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ABSTRACT

The freeze-fracture technique was used to study changes in the corneal fibroblast
cell membrane during morphogenesis in chick embryos. Fibroblasts migrate into
the acellular primary corneal stroma on day 6 of embryogenesis, moving between
the orthogonal layers of collagen fibrils which serve as their substratum. Morpho-
metric analysis of the intramembrane particles (IMP) reveals their concentration
on the P face to decrease from 756 to 534/um? from day 6 to day 14. After day
14, fibroblast migration and cell division cease and the stroma condenses due to
dehydration, so that by day 18 all of the layers of fibroblasts are extremely
flattened and the cornea has taken on its mature, transparent form. The cell
membranes of the terminally differentiated, highly compacted fibroblasts are rich
in IMP (1,300/um?, P face). In seeking to relate the particle increase to cell
differentiation, we analyzed synthetic events taking place at this time, but no
correlation with SO, or proline-*H incorporation was found. The event which
seems best correlated with the doubling of P face particles between days 15 and 18
is the dehydration and condensation of the stroma, an event which is associated
with cessation of both cell division and migration. Thyroxine stimulates premature
condensation of the stroma, whereas thiouracil delays condensation, but neither
of these treatments affects IMP concentration. Interestingly, IMP concentration
on the filopodia of migrating fibroblasts is similar to that on the cell bodies,
suggesting that the new membrane has the same composition as the pre-existing
membrane. Observations are also presented on tight and gap junctions between
fibroblasts and on the relation of extracellular matrix to the outer etched surface of
the fibroblast plasmalemma.

The first event in avian corneal morphogenesis is
the laying down of an acellular stroma of orthogo-
nal layers of collagen fibrils embedded in glycosa-
minoglycan (GAG);' both the collagen and GAG

! Abbreviations used in this paper are: GAG, glycosami-
noglycan; ECM, extracellular matrix; IMP, intramem-
branous particle; CAM, chorioallantoic membrane; ES,
extracellular cell surface; SR, sarcoplasmic reticulum.
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are products of the epithelium (14, 31). Subse-
quently, the endothelium migrates into place un-
der the stroma and secretes hyaluronate into its
interstices, bringing about, directly or indirectly, a
remarkable swelling of the matrix (21, 52, 55).
The neural crest cells which will become corneal
fibroblasts (24) migrate into the acellular, primary
corneal stroma on day 6 of embryogenesis in the
chick, moving between the orthogonal layers of
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collagen fibrils that seem to serve as their substra-
tum (4, 21).

From the time of their appearance at day 6, the
presumptive corneal fibroblasts actively migrate
and proliferate in the stroma, so that by day 14
only the subepithelial stroma remains uninvaded.
During the period between days 6 and 14, these
relatively undifferentiated mesenchymal cells ac-
quire abundant secretory organelles (endoplasmic
reticulum, Golgi complexes) and begin to add
collagen and GAG to that present in the original
stroma (21). After day 14, fibroblast migration
and cell division cease and the stroma condenses
under the influence of the thyroid hormone that
now appears in the embryo. By day 18, all of the
layers of fibroblasts are extremely flattened and
the cornea has taken on its mature, transparent
form (12, 13, 29). Thus, there are at least three
relatively discrete but overlapping phases in cor-
neal fibroblast differentiation: one in which the
major activity of the cells is migration and prolifer-
ation, a second when the cells settle down to the
business of secreting extracellular matrix (ECM),
and a third when fibroblast proliferation ceases
and the cornea condenses and becomes transpar-
ent.

We have used the freeze-fracture technique to
study developmental changes in fibroblast plasma-
lemma ultrastructure during the three phases of
cytodifferentiation described above. It is now gen-
erally accepted that this technique offers a unique
view of membrane ultrastructure by splitting the
lipid bilayer along its hydrophobic interior (40,
51). Most information to date indicates that the
globular, particulate upits which freeze-fracture
reveals embedded in the cleaved membrane are
proteins or lipoproteins and that the flattened
areas surrounding these intramembranous parti-
cles (IMP) represent the ‘‘half-bilayer” lipid do-
main (8, 22, 28, 47). Morphologic alterations of
particulate and lipid domains occur in different
functional states (37, 49, 53). Moreover, intra-
and inter-membrane interactions of protein and
lipid components can be expressed in mor-
phologically recognizable forms, such as tight
and gap junctions (9, 17). Thus, it seemed
reasonable to expect that distinct morphologic
changes in the fibroblast plasmalemma might
be detected during embryogenesis.

In this paper, we describe the general appear-
ance of the corneal fibroblast and surrounding
stroma in freeze-fracture replicas and the changes
that occur in fibroblast plasmalemma ultrastruc-
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ture during corneal morphogenesis. In addition,
biochemical studies of matrix synthesis and studies
employing thiouracil and thyroxine are reported
which were performed to find out whether the
increase that was observed in IMP number in the
third phase of corneal development was related to
the level of synthesis of GAG and collagen or to
the initiation of thyroid function and accompany-
ing stromal condensation.

