Actin and Type I Collagen Propeptide Distribution in

the Developing Chick Cornea
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Purproste. To determine the organization of actin filaments and
distribution of type I procollagen during the development of
the chick corneal stroma.

MEerHODS. Embryonic chicken corneas of ages 6 to 18 days and
18 days posthatch were cryosectioned and fluorescently la-
beled for filamentous actin with phalloidin and for the N-and
C-terminal propeptides of type I procollagen with specific
monoclonal antibodies. Tissue sections were examined by flu-
orescence and confocal microscopy.

Resurts. Prominent actin filament bundles were present at all
embryonic stages, arranged in orthogonal arrays. Type I colla-
gen propeptides were also present, with the C-propeptide
visible as small foci, often associated with the actin label. The
N-propeptide was also detected in the stromal matrix, espe-
cially in Bowman’s layer. Actin filaments were also prominent
in the corneal epithelium, along with collagen propeptide
labeling, up to embryonic day14.

Concrusions. Actin filament bundles are abundant in the
stroma, presumably in the keratocytes of the developing chick
cornea, and are arranged in an orthogonal manner suggesting a
possible role in cell and matrix organization in this tissue.
Filament bundles appear to be closely associated with the foci
of type I procollagen label, suggesting a possible association
between the actin cytoskeleton and the trafficking of collagen.
The presence of the N-propeptide of type I collagen in the
extracellular matrix and the restricted distribution of the C-
propeptide suggest differential processing of these molecules
after secretion. The persistence of the N-propeptide implies a
role in development, possibly in association with control of
collagen fibril diameter and spacing. (Invest Ophthalmol Vis
Sci. 2009;50:1653-1658) DOI:10.1167/i0vs.08-2554

he cornea is an extraordinary structure, with its properties

of transparency and precise shape enabling it to perform
its crucial function as the principal refractive component of the
eye. It is a predominantly collagenous tissue, with most of the
tissue thickness composed of the stroma, which consists of a
large number of collagenous lamellae and collagen-synthesiz-
ing fibroblasts. Morphogenesis of the chick cornea is well
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characterized and consists of a sequence of developmental
events resulting in the formation of a fully functional transpar-
ent tissue.'”® Briefly, at embryonic day (E) 4, the corneal
epithelium derived from the ectoderm deposits a loose matrix
of collagen fibrils that form the primary stroma. This primary
stroma is believed to act as a template for deposition of the
mature, secondary stroma. By E5 of development, mesenchy-
mally derived cells from the neural crest migrate posterior to
the primary stroma to form the corneal endothelium. By EG6,
the primary stroma is invaded by the presumptive corneal
fibroblasts, which synthesize and deposit components of the
mature, secondary stroma. By E14 the stromal fibroblasts reach
adult numbers, and between E14 and E18 ultrastructural
changes occur in matrix architecture that contribute to trans-
parency.>”® Transparency and biomechanical stability are de-
pendent on the precise organization of collagen fibrils within
the corneal stroma. Fibrils are oriented parallel to each other
within a lamella but at large angles to each other in adjacent
lamellae, resulting in a stacked, lamellar arrangement of colla-
gen fibrils. Therefore, the process by which corneal fibroblasts
deposit collagen fibrils, which are regularly spaced and of thin
diameter,”~'" is crucial to the acquisition of transparency and
tissue strength, as is the orientation of the cells. The study that
has been paramount in understanding the mechanism involved
in collagen fibril deposition is that of Birk and Trelstad.” Briefly,
collagen fibrillogenesis was proposed to initially occur within
small surface recesses on corneal fibroblasts aligned along the
cell axis, which proceed to fuse laterally to form collagen
bundles and then lamellae. Cells use this structural arrange-
ment to deposit oriented collagen fibrils and to contribute with
others to the formation of oriented lamellae.

