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Keratocyte networks visualised in the living cornea using vital dyes
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SUMMARY

Fluorescent viability probes have been used to visualise
and investigate the viability, morphology and organisa-
tion of the keratocyte within the stroma of the intact
living cornea. The live cell probe, calcien-AM, in com-
hination with a dead cell probe, ethidium homodimer
(Live/Dead Assay, Molecular Probes, US.A.) proved
superior to earlier generation vital dyes such as fluo-
rescein discetate or 5.6-ca dincetate,
initially wsed in combination with ethidium bromide.
The ubiquitous distribution of esterase enzymes that
cleave caleien-AM within the keratocyte cytoplasm pro-
duced a high concentration of fluorescently active cal-
cein throughout the cell, including fine cell processes,
Epi-illuminated fluorescence microscopy on transparent
corneal dissections subsequently revealed details of ker-

atocyte microanatomy and three-dimensional network
organisation in situ. Three morphologically discrete sub-
populations of keratocytes were identified: two formed
relatively small bands of cells, immediately subjacent to
either Bowman’s or Descemet’s membranes, the third
subpopulation constituting the majority of keratocytes
typically located within the corneal stroma. The results
indicate that calcein-AM s able io intact
living cornea revealing cell viability, and it also has the
capacity to ‘trace’ cellular elements and reveal fine
structure within a dense connective tissue matrix.
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INTRODUCTION

Thiz report demonstrates the use of Auorescent viability
probes to investigate the organisation, morphology and via-
bility of keratocytes in the living cormea. We introduce the
use and unusual application of a combination of new gen-
eration fluoroprobes, Live-Dead Assay, which in this study
has proved 1o be a panicularly effective stain for enhanc-
ing the visibility of the diverse and intricate three-dimen-
sional keratocyte network within the stroma of this trans-
parent tissue.

The comen forms the transparent anterior part of the con-
tinvous external coat of the eye globe and fonctions to
transmit and refract light. It is bounded anteriorly by a mul-
ticellular epithelium to which the tear film adheres, and pos-
teriorly by a single endothelial cell layer bathed by ague-
ous humour. Between these cellular layers is the stroma, a
collagen-rich connective tissue comprising 90% of the total
volume of the cornea. The principal stromal cell is the ker-
slocyie (Maurice, 1984), a modified fibroblast derivative
forming a flattened and attenuated cell with multiple cell
processes. It is responsible for the development and main-
tenance of the extracellular matrix, the highly organised
nature of which contributes to corneal transparency.

The keratocyte was first described by Toynbee in 1841,
but detailed hisiological analysis was not performed until

much later (Sverdlick, 1954; Scharenberg, 1955). Using
silver impregnation, these workers demonstrated cells in the
comeal stroma with lorge, Aattened and eccentric nuclei,
and a highly vacuolated cytoplasm. Although the cell bor-
ders were difficult to determine, cells lay between the col-
lagen lamelle, and seemed (o contact each other by a syn-
cytium of long cytoplasmic processes. Subsequently, these
cell processes were shown 1o connect by a variety of spe-
cialised membrane junctions. Using ultrastructural tech-
niques, Smith and co-workers (1969) found evidence of
desmosomes, whereas Hogan and co-workers (1971) found
tight junctions, both junctions being associated with struc-
tural support rather than intercellular communication. More
recently, gap junctions have been identified at the point of
contact between keratocyte processes (Ueda et al, 1987)
and in isolated keratocytes culiured in three-dimensional
collagen lattices (Assouline et al., 1992). Such junctions are
known to provide metabolic contact between adjacent cells,
and their presence in keratocytes implies transcellular com-
munication.