MATERIALS AND METHODS

Electron Microscopy

Corneas from White Leghorn chicken embryos (SPA-
FAS, Norwich, Conn.) were dissected free of extraneous
material and fixed by immersion in a sodium cacodylate
buffer (0.1 M, pH 7.4) containing paraformaldehyde
(1%) and glutaraldehyde (2.5%). Tissue which would
subsequently be used for freeze-fracture was fixed for
approximately 30-60 min at room temperature, washed
several times in buffer, and then glycerinated (20%
glycerol, 0.1 M cacodylate buffer, 0.4% CaCl,, pH 7.4)
for approximately 1 h. Care was taken not to overglycer-
inate the tissue. After glycerination, pieces of cornea
were mounted on paper disks and frozen immediately in
liquid nitrogen-cooled Freon 22. The tissue was frac-
tured in a Balzers apparatus (Balzers High Vacuum
Corp., Santa Ana, Calif.) at —115°C. The platinum-
carbon replicas were left in 100% methanol overnight
and then cleaned by floating over a commercial bleach.
For etching, fixed specimens were frozen in distilled
water, fractured at —108°C and etched for 30-60 sec-
onds.

Tissue to be used for thin sectioning was fixed in
formaldehyde-glutaraldehyde for 1-2 h at room temper-
ature, followed by fixation in 1.5% OsO, for 1 h at 4°C.
The tissue was stained en bloc with 1% uranyl acetate,
dehydrated and embedded in Epon or Araldite. Before
examination in the electron microscope, sections were
stained with lead citrate.

Quantitation of Plasmalemma IMP Size
and Concentration

Micrographs of the flat areas of replicas to be used for
counting IMP were consistently taken at an initial magni-
fication of %20, 000. The accuracy of this magnification
was checked from time to time with a grating replica
standard (E. F. Fullam Co., Schenectady, N.Y.). These
negatives were printed at a final magnification of
240,000 for measuring particle size and x50,000 for
counting particle number.

A standard morphometry grid was used to insure a
random count of the discrete particles, 7-12 nm in diam-
eter, lying within the fractured plasmalemma. An aver-
age of the numbers obtained in this manner was used to
calculate the number of particles per square micrometer
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on the original surface. 8-10 cells and an area of 2-4
um? per cell were counted for each group. All of our
observations indicated a uniform distribution of IMP
over the entire plasmalemma of each cell, except in
regions of intercellular junctions.

The P face? IMP diameter was measured as the width
of the shadow cap perpendicular to the direction of
shadowing, using a dissecting microscope fitted with a
calibrating grid to view the micrographs. 75-100 parti-
cles were measured on each four cells at both 6 and 19
days of incubation. Although IMP size measured from
freeze-fracture replicas obviously bears no direct rela-
tionship to the actual size of the shadowed membrane
proteins (33), relative changes in particle size classes
measured in this way probably do reflect relative changes
in protein size classes.

Cytoplasmic area and membrane perimeter of 14- and
19-day fibroblasts were measured by a standard two-
dimensional morphometric test. Electron micrographs
were taken randomly of sections from three tissue blocks
of both age groups. Negatives were enlarged to a final
magnification of 15,000 for counting. Plasmalemma pe-
rimeter length and cytoplasmic area were calculated
from membrane intersections and cytoplasm hits, respec-
tively.

Measurements of Collagen and GAG
Production

The changes in synthetic activity of corneal fibroblasts
were surveyed during the period of stromal condensa-
tion, from day 14 to day 19. Previous studies have
demonstrated that there is no increase in the number of
cells in the cornea from day 14 through hatching (10,
11). Therefore, the synthetic activity of older corneas
expressed in counts per minute per cornea can be com-
pared directly to the synthetic activity of 14-day corneas
similarly expressed (relative incorporation, Fig. 18).

Corneas were dissected free of extraneous material
and treated with 0.04% EDTA in calcium and magne-
sium-free Hanks’ salt solution to allow removal of the
epithelium and endothelium. Synthetic activity of the
remaining stroma was monitored by analysis of
[*H]glucosamine and [*H]proline incorporation (for
GAG and collagen, respectively) during a 4-h incubation
at 37°C in Ham’s F12 culture medium with 10% fetal
calf serum and the appropriate isotope. The details of
these methods have been reported previously (32).
Briefly, newly synthesized GAG was measured as radio-
activity in cetylpyridinium chloride-precipitable matetial
and collagen was measured as radioactivity in hot trichlo-
roacetic acid-extractable material.

2 The outer aspect of the inner leaflet of the bilayer
which borders the cytoplasmic compartment will be des-
ignated the P face, while the inner aspect of the outer
leaflet of the bilaver will be called the E face (7).
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Thyroxine and Thiouracil Treatment

Embryos were treated with throxine at day 11 or
thiouracil at day 9 and incubated until the age of 13 or 17
days, respectively. The sodium salt of thyroxine (Sigma
Chemical Co., St. Louis, Mo.) was administered at a
dosage of 15 ug per 0.1 ml and thiouracil (Nutritional
Biochemical Corp., Cleveland, Ohio) at a dosage of 10
mg per 0.1 ml. Eggs were candled and a small hole was
chipped in the shell over a well vascularized area of the
chorioallantoic membrane (CAM). The solutions were
applied as a suspension in 0.1 ml of 0.9% saline directly
onto the CAM.

RESULTS

On the 6th day of avian embryogenesis, at Ham-
burger-Hamilton stage 27-28 (18), the presump-
tive corneal fibroblasts invade the posterior zone
of the acellular corneal stroma near its endothelial
border; subsequently, fibroblasts move into the
anterior stroma to within a few microns of the
overlying epithelial layer (Fig. 1). These mesen-
chymal cells are elongate and somewhat oval in
shape while migrating, with lamellipodia and filo-
podia extending from the cell body (4, 21). In
section, their attenuated profiles are seen to undu-
late to follow the architecture of the stromal colla-
gen layers. Dividing cells tend to have a rounded
shape and they extend numerous filopodia during
anaphase (4). The fibroblasts rapidly increase in
number during the next few days by continued
inward migration of cells from the corneal periph-
ery and by cell division within the cornea, so that
they come to occupy most of the stroma by stage
35 (9 days, Fig. 1).