In connective tissues, cell orientation and cell-cell interac-
tions play key roles in generating and maintaining matrix ar-
chitecture. The corneal stroma shares some structural charac-
teristics with the annulus fibrosus of the intervertebral disc in
this regard. The annulus fibrosus has a lamellar organization of
oriented collagen fibers,'>'® with fibrils within a lamella
aligned parallel to each other and fibrils in consecutive lamellae
aligned at angles to those of adjacent lamellae. The cell orien-
tation process is driven by components of the cytoskeleton,
namely actin stress fibers, and by cell-cell interactions through
adherens junctions (vinculin and N-cadherin) and gap junc-
tions (connexin 43).'* In the annulus fibrosus, stress fibers run
parallel to each other in cells within a cell sheet, ensuring that
all cells have the same orientation in a cell layer. In the devel-
oping chick corneal stroma, mechanisms governing early ma-
trix orientation are unclear. It has been thought, however, that
keratocyte precursors migrate to the highly organized primary
corneal stroma and become oriented to it'> !¢ and then deposit
the oriented secondary stroma. Cell movement and shape are
controlled by the cytoskeleton. It is clear that actin plays a role
in determining the orientation of cells in the intervertebral
disc'?; thus, it is important to determine the role of actin in
keratocyte behavior in the corneal stroma.

It is well documented that actin stress fibers containing
a-smooth muscle actin occur in myofibroblasts in wounded
corneas and in corneal keratocytes cultured in vitro.'”'® How-
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ever, quiescent corneal keratocytes in vivo do not express
stress fibers but, rather, show a cortical distribution of actin
associated with the cell membrane.'® Corneal epithelial cells
also express prominent actin filament bundles.'®?® A recent
study using multiphoton microscopy showed that phalloidin-
stained keratocytes in developing chick corneal stroma were in
alignment and rotated with second harmonic signals generated
by collagen.?' Recent studies on tendon development have
shown the presence of a small structure, the fibripositor, at the
surface of the tendon fibroblast associated with deposition of
the earliest oriented collagen fibrils.?>* The formation and ac-
tions of these structures are proposed to be actin depen-
dent-23,24

Fibrillar collagen is synthesized intracellularly as procolla-
gen, with N- and C- terminal globular procollagen domains that
are cleaved on secretion. Corneal epithelial cells have been
reported to synthesize procollagen at early stages of develop-
ment (approximately E5-E12), in association with the forma-
tion of the primary stroma, whereas keratocytes partake in
synthesis over the entire corneal embryonic period.'®**

In this article we describe the distribution of actin filaments
stained with phalloidin, and type I procollagen labeled with
antibodies to the N- and C-propeptides, in the developing chick
cornea. We show the presence of actin filament bundles in
corneal epithelium and stromal keratocytes, with a highly or-
dered orthogonal array of filament bundles in the developing
stroma. We further show the presence of type I collagen
C-propeptide in small foci, possibly secretory vesicles, in asso-
ciation with actin filament bundles in keratocytes at all embry-
onic stages and in epithelial cells until E12. Taken together, the
findings suggest a role for actin in organized matrix secretion in
primary and secondary stroma. Finally, we show the persis-
tence of the N-terminal propeptide in the extracellular matrix,
suggesting possible roles related to matrix assembly.