The morphology of the keratocytes was subsequently
examined by scanning electron microscopy (Mishida et al.,
1988). Using proteolytic enzymes lo extract the collagen
lamelle and physical dissection of the remaining structures,
Nishida and co-workers confirmed the presence of an exten-
sive network of cell processes. They suggested that the ker-
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grocytes were arranged in this manner to maintain syn-
chronised metabolic homeostasis of the corneal stroma,

Keratocyle metabolism has been studied in a number of
biochemical, immunohistochemical and cell culture models,
For example, it has been shown to synthesise and secrete
collagen types L I, V and V1 (Birk et al., 1981, 1990; Cin-
tron and Hong. 1988), the glycosaminoglycans hyaluronan,
keratan sulphate, chondroitin 4-sulphate, chondroitin 6-sul-
phate, unsulphated chondroitin and heparan sulphate (Birk
et al., 1981}, and glycoproteins such as fibronectin, laminin
and mdogen (Kohno et al., 1987, Schittny et al., 1988). The
interaction between these extrucellular matrix macromole-
cules and water, which makes up almost 7T8% of the siro-
mal volume. delermines the tronsparency and refractile
properties of the cornea (Maurice, 1957), but it is not yet
fully understood how the keratocytes are coordinated to
achieve this function.

None of these methods allows direct visualisation of the
keratocyte in the intact cornea. In this study we use fluo-
rescent viability dyes 1o specifically examine the organisa-
tion, structure and vitality of keratocytes in the living
comea, Two families of fluorescent stains were evaluated
that measure two recognised parameters of cell viability:
namely, intracellular esterase activity and plasma mem-
brane integrity. Probes such as fluorescein diacetate and its
derivatives, which stain living cells, are non-polar mole-
cules that readily pass through the cell membrane and enter
the cytoplasm. Here, cytoplasmic esterases cleave acetate
groups from the molecule, producing a polarised conjugated
ring structure, which Auoresces green when excited with
488 nm blue light (Bell et al., 1988), Conversely, probes
such as ethidium bromide and its derivatives will only enter
the cell when the functional integrity of the membrane has
been compromised, These probes bind exclusively o the
dead cell nucleus, which appears red when photo-excited
with 488 nm blue light (Lepecq and Paolet, |967).

More recently, a new gencration of viability Muoroprabes
has been introduced: live cell probes such as calcien-AM
in combination with dead cell probes such as ethidium
homodimer have greatly improved characteristics when
compared to the early generation dyes (Moore et al., 1990)).
We report the wse of these newer Ruorescent viability
probes primarily (o visvalise the living keratocyie network.

MATERIALS AND METHODS

Tissue samples

Complete globes were enucleated from 2- 10 3-month-old pigs and
f- 1o H-month-old steers obtained from the Auckland City Abba-
toir 1-3 hours after slaughter.

For these initial studies, human comee found unsiitable for
surgical transplaniation by currenl assessment criteria, were
ohtained from the New Zealand National Eve Bank. Thus the
human tissue examined was in a sub-optimal condition.

Dissection and storage of cornez

Established sierile techniques were used 10 excise comnes and o
3-3mm margin of scleral rim from the globes (Casey and Mayer,
1984). To maintain the comeo-scleral buttons i oplimal con-
dition. they were transferred to Comneal Organ Cuolture medium

i Armitage and Moss, 19903, and maintained for penods of 2-24
howrs at 34°C hefore further dissection and staining,

Preparation of cornea for staining

The tissue sampling methods used in this study are illustrated in
Fig. |, anid were specifically developed for use with the short
working distence lenses available on the Leitz Dialux 20 micro-
scope, Each corneo-scleral button was placed endothelial-side up
in a drop of Corneal Organ Culture medium, and a sinp 1-2 mm
wide excised From across the entire central region of the comea
{Fig. 1A} The peripheral segments of this strip were removed
(Fig, 1B), leaving a 5 mm = 2 mm strip of almest flal tissee from
the centre of the comea. This experimental sample was then dis-
sected in one of two planes (Fig. |

Horizontal dissections

Routinely. three consecutive horizontal incisions were made in
planes approsimately parallel with the collagen lamelle, o pro-
duce anterior, middle and posterior blocks (Fig. 1C). These 300-
SO0 pum thick dissections included numerows undisturbed collagen
lamelle and keratocytes, which could be opiically dissected by
focussing through the depih of the sample. Thus, only keratoeyles
or collagen lamelle falling within the depth of ficld of the lens
fapproximately 0.6 pm for the 25x phase/fucrescent objective
used), were clearly imaged. Labelled kermtocytes ahove or below
the focal plane appeared as bright smudges in the field

Antero-posterior dissections

Some antero-posterior dissections were made by culting a series
of slivers, approximutely 500 pm thick by 2 mm wide, through
the full amtero-posterior thickness of the cornea (Fig. 1C). When
mounted flat and viewed from the side, these dissections illus-
trated the spatinl relationships between the epithelium, the stroma
and the endothelivm.