Beginning on about day 14, when the stroma
starts to condense, the layers of collagen bundles
become tightly packed and the fibroblasts very
flattened in shape. The stromal condensation and
flattening of the fibroblast cell shape begin in the
layers closest to the endothelium (15 days, Fig. 1).
Concomitant with the flattening of the cell body,
both the filopodia and the cell body become ori-
ented in the plane of the collagen plys (compare
Fig. 2, a and b). Secretory organelles remain well
developed (21) and the synthesis of extracellular
matrix by these cells continues during this period,
declining only after the completion of condensa-
tion at 18-19 days (10, 11).

General Observations on Freeze-
Fractured Corneas

Pieces of cornea were mounted so that the
knife, and thus the plane of fracture, passed
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FIGUre 1 Light micrographs of sections through developing corneas at different ages. At 6 days, the
fibroblasts have just begun to invade the collagenous primary stroma produced by the anterior epithelium.
Between 6 days and 9 days, the number of fibroblasts in the stroma increases by proliferation and by
continued inward migration of mesenchymal cells into the stroma. The width of the stroma continues to
increase between 9 and 12 days due to both the number of cells and the collagen and GAG these cells
produce. Cell proliferation ceases, between day 12 and day 14, and stromal condensation begins in the
juxtaendothelial region. By 15 days, the posterior stroma (P) is condensed and the fibroblasts are flattened
in that area, whereas the anterior stroma (A) is not yet condensed. The process continues until by 18 or 19
days the entire cornea is condensed and the cornea is transparent. X 216.

roughly parallel to the layers of collagen in the
stroma. Since the fibroblasts lie between the col-
lagenous lamellae, they are cleaved along the
plane of their flattened long axis (Fig. 3). Due to
the elongate shape of these cells, fractures can
pass along their plasmalemma for considerable
distances before breaking through the cytoplasmic
compartment or into the extracellular space. Most
fractures reveal only a small part of the surface of
each fibroblast, however, and it is rare that one
observes a cell membrane almost in its entirety, as
in Fig. 3. In this fortunate plane of fracture, one
may see a large, flat, branching lamellipodium
(la, Fig. 3) and several narrow filopodia extend-
ing from the same cell body. Large (100~200 nm)
pits are seen on the P face of fibroblasts (circular
inset, Fig. 3). These pits probably represent exo~
or endocytotic phenomena (15).

Since epithelia are sheets of contiguous cells
having apical, basal, and lateral surfaces, fractures
through the anterior corneal epithelium or the
posterior endothelium usually reveal one or more
of these distinctive surfaces and the cytoplasmic
compartment of several cells. Fractures through
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the basal plasmalemma of either anterior or poste-
rior epithelium reveal a jigsaw puzzle-like arrange-
ment of contiguous cells. Typical junctional com-
plexes (tight junctions, desmosomes, and gap
junctions) are found on the lateral plasmalemma
fracture faces of the anterior epithelial cells, but
are not conspicuous in the embryonic endothe-
lium.

In the description below of corneal fibroblasts,
the fine structure of the ECM and outer (etched)
cell surface as viewed in freeze-fractured speci-
mens will first be considered briefly. The cleaved
membrane of cell processes and intercellular junc-
tions of fibroblasts will be described next. Then,
we shall turn our attention to the main topic of this
paper, the changes which take place in IMP during
the development of the corneal fibroblasts.

Extracellular Matrix

Bundles of collagen are easily identified in the
extracellular space. Individual fibrils often are not
fractured; they seem to pull away from the frac-
ture surface before they are torn apart. Their
stems cast unusually long shadows across the rep-
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Figure 2 Electron micrographs of sections through the anterior (2a) and posterior (2b) portions of the
corneal stroma of a 15-day chick embryo. The fibroblasts in the uncondensed anterior stroma (2a) remain
rounded or elongate in shape, whereas these in the condensed posterior stroma are flattened (2b).
Numerous filopodia can be seen in both micrographs. The anterior corneal epithelium appears across the
upper right of 24. X 7,000.

lica (arrow, Fig. 3). With the subsequent reduc-
tion of extracellular fluid, the bundles of collagen
fibrils surrounding the fibroblasts gradually be-
come sheets that occupy almost the entire extra-
cellular space (Fig. 4a). Fractured fibrils show
either a helical (Fig. 4 b) or cross-banded (Fig. 4¢)
pattern (44).

Surrounding the fibrils, granular deposits are
arranged in rows parallel to the long axis of the
fibrils or at right angles to them (arrows, Fig. 4a).
This interfibrillar material consists of particles 10
nm in diameter which probably correspond to the
ruthenium red-staining glycosaminoglycan parti-
cles that are seen in the matrix in thin sections of
fixed specimens (20, 25, 32, 34, 55).