MATERIALS AND METHODS

Fertilized White Leghorn chicken eggs (Henry Stewart, Lincolnshire,
UK) were incubated at 38°C in a humidified chamber until E6, ES, E10,
E12, E14, E16, and E18. In addition, corneas were obtained from 18-day
posthatch chickens. All animals were killed in accordance with the
ARVO Statement for Use of Animals for Ophthalmic and Vision Re-
search. Chick embryonic corneas (E10-E18; day 18) or whole chick
embryonic eyes (E6 and E8) were frozen unfixed on dry ice in OCT
embedding medium (Tissue-Tek; Sakura Finetek Europe, Leiden, The
Netherlands), and 10- or 20-um cryosections were cut in transverse or
tangential planes. For labeling procedures, cryosections were rehy-
drated in PBST (0.05 M phosphate-buffered saline, pH 7.3, containing
0.1% Tween-20; also used as labeling reagent diluent) and were
blocked with 5% normal goat serum. For the detection of filamentous
actin, cryosections were directly labeled with Alexa Fluor 488-conju-
gated phalloidin (0.1 5 uM; Invitrogen-Molecular Probes, Carlsbad, CA)
for 45 minutes at room temperature, washed twice in PBST, and
mounted in mountant containing DAPI as a nuclear counterstain
(Vectashield; Vector Laboratories, Burlingame, CA). Immunohisto-
chemical labeling was performed by indirect immunofluorescence
with primary antibodies to type I procollagen; for controls, primary
antibodies were omitted or substituted with nonimmune mouse im-
munoglobulins (10 pwg/mL; Dako, Carpinteria, CA). Sections were in-
cubated for 1 hour with monoclonal antibodies M-38 (10 ug/mL;
recognizing C terminus type 1 procollagen®®) or SP1.D8 (10 ug/mlL;
recognizing N-terminus type I procollagen®”), obtained from the De-
velopmental Studies Hybridoma Bank (developed under the auspices
of the National Institute of Child Health and Human Development and
maintained by the Department of Biological Sciences at the University
of Iowa, Iowa City, IA). Sections were washed in PBST and detected by
incubation with Alexa Fluor 594 F(ab"), fragments of goat anti-mouse
IgG (5 pg/mL; Invitrogen-Molecular Probes) for 1 hour. After further
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washing, they were mounted as described. For dual labeling, sections
were incubated sequentially with Alexa Fluor 488-phalloidin, antibod-
ies to procollagen, and the AlexaFluor 594 goat anti-mouse IgG sec-
ondary antibody at a concentration of 5 ug/mL. Results were analyzed
under a microscope (BX61; Olympus, Tokyo, Japan) and an F-view
digital camera or under a confocal microscope (SP2 AOBS; Leica,
Wetzlar, Germany). Control sections showed no autofluorescence or
nonspecific label of any kind in wide-field or confocal microscopy.

RESULTS

Actin Filaments in the Developing Chick Cornea

Actin was detected with phalloidin at each stage investigated
(EG-E18, 18 days posthatch; Fig. 1). At E6 (Figs. 1a, 1b), actin
label was prominent in the corneal epithelium, lens, and
stroma. Stromal label was in the form of filament bundles, with
an indication of orthogonal organization through the tissue.
Filament bundles were clearly visible in the plane of the sec-
tion, with others running at right angles to them that were
visible as spots of bright label, where they were transversely
sectioned. At E8 and E10, the stromal fibroblasts had developed
more extensive and prominent actin filament bundles (Figs. 1c,
1d); corneal epithelial cells continued to label strongly for actin
(Fig. 2). This pattern of stromal and epithelial labeling persisted
through E12 to E18 (Figs. le, 1f). Confocal microscopy of
tangential sections demonstrated the orthogonal nature of ac-
tin fiber organization. In the example shown (Fig. 1g, E16) an
extensive three-dimensional orthogonal actin array is clearly
visible, with actin filament bundles running in X and Y planes
relative to the picture plane (streaks) and in the Z-plane (con-
focal section series; dots). Rotating three-dimensional models
reveal the dots to be Z-plane filament bundles (Fig. 1h; see also
animation movies in the Supplementary Data, http://Www.iovs.
org/cgi/content/full/50/4/1653/DC1). At E18, actin filament
bundles were still present though there was also a more gen-
eralized staining of the cells (Fig. 1i). Actin label was also
present in a day 18 posthatch cornea, though filament bundles
were less obvious (Fig. 1j).

Type I Procollagen Distribution and Relation to
Actin Distribution

The two antibodies used to determine type I procollagen
distribution, M-38 and SP1.D8, bind to the C-terminus and
N-terminus of type I procollagen, respectively. At E6, M-38
label was present prominently in association with epithelial
cells and more weakly with keratocytes (Figs. 2a, 2b). The
label, in the form of focal aggregates, was judged to be intra-
cellular because it was generally close to the nuclei and/or
cytoskeletal filaments (Fig. 2i). SP1.D8 labeled more exten-
sively (Figs. 2c, 2d); it resembled the M-38 label in association
with epithelial cells and keratocytes and labeled the stromal
extracellular matrix with Bowman’s layer particularly promi-
nently. The stromal patterns of M-38 and SP1.D8 immunoreac-
tivity persisted throughout the period studied (e.g., Figs. 2e-h).
In the epithelium, procollagen label became sparse at E12 and
was absent from E14 onward.