In baoth secrion planes the relutively sparse distribution of ker-
atocyte Muorescence within the stroma was masked by the intense
fluorescence within the dense cell populations of the live epithe-
lium and endothelium. Consequently, the epithelial and endo-
thelial cell lavers were frequently removed 1o allow clear visual-
isation of the kermtocyte subpopulutions adjacent to Bowman's
and Descemet’s membranes,

Cytoplasmic staining

All Auoroprobes were obfained from Molecular Probes (Eugene,
Oregon, USA), ond were prepared and used according 1o the man-
ufacturer's instructions. issections were placed in separate wells
of a 24-well multiplate containing 0.25 ml of Live-Dead Assay,
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Fig. 1. Dissection of the cornea prior 1o vital labelling and
microscopic examination. (A) A strip of tissue was dissected from
across the full width of the come:e. (B) The central portion (10-15
mm?) of the strip was selected, and dissected in the plane of the
tissue, into three sections (C): anterior, central and posterior
stroma, In most experiments, the epithelium and endothelium
were removed,



which consists of o mixture of 2 pM of the vital dye calecin-AM,
and 4 uM of the nuckear stmin etindium homodimer, m L-PHS
{Dulbecen's phosphaite buifered saline). These were stained in the
dark 2 room temperature withoul sgitation for 40 minues and
examined microscopically without subsequent washing,

Microscopy

AL tissue dissections were carefully mounted on a slide in a drop
of D-FBS, gently covershipped, and excess moisture was removed
i secure the sample flat, Dissections prepred in this manner were
viewed using a Leitz Dinlux 20 microscope fitted with a 25
phase-fluorescent, oil-lmmersion objective, and epi-illuminated
with u 50 W mercury vapour lamp using a conventional (485 nm)
flucrescein filer set. Photomicrographs were obluined using
Ektachrome 400 colowr transparency film, or TMAX-400 black
and white film (Exstmon Kodak Co., Rochester, N.Y., US.A.)
Complementary  phasc-contrast micrographs were taken o view
keratocyies in 4 single plane against the background of collagen

lamel e,

RESULTS

Corneal tissue

In these experiments, 2 bovine, 10 porcine and 4 human
comee were examined, bul comparative morphometric
anilysis was not performed as pan of this study. Qualita
tively, there uppeared no significant differences i kérato-
cvie morphology between these species and all luoroprobes
used gave wentical patterns of staining. Dug w0 their size
and lack of inherent stiffness, bovine comer proved diffi
cult 1o handle without nsk of damage, and were included
for comparative assessment only. On the other hand,
porcing cormén were similar in size, stiffness and anatomy
to the human cornese, and were easily manipulated during
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dissection (Fig. 1). For thése reasons the porcine cornes
was principally used lor the development of the labelling
iechniguoes

Anterior stroma
This dissection contained the intensely fluorescent epithe-
lium, Bowman's membrane, which was devoid of Muores
cence, a highly cellular keratocyte layer directly beneath
that membrane, and the anterior portion of the stroma
proper (Fig. 2A).

Ihe most significant feature of these dissections was the
identification of o dense network of keratocyies, approxi
mately 100 pm thick (the posterior boundary 15 indeterm-
nate), directly posterior to the cell free Bowman' s membrane
(Fig. 2B). The keratocyte cell bodies in this layer showed
lower levels of imtracellular esterase activity than typical
stromal kermtocytes (see below) and appeared filamentous,
clongate and often irregularly shaped (Fig., 2C). The remark
ably diffuse and numerous cell processes lapering laterally
from the cell bodies were thickest w their hase, and fre-
gquently branched before making terminal contact with adja-
cent L1'|;|In1L'}1|.' PrOCEssEs In .IIH-L'III-I_1H‘-[L"I'iI.='I dissections, no
clear lamellar arrangement of the cells in this sub-Bowman's
region was observed (Fig, 2A.B). Nerve fibres commonly
found in this region also exhibited esteriase activity, but were
morphologically distingt from the keratocytes (Fig. 2C)

Posterior to this layer, the antedor portion of the stroma
proper contnined keratocytes with o morphology and dis
tribution identical to those seen in central stromal dissec-
s