The relationship of ECM to the fibroblast cell
surface can be appreciated from micrographs of
etched corneas. Etching reveals that the extracel-
lular cell surface (ES) is relatively smooth in ap-
pearance as compared to the fractured membrane
faces. There are, however, knobs of material (25-
30 nm diameter) studding the surface, which
sometimes contain a central raised area 8-10 nm

D. L. Hasty aND E. D. HaYy Studies of the Developing Cell Surface

in diameter (arrows, Fig. 5). It is possible to detect
filaments (5-10 nm in diameter) extending from
these knobs either into the extracellular space or
onto the surface of a collagen fibril (Figs. 5-8).
Etching causes the filaments to stand out in the
extracellular space also and reveals that they over-
lap or interconnect to form a *‘chicken-wire” ar-
rangement as seen in a two dimensional plane
(Figs. 7 and 8). The pattern of eutectic artefact,
which is sometimes revealed by etching, vaguely
resembles that of these filaments, but the mor-
phology of eutectic is quite distinct and not easily
mistaken for the filaments illustrated in Fig. 8.
The composition of these extracellular filaments is
presently unknown, but they may be comparable
to the minute filaments which have been previ-
ously reported in the ECM and on the cell surface
in sections of ruthenium red-fixed specimens (20,
25, 34, 55).

Cell Processes

We have been able to identify cell processes of
various sizes in freeze-fracture replicas of older
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FIGURE 3 An electron micrograph of a freeze-fracture replica through the anterior corneal stroma of a
15-day embryo. The fracture revealed almost the entirety of this fibroblast. The large, flat lamellipodium
(la) and narrow filopodia can be easily identified extending from the cell body. Collagen bundles are seen
in the extracellular space. Some of the fibrils are not fractured and they break as they are pulled out and
away from the surface. Such a fibril stem may cast a long shadow (arrow) across the replica. Large (100-
200 nm) pits, probably representing exo- or endocytotic events, are seen on the P face of this fractured cell
(see inset also). IMP cover the fractured P face. X 14,000. Inset, X 33,000.
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Ficure 4 Electron micrographs of the ECM surrounding adult corneal fibroblasts. The ECM before
condensation in the embryo consists of widely separated bundles of collagen fibrils, but as condensation is
completed, and throughout adulthood, the ECM takes the form of continuous sheets of collagen. The
collagen fibrils are packed very closely, separated by a granular substance which is arranged in rows either
parallel to the long axis of the fibrils (arrowheads, 4a) or at right angles to them (arrow, 4 a). Fractured
fibrils can show either a helical (45) or cross-banded (4c¢) pattern. a, x 114,000; b, X 147,000; c,
x 128,000.

corneas containing stationary fibroblasts (Figs. 3
and 9) as well as early corneas containing actively
migrating fibroblasts (Figs. 10 and 11). These cell
processes (filopodia, lamellipodia) are seen either
as they branch off the cell body or at some dis-
tance from the cell body, but rarely does their
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entire length appear in one fracture. They usually
run parallel to the collagen bundles rather than at
angles to the direction of the fibrils. Filopodia
(100-300 nm in diameter) and lamellipodia
(>400 nm) of the migrating cells probably func-
tion to explore the new terrain for desirable direc-
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Ficures 5~-8 Electron micrographs of freeze-etched 9-day corneas demonstrating the relationship of the
ECM to the cell surface. The etched, external surface (ES) of the corneal fibroblast is relatively smooth,
compared to the particle-studded, fractured P face (PF). One does, however, observe knobs of material on
the ES (arrows, Fig. 5), sometimes giving rise to small filaments (fi/) 5-10 nm in diameter that may extend
to a collagen fibril (Fig. 6). Etching causes the filaments to stand out in the extracellular space (fil, Figs. 7
and 8), and suggests that they overlap or interconnect to form a *“chicken-wire” arrangement (Fig. 8). Fig.
8 demonstrates the relationship of the cells, filaments, and bundles of etched collagen fibrils. Fig. 5,
x 98,000; Fig. 6, x 135,000; Fig. 7, % 36,000; Fig. 8, x 45,000.
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tions for movement (2, 4). In both young and old
corneas, they form attachments to the substratum
and to adjacent cells (2, 4).

We have especially examined filopodia to try to
determine whether or not there are morphological
specializations of the plasmalemma which might
be involved in cell-substrate contact. To date, we
have seen no unique membrane architecture in
young or older corneas which would document the
contact of the filopodium with the ECM. Frac-

tures revealing the P or E face of the plasma-
lemma of cell processes have always shown the
number and arrangement of IMP to be roughly
similar to that of the cell body (Figs. 3, 9-11).
Interestingly, particle-free membrane blebs oc-
cur as a rather common feature in fracture replicas
of the corneal stroma, particularly in younger
specimens (Bleb, Fig. 3). These structures resem-
ble the cytoplasm-free membrane vesicles very
commonly seen in thin sections of the developing

FiGures 9-11 Electron micrographs of freeze-fracture replicas demonstrating the morphology of filopo-
dia either next to (Figs. 9 and 11) or at some distance away from the cell body (Fig. 10). Filopodia of
maturing (15 day old) fibroblasts (Fig. 9) are similar to those of young (7 day old) actively migrating
fibroblasts (Figs. 10 and 11). We have seen no unique membrane architecture on filopodia. Notice that the
filopodium in Fig. 11 follows the direction of the collagen fibrils. It is also evident from Fig. 11 that many of
the collagen fibrils do not fracture and that their stems cast long shadows on the replica. Fig. 9, x 68,000;
Fig. 10, x 39,000; Fig. 11, x 26,700.
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cornea and other embryonic material. They are
not seen in fractures of unfixed corneas and thus
are probably artefactual.

Intercellular Junctions Between Fibroblasts

In both the migrating phase and differentiative
phase of corneal morphogenesis, fibroblasts con-
tact each other by means of the cell processes
described above. In some cases, gap junctions
and, even more rarely, focal tight junctions occur
at these points of contact.