Dual-label studies showed a possible association between
some of the type I procollagen label and the actin cytoskeleton.
Low-power studies showed the extensive tissue-wide distribu-
tion of both (Figs. 2g, 2h); high-power studies showed an
apparent association between procollagen and actin filament
bundles (Figs. 2i-k). At early stages, actin filament bundles were
associated with punctate type I procollagen label, as identified
using antibody M-38 in the epithelium and stroma (Figs. 2i, 2j).
This continued in the epithelium until procollagen disappeared
at E14 but was maintained in the stroma throughout the em-



I0VS, April 2009, Vol. 50, No. 4

FIGURE 1. Phalloidin-labeled filamen-
tous actin in developing chicken cor-
nea; nuclei are counterstained blue
with DAPI; (g) and (h) are derived
from confocal section series; the re-
mainder are widefield fluorescence
images. (a) E6 embryo. Low magnifica-
tion showing bright label in epithelium
(arrow) and lens (asterisk) with label
clearly present in the corneal stroma
(s). The epithelium has separated from
the stroma in sectioning. (b) High mag-
nification of corneal stroma. Kerato-
cytes contain prominent actin filament
bundles showing evidence of orthogo-
nal orientation. Some run longitudi-
nally in the section plane (arrows),
and others are sectioned transversely
and appear as dots (arrowhbeads). (c,
d) Corneal stroma in ES and E10 em-
bryos. Stromal fibroblasts contain ex-
tensive networks of actin filament bun-
dles. (e) Transverse section of E14
corneal stroma. Cells contain promi-
nent actin filament bundles; arrow
points to region displaying prominent
streaks of actin running longitudinally
relative to the section plane, and adja-
cent spots of label representing fila-
ment bundles sectioned transversely.
(f) Transverse section of E16 cornea.
In addition to the actin filament bun-
dles shown in (e), this image contains
short lengths of actin filament bundles
running at right angles to both Gi.e., in
the antero-posterior plane of the cor-
nea; arrows). (g) Projection prepared
from confocal section series of E16
stroma sectioned tangentially. Orthog-
onal arrays of actin filament bundles
are clearly visible in the X and Y direc-
tions relative to the image plane. Spots
of label suggest filaments running in
the Z-plane. Animations of this section
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series and the projection rotating about its Y-axis are presented as Supplementary Data online at http://www.iovs.org/cgi/content/full/50/4/1653/DC1,
in normal and stereoscopic views. (h) Enlargement, and projection rotated through 90°, of the boxed region shown in (g). Arrows link spots of label
observed in the face on view with their images in the rotated projection; they form short filaments 2 to 3 um long. An animation of the rotating dataset
is present in the Supplementary Data online. (i) Corneal stroma of E18 embryo showing continued presence of actin arrays. (§) Stroma from an 18-day
posthatch chicken. Actin label is present with some visible filaments but generally more uniform label of the cell. Scale bar measurements are in microns.

bryonic period studied. Associations were often observed be-
tween actin filament bundles and M-38 -positive foci, with foci
decorating many of the actin filament bundles within the field
of view (Fig. 2k, E16).

By comparing SP1.D8 label with DIC images of tangential
sections of E10 corneas, it was apparent that the label was in
register with collagen fibril bundles in the corneal stroma,
suggesting that most, if not all, fibril bundles contain the
N-terminus procollagen (Figs. 2l-n). High-magnification views
of dual labels revealed that the collagen fibril bundles were
associated with actin filament bundles running in a similar
orientation (Fig. 20).