Central stroma

All vitul fluoroprobes revealed an intensely and uniformly
stained network of kermtocyies within any single focal

Fig. 2. Porcine comea maintained overnight i organ colture mediom and labelled with Live-Dead Assay. (A) Low-power antero
posterior plan through epithelium (e). Bowman®s membrang (parallel lines), the dense cell lsver forming the anterior stromi (az), and the
nrterior portion the central stroma (ci). Bor, 100 pm. (B) Detail of the interface between the epitheliom (e) and the keratocvies of the

antenor stroma {as ). Note the ';_'I'l!l.'f.l' lack of cells in the region of Bowman's membranc (bl .||I|1l1ll'r;|'| somie cell PIOCCRSEs APPEr 1]
traverse the apparent space (o contiet an epitheliol cell (arrowhend), Bar, 30 wm. (C) Incressed detnil (lamellar dissection) showing the
morphology and distribution of the kemtocyte population in the anterior stroma, Fine nerve fibres labelled with calcien-AM were

frequently observed in this laver (armowheads), Bar, 100 pm
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Fig. 3. Keratocyies in the central stroma
lacetate and ethidium bromid

network armangement. Bar, 50 yum

LT | | EY

Irivim o lamellar dissectnion of bovine com
large arrowhead=) and their cell processes {small armowhe

il the orthopondl network shown in A, Both kerninevic

5 ) exhibit an or

cell bodies and fine cell

processes fluorcsce brightly, indicating cells in the network are vinbl 1 mizkee e contncts with ndjpcent cell pmcesses

{aitowheads). Fluorescent cell bodies of viable keratocvies below the focal planc appeur as bright smodges (sciale us for A)

it 'h'-"'”""':"l’ Orgamisation i the central sthoma ol [HTINE SO nbelled with Live-Diead As ay Viahle kerulocyvie | bodkies g cell
isCs in the plane of focus form a work of interconnected cells, One keratoeyte (large smowhend) and severnl cell processes
Il arrowhesds) seem (o project oul W the focal plane, This suggests that keratocvie sheets are not strictly planar, bt nay have some

degree of antero-posterior connection. Bar, 50 um. () Detail of an anfers postenior dissechion showing

viable keratocyies in zig-zag shee

between interlenving stromal lamalle. Ramping connections between alternating lavers of keratocytes {amowhesds) Bar, 50 pm

plane. These were organised in u range of pattemns between
adjacent collagen lamellx, from a nearly orthoponal erid
IAB.C) The

orthogonal keratocyle network was seen in many but not

through o a near-random petwork (Fig

all dissections viewed, suggesting this pattern was not a
_:_'I.'HL'I.1| feature of the mid-stromal keratocyie network as
might have been .|Is!h|p:|lu'u| o the work of ||u_-j;||| el al
(1971). However, horizontal dissections inadveriently cul
al a slight angle 1o the collugen lamelle may also lead 1o
apparent distortions in the kerstocyle srrangement, and
could contribute 1o iInconsistencies in observations between
preparations. This however, would only pertain 10 the cwt
surface and not deep within the dissection where ol

sections arg possible.

In ihe ceniral siroma, the keratoovie cell bodies had a
well-defined pyramidal or stellate shape with I ng, hine and
venerally |II'-|1=.1II._|'|-.'|| cell |'I'I'ILL"-\L'- |‘I|'_i|.'| |II‘:;_‘ Irovin 5.|‘:|'|F
-I|"EJ1.'- (Fig. 3B.C). Most II\.",II:LIII": thise PIFCESSAES COn-
nected adjacent keratocyles within the same focal plane,
Cccasionally, however, they projected (o kerntocvie cell
processes outside the plane of focus (Fig, 3C), suggesting
some  form of anlero-postenor  interiamellar connection
between kKeratocvies in different planes