The typical gap junction between fibroblasts at
15 days was located between a filopodium from
one cell and another cell upon the surface of which
the filopodium spreads (Fig. 12). Most of the
junctions observed were rather elongated in
shape, suggesting that they were formed by filopo-
dia touching each other or by a filopodium (Fig.
12) contacting the cell body of an adjacent fibro-
blast. Usually, the regularly packed P face IMP
were separated by particle-free aisles (Fig. 13), as
described for gap junctions among other types of
cells (45). Junctions varied in size from a small
island of 10-30 hexagonally arrayed particles to a
group of islands containing up to a maximum of
2,000 IMP. Thus, the largest junctions were still
relatively small; by comparison, an average gap
junction between embryonic corneal epithelial
cells is 5-10 times the size of the largest fibroblast
gap junction.

We have not attempted to quantitate the num-
ber of fibroblast gap junctions in relation to the
age of the embryo, but we have the impression
that the number of junctions and the size and the
packing of P face IMP within the junctions remain
fairly similar from one age to the next. Since
proliferation and migration cease shortly before
day 15, it was especially pertinent to determine
whether or not gap junctions increase in number
after day 15. Freeze-fracture, however, reveals
that the typical gap junctions seen between fibro-
blasts on day 6 (Fig. 14) are very similar in num-
ber, size and shape to those at day 15.

In addition to gap junctions, we have observed
ridges on the P face (Fig. 15) that are very similar
to the isolated pieces of tight junctions which Re-
vel et al. (46) described in freeze-fracture replicas
of primitive streak mesenchyme. These ridges are
probably the freeze-fracture counterpart of the so-
called focal tight junctions seen in thin-sections of
corneal fibroblasts (21). Such junctions were in-
frequently observed during the first days of fibro-
blast migration into the stroma and have not been
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observed at all after day 9. No desmosomes could
be observed in our micrographs of freeze-frac-
tured fibroblasts, although desmosome-like junc-
tions have been described between 10-day fibro-
blasts viewed in thin sections (21).

Changes in Intramembranous
Particles (IMP)

A survey of fibroblasts of different ages immedi-
ately reveals a dramatic increase in the concentra-
tion of nonjunctional P face IMP as the age of the
cornea increases (Fig. 16). To quantitate the
changes in IMP concentration, we used a standard
morphometric technique to estimate the number
of particles per square micrometer. We found that
the increase in IMP concentration from day 6 to
day 19 does not occur gradually, but rather that
there is a dramatic increase in P face IMP concen-
tration over just the last few days of this period,
namely, from day 15 to day 18 (Fig. 17, =@).
Quantitative data were collected only from P faces
for this study, but preliminary estimates of E face
IMP concentration indicate that there is an in-
crease on this face also, from approximately 50/
um? on day 6 to approximately 250/um? on day
18 (Fig. 18). Interestingly, the IMP increase on
the P face at 15 days is preceded by a statistically
significant decrease from day 6 to day 15 (Fig.
17).

In addition to the obvious increase in IMP con-
centration beginning at day 15, there is an appar-
ent change in the diversity of IMP size classes with
increasing age. IMP on the P face of 6-day fibro-
blasts seem to be much more uniform than those
of 19-day fibroblasts (Fig. 16). We have obtained
quantitative information on the different size
classes present at days 6 and 19 which confirm the
visual impression of an apparent difference in uni-
formity of IMP sizes between 6- and 19-day fibro-
blasts (Fig. 19). The class of large IMP (12.5 nm
in diameter) constitutes almost 50% of the IMP
on the P face at 6 days. There is a dramatic shift to
more particles of smaller diameter in the plasma-
lemma of older cells. It is also interesting to note
that except for junctional elements described
above, localized concentrations (aggregates or
clumps) or IMP were not observed before day 15.
However, with the increase in concentration of
IMP the number of particles which appeared
clumped together increased. Short, linear arrays
as well as clumps were common at later ages
(arrows, Fig. 16).

We performed several experiments in an at-
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FiGures 12-15  Electron micrographs of freeze-fractured corneal tibroblasts demonstrating gap and
tight junctions. Fig. 12 shows a filopodium from a cell out of the plane of fracture which spreads out upon
the surface of an adjacent fibroblast and forms a typical gap junction. Pits are seen in the E face (EF) of the
tilopodium and particles on the P face (PF) of the other cell. This micrograph is from a 15-day cornea. Fig.
13 demonstrates a gap junction from a 13-day fibroblast which has the particle-free aisles often found in
gap junctions between these cells. Gap junctions between fibroblasts from younger corneas (Fig. 14, 6 day)
look quite similar to the older junction depicted in Fig. 12. Fig. 15 (6 day) demonstrates a P face ridge
which looks very much like an isolated segment of tight junction. This ridge probably represents the freeze-
fracture counterpart of the so-called focal tight junction (21). Fig. 12, X 97,000; Fig. 13, x 129,600; Fig.
14, x 97,000; Fig. 15, X 83,000.




