis at ED6. Outward bowing (arrowheads) of microfi-
brils is shown in the periphery of an oxytalan fiber (Ox). Those microfi-
brils are associated closely to the bulged cell surface or tied by means
of flocculent strands (arrows) to a nearby cell membrane. Asterisks
indicate the bulge region of cell surface with higher electron density in
its plasmalemma and undercoat. A scale bar represents 0.3 um.

number of bundles (oxytalan fibers) remained almost con-
stant (Figs. 2D-F and 3A). Cell to fiber ratio at ED6
would be ~2:1, when estimated by the present data (18.7
fibers in 50-um? area; Fig. 3A) and our previous data
(23.3 cells in 40-um? area; Yamazaki et al., 2012). The
possibility that a thicker fiber is formed by combining
more than two thinner fibers together cannot be excluded
completely and we indeed observed such cases in oxytalan
fiber formation in the ED10-chick gizzard (unpublished
data). However, in the early stages of the limb autopod
development focused on in this study, we could not find
any such ultrastructural images indicating the merging
of thinner fibers. It is therefore considered that de novo
assembly of microfibrils was active in the periphery of
and/or deep within the preexisting bundles in the early
stages, or KD4-6. This explanation is consistent with our
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Fig. 8. Aldehyde-fixed frozen sections of ED5-presumptive dermis
immunostained for integrins and fibronectin. Immunoreactivities for
integrin B1 by CSAT (A), «5 by A21F7 (B), «6 by P2C62C4 (C) and
avp3 by LM609 (D) and for fibronectin by AB1946 (E) are shown. No

previous finding that mesenchymal cells prepared from
limb bud mesoderm at early stages of development are
the potent producer of fibrillin and form a microfibrillar
network in vitro (Yamazaki et al., 2007h).

In this study, we also showed an ultrastructurally
discernible adhesion between a developing bundle of
microfibrils and mesenchymal cell surface. “Outward
bowing” of peripheral microfibrils and a corresponding
“bulging” of cell surface (Fig. 7) may actually be artifacts
due to shrinkage in tissue preparation for electron
microscopy. Even in that case, these instead indicate a
relatively stable adherence of cells to peripheral microfi-
brils of oxytalan fibers. This interpretation is endorsed by
the observed characteristic membrane specification (i.e.,
membrane thickening and its undercoat with increased
electron density) at sites of cell-fiber adhesion. In this
context, occasional flocculent strands between oxytalan
fibers and a nearby cell membrane might be also artifac-
tual structure caused by peeling-off force in tissue
shrinkage, but these strands again suggest the presence
of protein complex such as integrins (Bax et al., 2003;
Jovanovic et al., 2008; Tsuruga et al., 2009), fibronectin
(Mao and Schwarzbauer, 2005; Massam-Wu et al., 2010),
fibrillins (Ramirez and Sakai, 2010; Sengle et al., 2012)
and associated extracellular molecules (Hirai et al., 2007;
Segade, 2009; Todorovic and Rifkin, 2012) at the sites of
cell-fiber adhesion. Although we have been so far unable
to determine convincingly their immunohistochemical
identity at the ultrastructural level, our immunohisto-
chemical survey at the light microscopic level suggested
that pl, o5 and avp3 integrins and fibronectin are good
candidates for the molecules constituting a cell to fiber-
connecting structure observed in this study.

Cell-fiber adhesion observed in this study might repre-
sent the sites for de novo assembly of microfibrils, as
alluded by previous in vitro studies (Kinsey et al., 2008;
Massam-Wu et al., 2010). If this is the case, the increase
in the thickness of (and in the number of microfibrils in)
oxytalan fibers occurs in the surface of the fibers. How-
ever, new microfibrils could also be assembled from
fibrillins diffused into deep within preexisting bundles of
microfibrils, because it is known that elastin molecules
are successfully deposited in the core of microfibril bundle
served to elaunin and elastic fiber formation (Ross, 1973;
Isokawa et al., 1990). Therefore, microfibril assembly in

specific staining is observed in C and in the control (F), in the latter
primary antibodies are omitted. All panels are presented in the same
magnification and a scale bar in A is 30 pm.

these two sites (the surface and deep within the bundles)
is not mutually exclusive and, if cells and their protru-
sions try to render extracytoplasmic compartments for
partitioning smaller extracellular milieu, both types of
microfibril assembly is likely to be facilitated.

In collagen fiber formation in the chick cornea, tendon
and dermis (Birk and Trelstad, 1984, 1986; Ploetz et al.,
1991), there are known distinct cellular devices such as
a narrow fibril-forming channel and a wider bundle-
forming extracytoplasmic compartment, which are shap-
ened by the changes of cell surface morphology and cell
processes. In this present study focused on microfibril
bundle, we described shallow “ditches” and deeper “fur-
rows.” We must say that they appeared crude and
apparently less efficient in partitioning small extracellu-
lar milieu than the reported counterparts for collagen
fibers. Ploetz et al. (1991) reported their observations in
dorsolateral trunk dermal tissue at ED15 and we
showed those in limb bud autopod dermal tissue at ED4-
6. However, the crudeness of “ditches” and “furrows” in
our observations was not simply due to the developmen-
tal stages but a much more likely to arise from the
differences of fibril species (i.e., collagen fibrils vs. fibril-
lin microfibrils) in which cells and their devices are
involved. Microfibril bundles are the primary (and preco-
cious) fibrous system in the presumptive dermis of chick
limb bud before the development of robust collagen
fibers in dermis (Isokawa et al., 2004; Yamazaki et al.,
2007a). It may be therefore feasible to interpret that
morphologically crude “ditches” and “furrows” were in a
primitive form devised for bundling fibrillin microfibrils
into oxytalan fibers in chick presumptive dermis. From
this point of view, our findings can be concluded in that
the bundling of fibrillin microfibrils into oxytalan fibers
is a progressive and closely cell-associated process.
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