Di1scUsSION

Phalloidin labeling has demonstrated an extensive and orthog-
onal network of prominent actin filament bundles in the de-
veloping corneal stroma. At the earliest stages examined here,
we speculate that the actin filament bundles could be associ-
ated with the invasion of stromal cells into the highly organized
primary stroma.'>'® Later, the orthogonal array was consistent
with the presence of a well-ordered, three-dimensional cellular

network accommodating the actin filament bundles. It is pos-
sible that filament bundles run in the cell processes that have
been observed to extend between keratocytes through the
extracellular matrix in adult corneas.®®*° Our observations
that the orientation of actin filament bundles matches collagen
orientation relate to the multiphoton microscopy studies by
Svoboda et al.,*! indicating a close association between colla-
gen orientation and cell orientation, as shown by actin labeling
in embryonic chick cornea.

In the posthatch stage, stromal cells were labeled for actin
but were without the prominent filament bundles seen in
earlier stages. Actin has been reported as having a largely
cortical distribution in adult keratocytes.'® It could be that the
organization we have described is a feature of development
associated with cell and matrix orientation and that at later
stages we were observing the start of a switch to an adult
distribution, when the matrix becomes more fully organized.
Similar changes in actin distribution have been observed in the
annulus fibrosus of the intervertebral disc, another lamellar
fibrous connective tissue.'? In the adult cornea, as indicated,
label tends to be cortical; however, cells can develop actin
fibers in response to injury, with the formation of myofibro-
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FIGURE 2. Immunolabels for type I
procollagen and dual labels for type I
procollagen and actin in developing
chicken cornea. Procollagen label is
red, actin is green, and nuclei are
counterstained blue with DAPI; () is
a projection derived from confocal
section series; the remaining are
wide-field fluorescence images. (a,
b) Low and high magnification, re-
spectively, of E6 cornea labeled with
antibody M-38 to type I collagen C-
propeptide. Label is present intracel-
lularly as small spots in epithelial
cells and keratocytes, particularly in
the anterior stroma. (¢, d) Low and
high magnification, respectively, of
E6 cornea labeled with antibody
SP1.D8 to type I collagen N propep-
tide. Label is present intracellularly
as spots in epithelial cells and can be
seen as foci in keratocytes (arrow),
though the latter is mostly obscured
by positive labeling of the stromal
matrix. Bowman’s layer (asterisk),
from which the epithelium has sepa-
rated in sectioning, is intensely la-
beled. (e, f) E8 stroma labeled with
M-38 and SP1.D8, respectively. Intra-
cellular foci of label are present in
keratocytes with both antibodies in
addition the stromal matrix and Bow-
man’s layer label with SP1.D8. (g, h)
Dual labels of E16 cornea for procol-
lagens and actin. (g) Extensive distri-
bution of actin filaments in epithe-
lium and stroma and focal labeling
for M-38 in the stroma. (h) Label for
SP1.D8 distributed throughout the
stromal matrix and prominent in
Bowman’s layer. (i-k) High-magnifi-
cation views of dual labels for procol-
lagen and actin. (i) Close association
of actin networks with M-38 immu-
nolabel in the epithelium (arrow-
beads) and stromal fibroblasts (ar-
rows) at E6; (j) confocal projections
of section series at E8 show further
detail with close association of
M-38 -positive foci with actin fila-
ment bundles in the epithelium (ar-
row) and anterior stroma (arrow-
bead), which also shows a high
degree of organization of the actin
filament bundles. (k) Detailed view

of foci of M-38 label apparently positioned on actin filament bundles in keratocytes of the E16 stroma. (1-0) Dual labeling for actin and SP1.D8
matrix label at E10. (1, m) DIC and fluorescence images, respectively; (1) images overlaid. Fibril bundles observed with DIC codistribute with those
identified with the SP1.D8 antibody labeling. (o) High-magnification view of the stroma; red-stained collagen fibers have green-labeled actin
filaments superimposed on them (circled region). Scale bar measurements are in microns.

blasts during the repair process.'”'® It may be that the
myofibroblast phenotype, associated with tissue repair and
reorientation, is related to that of fibroblastic cells in early
development.