Ficure 16 High magnification electron micrographs demonstrating the P face plasmalemma typical of
6-day (a) and 19-day (b) fibroblasts. The increase in number of IMP from 6 to 19 days is obvious. There is
also an increase in the diversity of IMP size between 6 and 19 days. As the particles increase in number,
linear arrays (straight arrows), and small clumps (curved arrow) become common. X 176,000.
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Ficure 17 Graphic representation of morphometric analyses of P face IMP concentration during normal
corneal development and after thyroxine or thiouracil treatment. Normally, the IMP concentration of the
fibroblast plasmalemma decreases gradually, from 760 + 20/um? on day 6 to 534 + 70/um? on day 15,
before the dramatic jump to 1300 * 45/um? on day 18 (@==@). At 16 days, when the posterior half of the
cornea has condensed (Fig. 1), the IMP concentration of flattened fibroblasts in the posterior half rises to
895 + 24/um? (A) while that of the rounded fibroblasts in the anterior half is only 602 + 60/um? (A).
Thyroxine treatment from day 11 to day 13 speeds up the process of condensation (Fig. 21), but the IMP
concentration of the fibroblasts in thyroxine-treated corneas on day 13 is 545 + 70/um? (B), exactly the
concentration of an untreated control at that age. Thiouracil treatment from day 9 prevents condensation
atday 17 (Fig. 21), but the IMP concentration of these fibroblasts at 17 days is 1088 + 40/um? (O). Thus,
neither treatment had any effect on the IMP concentration of corneal fibroblasts.

Ficure 18 High magnification electron micrograph demonstrating the E face plasmalemma typical of 6-
day (a) and 19-day (b) fibroblasts. x 85,200.
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Ficure 19 Bar graphs showing the size of P face IMP
for 6- and 19-day corneal fibroblasts. IMP diameter was
measured as the width of the shadow cap perpendicular
to the direction of shadowing. The particles were
grouped into 1-nm size classes from 7.5 to 14.5 nm. At 6
days, the particles are larger and most are 10.5-12.5 nm
in diameter. At 19 days, there is a noticeable shift to
smaller particles, some as small as 7.5 nm in diameter.

tempt to judge whether or not the chronology of
the dramatic increase in IMP concentration be-
tween day 15 and day 18 is related to any of the
known physiological changes taking place in the
cornea at this time. First, we evaluated collagen
and GAG synthesis per cornea from day 14 to day
19 to determine whether the IMP increase paral-
lels increased synthetic activity of the fibroblasts.
The epithelium and endothelium were surgically
removed and, since there is no further fibroblast
proliferation after day 14, the values per cornea
represent synthesis by the same number of fibro-
blasts at each stage (Fig. 20). Our results confirm
and extend those of Coleman et al. (10) and of
Conrad (11). Collagen synthesis increases until
day 16 and then begins to decline. GAG synthesis
increases from day 14 to day 19 (Fig. 20). In the
adult chicken cornea, collagen synthesis drops to
about 10% of the value at 16 days. GAG produc-
tion in the adult is on the order of 50% of the
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GAG value at 16 days. Preliminary estimates of
IMP concentration in adult fibroblasts indicate
that the particle count remains elevated (~1,000/
um?). Thus, there is no obvious relation between
IMP number and fibroblast synthetic activity.

To determine whether or not the IMP increase
is related to the process of stromal condensation,
we obtained replicas from corneas of 16 days
which were fractured through either the con-
densed (posterior) or the noncondensed (anterior)
portions of the stroma (see 15 days, Fig. 1). This
experiment initially suggested that the IMP con-
centration increase might be caused by some fac-
tor involved in condensation, for we found two
distinct populations of cells in the two parts of the
stroma with respect to their IMP concentration
(Fig. 17; 16 days, A). The increased IMP in the
plasmalemma of posterior, flattened fibroblast
(Fig. 2b) as compared with the anterior, rounded
fibroblast (Fig. 2a) is not due to the change in cell
shape per se. A two-dimensional morphometric
test showed that the membrane perimeter/cyto-
plasmic area ratio of 14- and 19-day fibroblasts is
quite similar (Table I), indicating that no major
alteration in membrane area per cell occurs at this
time.

Since the most important factor that is causally
linked to the condensation is thyroxine, we next
injected embryos with thyroxine to speed up or
thiouracil to slow down condensation to see
whether the IMP increase would occur prema-
turely in the former case or be delayed in the
latter. Embryos were injected with thyroxine on
day 11 and sacrificed 2 days later, on day 13.
Thiouracil-treated embryos were injected on day 9
and sacrificed 8 days later, on day 17. The effec-
tiveness of these treatments in accelerating or de-
laying the process of condensation (13, 29) is
demonstrated in Figure 21.

Counts of P face IMP demonstrate that the
concentration did not increase prematurely when
stroma condensation was induced early by thyrox-
ine treatment (Fig. 17; 13 days, B). These results
suggest that the IMP increase which occurs be-
tween days 15 and 18 is not due to stromal con-
densation, since premature condensation does not
cause premature particle proliferation. This inter-
pretation was confirmed by the results from
thiouracil-treated embryos. In this case, the IMP
concentration of corneal fibroblasts increased
even though condensation failed to occur (Fig. 17;
17 days, O). Thus, the only parameter to which
the IMP increase is clearly related is the age of the
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Ficure 20 Graph showing the incorporation of
collagen by corneal fibroblasts. The epithelium

[*H]glucosamine into GAG and of [*H]proline into
and endothelium were surgically removed and the

fibroblast-rich stroma was incubated with the appropriate isotope for 4 h at 37°C. GAG synthesis increases
throughout the period studied, while collagen synthesis increases through day 17 and then begins to
decline. Each point is the mean for 10 determinations (4 stromas each).

fibroblast in terms of time spent in the cornea. The
posterior fibroblast (Fig. 2b) entered the primary
corneal stroma first and resided longer in the
ECM created by the epithelium than the anterior
fibroblast (Fig. 2a).