Exnmination of antero-posterior  dissections  showed
layers of kermtocyies aliernating with collngen lamellae
(Fig. 3D). However, these |.3|_'|.'I‘-- of keratocvies were not
always stnctly parallel o each other; some were set at a

slightly obligque angle o create o shallow ‘zigezag" pattern



Fig. 4. Cells of the postenior stroma and endothelium labelled with
fluorescein dincetate and ethidium bromide, (A ) Porcine cornen
showing detail of the vinble keratocyite subpopulation thai forms
the layer immedintely amterior to Descemet’s membrane. Note the
granular cytoplasm and the numerous connections between
odjacent keratocyites (amowheads). Bar, 50 pm. (B) Endothelinm
of human comea stored in organ culture mediom for 24 davs,
showing large arcas of caleein-AM-labelled cells (large
arrowheads) and paiches of non-vishle cells {small arrowheads)
ity which only the nuclel are stuined with ethidium homodimer
Paiches of dead endothelinl cells are not uncommon in comese
stored for extended periods as in this example. Bar, 50 pm

of keratocytes through the antero-posterior depth of the
stroma (Fig. 3D). These layers of keratocytes did not appear
to trunsect one another, the terminal Keratocytes of an
oblique sheet intersecting with more horizontally oriented
kerutocyte groups to form a series of ‘ramping connections’
between alternating layers of keratocytes (Fig. 3D). Having
identified these bridging cells, we are now developing
refinements in experimental methods and imaging tech-
nigues to establish the nature and extent of these ramping
connections, and their possible role in antero-postenior com-

munication amongst stromal keratocyles
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Posterior stroma

Two distinct patterns of keratocyte staining were observed
in posterior stromal dissections. The anterior pant of these
preparations had a kermtocyle network identical in organi-
sation and morphology to that found throughout the central
stromi.  Posteriorly, however, a morphologically distinet
sub-population of keratocytes, two or three cell layers thick,
was identified immediately anterior w Descemet’s mem-
brane (Fig. 4A). The endothelium defined the posterior
boundary of these preparations and stained intensely (Fig.
4B).

The overull cell density of the narmow keratocyle popu-
lation subjacent to Descemet’ s membrane was greater than
that of the central stroma, while the esterase activity of these
cells was reduced and had a granular, somewhat patchy dis-
tribution (Fig. 4A), The cell bodies of these keralocytes
were significantly larger and more irregular in shape than
mid-stromal keratocytes, with a greater number of lateral
cell processes. These processes were generally shorter and
thicker, and branched more than typical stromal kerato-
cytes, with several processes forming an irregular network
connecting many of the cells within a narrow focal plane
This distinct layer of keratocytes could also be seen in
antero-posterior dissections, but there was no evidence of
lubelled cells or fine cell processes passing into or through
the cell-free Descemet’s membrane.

DISCUSSION

The wse of Auorescent markers (o trace dynamic intracel-
lular reactions has expanded rapidly in recemt years, due
largely to the continued development, production and avail-
ability of site-specific, Auorescently lobelled lectins, During
initial trials on intact fragments of articular cartilage, fluo-
rescein discetate used as an intracellular marker of esternse
activity gave a consistent fluorescent distribution through-
out the cytoplasm of the chondrocytes (Poole et al., 1991).
We concluded that, in addition to providing evidence of cell
vighility, fluorescein diacetate and its derivatives also had
the capacity (o ‘trace” the distribution of the cytoplasm and
allowed a clear definition of viable cell morphology within
an unstained extracellular matrix.

This study utilised whole-mount samples of intact living
corne® and viability probes to examine the detailed mor-
phology, distribution and organisation of living keratocyies
in the intact cormeal stroma. Simple sampling and limited
dissection techniques have been used (o create thick (300-
500 pwm) whole mounts of untreated, freshly collected
comex. These samples were completely transparent and did
not suffer the typical tissue distortion and opagueness intro-
duced by aldehyde fixation or cryopreservation in previous
studies of keratocyte morphology and ultrastructure, The
optical transparency and transmittance from within the
sample enabled light microscopic examination through con-
siderable depth of dissected comea. Consequently, this
siudy is unigue in showing the distribution and organisa-
tion of living keratocytes within the three-dimensional
structure of corneal samples that have suffered a minimum
amount of ph}-uis;j:l or chemacal distortion.
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In initial experiments we tried the earlier generation vital
dyes fluorescein diacetate or 3,6-carboxyfluorescein diac-
etate used in combination with the dead cell probe ethid-
ium bromide. Whilst these dyes adequately demonstrated
keratocyte viability or morbidity, three key problems were
encountered during their use. Firstly, failure to wash the
tissue dissections properly before viewing resulted in unac-
ceptable background Muorescence in the extracellular
matrix, while excessive washing was thought to contribute
to the high rate of cell death observed in some preparations.
Second, these fluoroprobes were particularly susceptible to
fluorescent quenching during examination. To overcome
this problem, the anti-lading agent CitiFluor (Agar EM,
UK) was added immediately before viewing and, although
it did retard quenching of the Auorescence, it proved o be
cytotoxic. Finally, these Auoroprobes were pH-sensitive
with a visible shift in the emission spectrum of fluorescein
diacetaie from green 1o yellow as the intracellular pH
decreased during keratocyte death.