We observed actin filament bundles in the embryonic stages
running in all three planes relative to the corneal surface—that
is, X and Y planes parallel to the anterior surface of the cornea
and the Z plane at right angles to this surface. Actin running in
the X and Y planes can reasonably be thought of as associated
with cells or cell processes running orthogonally and involved
with the development of directional, layered, and orthogonal
lamellae.” Associations of those running in the Z plane are less
clear. It may be that they are simply the same filament bundles

but are associated with regions in which layers interweave
with one another.?° Alternatively, they could have a distinctive
function in development. The thickness of the lamellae in the
Z plane, 0.5 to 2.5 pm in humans®® and 2 to 4 um in adult
chicken corneas,>! is fundamental to corneal structure and
function. Perhaps the Z plane filament bundles are involved in
controlling this during lamellar deposition.

N- and C- propeptides of type I collagen were detected in
the epithelium and stroma with the N-propeptide prominent in
the extracellular matrix of Bowman’s layer and in the rest of
the corneal stroma. Epithelial labeling is likely to be associated
with the secretion of the collagen of the primary stroma'®?>
and stromal labeling, with deposition of the secondary stroma.
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Epithelial label is lost at approximately E12, around the time
that formation of the primary stroma is coming to an end'® and
in agreement with in situ hybridization data for collagen gene
expression.>”

Differential distributions of the C- and N- termini of type I
procollagen suggest that the C terminus is cleaved rapidly and
degraded on secretion, whereas the N-terminus persists as a
component of the extracellular matrix. This supports the pre-
vious demonstration of differential rates of processing of the C-
and N- propeptides of type I procollagen in the chick cornea.>*
Although the propeptides are generally regarded as cleaved
and degraded on collagen secretion, a number of other func-
tions have been proposed for them. For example, they provide
feedback control by inhibiting the synthesis of collagen RNA in
several connective tissue cell types.*>=> In developing chick
dermis, they are associated with fibrils of different sizes.>”
Thus, C-propeptides are associated with fibrils covering a range
of sizes during development, whereas N-propeptides are asso-
ciated only with those 20 to 30 nm in diameter. This is con-
sistent with our observations of N-propeptide distribution in
the chick cornea, in which fibrils have diameters of 20 to 30
nm.>® The Bowman’s layer labels particularly strongly, and
fibrils here are even thinner than in the rest of the cornea.>®
The N-propeptides also affect tight packing of collagen and
may facilitate the fusion of small-diameter fibrils.> It may be
that the retention of the collagen type I N-propeptide in the
stroma is associated with the formation of fibrils of tightly
controlled diameters and spacing, along with other controlling
molecules, such as proteoglycans®®~** and collagen type V.>*

Associations between foci of label for type I procollagen
and the actin cytoskeleton were frequently observed, and
though no membrane staining was carried out, it is likely that
these labels were intracellular in epithelial and stromal cells.
Given the resolution constraints on light microscopy, we can-
not conclusively state that the two were colocalized, but re-
sults were highly suggestive that this was the case. If so, it may
be that the actin filament bundles have some involvement in
collagen trafficking and secretion. Possibly we were observing
secretory vesicles associated with actin filament bundles. In
support of this, we point out that there is evidence that actin
filament bundles are used for polarized intracellular trafficking
in epithelia.**

Collagen fibril assembly after secretion is associated with
the actin cytoskeleton at the cell surface in several tissues,
including cornea. Actin-integrin-fibronectin-collagen interac-
tions have been shown to occur in corneal wound healing,*> in
keratocytes in culture,*® in the developing annulus fibrosus, '
and in vascular smooth muscle cells.*” It may be that cells also
use the actin filaments as a delivery system to points of secre-
tion at the cell surface and for orientation of assembling fibrils,
possibly through integrins and other matrix components, after
secretion. The recent studies of Canty et al.>>"2% in tendon
extend earlier reports”*® in tendon and cornea to describe
mechanisms of deposition of oriented collagen deposition in
fibrous connective tissues and the involvement of the actin
cytoskeleton in early matrix deposition. Our three-dimensional
observations of actin orientation and its possible association
with procollagen secretion emphasize the tissue-wide nature of
the secretory and orientational mechanisms in producing the
stromal matrix.
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