DISCUSSION

Between the time of their entry into the domain of
the primary corneal stroma on day 6 and day 18 or
19 of incubation, by which time the cornea has
taken on its mature form, the fibroblasts pass
through several phases in their differentiation. In
this study, we have described the principal fea-
tures of corneal fibroblasts and the adjacent extra-
cellular matrix revealed by the freeze-fracture and
freeze-etch techniques, with emphasis on the
changes in plasmalemma ultrastructure which oc-
cur during cytodifferentiation. The possible mor-
phogenetic implications of these findings will be
considered in the discussion.

Fibroblast cell processes of various sizes and
shapes corresponding to filopodia and lamellipo-
dia (4) were readily identified at each age studied.
During early stages, when the cells are still actively
migrating, these cell processes were observed to
extend from the cell, to form attachments to the
substratum and to contract (4). Considerable ef-
fort has been made in the past to discern how cells

D. L. Hasty anp E
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TasLE I
Morphometric Analysis of Fibroblast Shape Changes

Mem-
Membrane brane/cy-
Cytoplasmic perimeter toplasm
Age N* area length ratio
um*100 pm*  um*/100 wn*
14 days 21 13614 5382 1.35
19 days 14 15312 90133 2.0t

* N is the number of micrographs counted; there were
usually 2-5 nuclei included per micrograph at x 15,000
magnification. Values for area and perimeter appearing
in the micrographs are reported as mean = SEM.

¥ The fact that the plasmalemma area increases at 19
days as compared to 14 days indicates that a decrease in
membrane area per cell does not cause the observed
concentration of IMP (Fig. 16). The cell number is
constant during the period illustrated and the cell shape
at 19 days is actually flatter than at 14 days, as these data
suggest.

adhere to their substratum, but very little is known
about the nature of such adhesions (43). We had
anticipated that the freeze-fracture technique
might reveal some indication of plasmalemma
specialization, such as a unique arrangement of
particles on filopodia, but none was observed.
Moreover, the particle distribution and concentra-
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Ficure 21 Light micrographs demonstrating the effects of thyroxine and thiouracil treatment on stromal
condensation. The 13-day control cornea shows no condensation. After thyroxine treatment from day 11
to day 13, two-thirds of the cornea is condensed at day 13, the stromal width is greatly reduced, and there
are many layers of flattened cells. The appearance of a 17-day control cornea is very similar to that of the
13-day thyroxine-treated cornea. The 17-day cornea treated with thiouracil from day 9 to day 17, however,
is very similar to the 13-day control; little or no condensation has occurred. X 216.

tion on filopodia was similar to that on cell bodies
at any given age.

The fact that the IMP concentration and distri-
bution on filopodia was not different from that of
the cell body may have a bearing on our under-
standing of membrane formation. This observa-
tion suggests that fibroblast filopodia might be
formed either by extending a specific portion of
preformed plasmalemma, with IMP being already
present, or by adding new membrane at the tip of
an elongating process with the appropriate integral
proteins (IMP) being inserted simultaneously with
the lipid components. This is in contrast to the
apparent mode of growth of axonal processes of
neurons reported by Pfenninger and Bunge (38).
Since the plasmalemma of the tip of growing ax-
onal processes has a much lower particle number
than proximal plasmalemma, they suggested that
growth at the tip might be due to the insertion of
new, particle-free membrane from particle-free
cytoplasmic vesicles found in the growth cone
(38). “Maturation” of new axonal membrane
seems to be accompanied by the appearance of
particles, which could be added either by insertion
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directly into the membrane at these distal points
or by lateral movement within the membrane. The
intensity of ferritin-conjugated lectin staining of
the neuronal surface coat is uniform, however,
even on the growth cone, and so does not parallel
the arrangement of IMP (39). Nerve axon elonga-
tion differs from migratory cell locomotion in sev-
eral respects (27). It is tempting to suggest that the
more usual mechanism of cell process formation
may be to insert lipid and IMP simultaneously, as
our observations imply, rather than to insert the
lipid first.

A chronological survey of general fibroblast
plasmalemma ultrastructure revealed several
changes in IMP concentration and heterogeneity
in the plasmalemma of cell bodies and cell proc-
esses between 6 and 19 days. In this period, there
is a gradual increase in diversity of IMP size. With
time, more small particies are intermixed with the
original IMP class. This change is not related to
IMP concentration. In fact, there is a decrease in
IMP between day 6 and day 14 (from 760 pum? to
534 pm?) and an increase from day 15 to day 18
(from 534 pm? to 1,300 um?). The decrease oc-
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curs during the period in which proliferation slows
and migration ceases. Scott et al. (48) report a
severalfold decrease in IMP concentration at mito-
sis, but a return to premitotic levels within a few
hours in synchronously dividing cells. Therefore,
there is little reason to believe that cessation of
proliferation would result in an overall decrease in
IMP concentration. The changes in IMP concen-
tration do not parallel fibroblast anabolism,
either. Fibroblast synthetic machinery and pro-
ductivity increase throughout the period, without
relation to IMP concentration, and when collagen
and GAG synthesis drop later on, IMP concentra-
tion shows no significant change.

The dramatic event that begins at 14-15 days,
when the gradual decrease in IMP concentration
suddenly shifts to a rapid increase, is stroma con-
densation. Water is pumped out of the cornea,
hyaluronate disappears presumably by enzymatic
digestion, chondroitin and keratan sulfate become
the principal GAG, and the cornea becomes trans-
parent (11, 12, 21, 52). As condensation pro-
ceeds, the entrapped fibroblasts assume the ses-
sile, flattened form characteristic of the mature
cornea. Thus, our working hypothesis seemed ob-
vious: some factor involved in stromal condensa-
tion might be stimulating the increase in plasma-
lemma IMP concentration.

The hypothesis at first seemed to stand. We
analyzed the plasmalemma of cells in both the
condensed and the noncondensed parts of the
corneal stroma at 16 days and we found that these
two populations of corneal fibroblasts are, indeed,
different with regard to IMP concentration. Flat-
tened fibroblasts in the posterior, condensed zone
have twice the concentration of IMP as do the
round or elongate fibroblasts in the anterior, un-
condensed zone.

Coulombre and Coulombre (13) and Masterson
et al. (29) have shown that corneal stroma con-
densation is initiated by thyroxine, presumably
through activation of endothelial solute transport.
Thus, it is possible to inhibit condensation by
treating embryos with thiouracil or to initiate pre-
mature condensation with thyroxine. Freeze-frac-
ture and morphometric analysis of the plasma-
lemma of thyroxine- and thiouracil-treated cor-
neas indicated that neither treatment affected the
normal sequence of changes in IMP concentra-
tion. The IMP increase occurred in the absence of
stromal condensation and fibroblast flattening
when embryos were treated with thiouracil and
failed to be induced early by thyroxine treatment,

D. L. Hasty anp E. D. Hay Studies of the Developing Cell Surface

even though the stroma condensed precociously.

Therefore, although the membrane particle in-
crease proceeds from posteriorly located cells to
anterior cells, it is not caused by stromal conden-
sation or by flattening of the cells. Nor is it due to
any direct effect of thyroxine. Indeed, it seems to
be independent of all processes which we know
are occurring in the cornea at this time, except
age-dependent maturation. The fibroblasts in the
posterior cornea entered the cornea first and be-
gan their cytodifferentiation sooner. The possibil-
ity that this membrane maturation is a process
inherent in the differentiation of mesenchymal
cells once they have entered the fibroblast path-
way is suggested by preliminary evidence showing
a similar change in membrane particle concentra-
tion in tendon fibroblast plasma membrane over
this same period.

A review of studies that have been done to date
on other developing cells supports the idea that an
increase in the number of IMP, and probably also
in diversity, would be expected as cells mature.
The number of particles reported in freeze-
cleave studies of young versus more mature cells is
of the same order of magnitude as the overall
change (534 um? to 1,300 um?) we report here
between 14 and 19 days in the chick cornea. The P
face IMP concentration of sarcoplasmic reticulum
(SR) from embryonic chick muscle increases from
406/um? on day 14 of development to 672/u? on
day 18 of development, and then to 3,853/um? on
day 25 after hatching (50). During this period the
plasmalemma P face IMP concentration increased
from 165/um? to 269/um?, and then to 403/um?
by 42 days after hatching (50). The increase in
IMP of the SR parallels an increase in the activity
of the SR calcium pump (6). The plasmalemma of
fetal rat neurons developing in vivo increases from
112/um? to 743/ um? between day 15 and day 17,
while the IMP concentration of similar cells ex-
planted at day 15 and maintained in vitro first
drops to 53/um? at 5 days of culture and then
increases to 527/um? by day 40 of culture (38).
Other evidence for membrane maturation comes
from studies indicating the appearance of new
membrane antigens during differentiation (3, 5,
16), but there is, as yet, no evidence linking the
new antigens with IMP changes.

In addition to the general cell membrane IMP
discussed above, all of these cells can exhibit
localized concentrations of IMP in the form of
tight junctions and gap junctions. The fact that
mesenchymal cells (46, 54) and fibroblast-like
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cells (41, 42, 45) have gap junctions is not widely
appreciated due to the preponderance of the
work on junctional complexes between epithelial
cells. The corneal fibroblasts are united by per-
fectly typical gap junctions which are not as ex-
tensive as those in their epithelial neighbors but
which, nevertheless, are striking as viewed in
freeze-fractures. The few tight junctions ob-
served do not seem to persist in the cornea and
thus may be remnants from the epithelial precur-
sors of the mesenchymal cells (46). Although it is
possible that gap junctions are also remnants
from epithelial ancestors, gap junctions are pres-
ent at much later stages of development than the
focal tight junctions, at least as late as day 18. It
is tempting to believe that such junctions have a
role in cell-cell communication (41, 45) in the
embryonic mesenchyme.

A final point deserving brief discussion is the
structure of the external membrane surface. Ex-
amination of freeze-etched replicas revealed this
surface of the corneal fibroblast to be relatively
smooth, in contrast to the IMP-studded fracture
faces. Some extracellular material was observed
in etched preparations to be arranged in the form
of knobs on the outer surface of corneal fibro-
blasts. These knobs sometimes appear to give
rise to filaments that extend to collagen fibrils, to
other cells or to filaments that interconnect to
form meshworks in the extracellular space. These
structures, the knobs and filaments, bear a strik-
ing resemblance to punctate deposits of GAG on
plasma membranes and in the ECM and to the
filamentous structures connecting such particles
as revealed in various tissues by ruthenium red
staining (20, 25, 34, 55). There are several lines
of evidence which suggest that ECM components
may be involved in stabilization and/or modula-
tion of the differentiated state (19, 23, 26, 35,
36). It will be of interest to analyze ECM-plas-
malemma interaction in more detail in the future,
using freeze-etching with correlated histochemi-
cal and biochemical approaches.
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