Given these difficulties, the new generation assay, Live-
Dead Assay, a combination of calcien-AM and ethidium
homodimer was evaluated. When compared with the early
generation fluoroprobes, Live-Dead Assay exhibited greatly
improved characteristics: its chemical stability, high reten-
tion rate within cells, low background Auorescence, and
high resistance to fluorescent quenching, Moreover, these
preparations required no special incubation or washing
before examination (Moore et al., 1990), which reduced
artefacts and revealed the delicate keratocyte network alive
and intact. These fluoroprobes also proved to be pH-insen-
sitive, maintained a uniform emission spectrum during the
period of examination and showed a consistent and reliable
staining pattern. To our knowledge these relatively simple
histochemical technigues have not previously been used to
study the keratocyte, an application to which they appeared
uniquely suited in that the tissue's inheremt transparency
wiis utilised to image the undisturbed cell within the three-
dimensional stromal matrix.

Esterase enzymes are ubiquitously distributed throughout
the cytoplasm of most viable cells and are able to cleave
the non-polar probes that penetrate intact cell membranes,
releasing fluorescently activated molecules within the cyto-
plasm. Consequently, even the cytoplasm of small cell
processes fluoresce when activated by 488 nm blue light.
The improved sensitivity and resolution of the Alucroprobe
techniques used here when compared with previous histo-
logical methods for examining this tissue (Hogan et al.,
1971; Nishida et al., 1988) revealed an extremely complex
network of very fine interconnecting cell processes, which
seemed 1o typify kermtocyte morphology seen within our
preparations.

Two key factors contributed to the success of this
approach: the penetrability of the dyes and their physico-
chemical characteristics; and the transmittance of the fluo-
rescing cells within a non-fluorescing, transparent matrix.
These characteristics, coupled with tissue dissections in
well-defined anatomical planes, have not only enabled us
to see the organisation of the keratocytes, but also to begin
to place them more precisely within the context of the three-
dimensional collagenous matrix that dominates the stroma,
Concepts of the nature, structure and organisation of stro-

mal collagen lamella: are being reviewed as more becomes
known of its biochemistry. It is also suspected that the
arrangement of the collagen fibrils may be more complex
(Komai and Ushiki, 1991) than implied in the previously
described lamellar lattice structure (Hogan et al,, 1971).
Should the orientation of the collagen fibrils not be con-
sistently parallel, this would permit the more random dis-
position of keratocytes that were present in some of our
mid-stromal preparations, and in the regions subjacent to
Bowman's and Descemet’s membranes.

This study identifies three morphologically distinet ker-
atocyle subpopulations, two of which have not been clearly
identified before and were located in transitional zones
abutting onto, and at the extreme edge of, the definitive
stroma where collagen fibrils differ in amangement and
diameter. The first was identified as a dense cell layer,
approximately 100 pm thick, immediately posterior to
Bowman's membrane in the anterior stroma. A second nar-
rower layer (1-2 cells thick), was found in the posterior
stroma immediately subjacent 10 Descemet’s membrane.
These two sub-populations represented only a small pro-
portion of the total keratocyte population,

The morphology of the kermtocyies posierior (o
Bowman's and anterior to Descemet’s membrane's differed
significantly from typical stromal keratocytes, yet they
shared certain features in common, Both had a granular
appearance, displayed lower levels of intracellular esterase
activity, and formed extensive cytoplasmic cell processes
that frequently branched 1o produce a fine fenestrated net-
work. However, keraiocyies posterior to Bowman's mem-
brane had smaller cell bodies than those found anterior Lo
Descemet’s membrune,

Previous studies have shown little evidence of morpho-
logically distinct keratocyte subpopulations in different
regions of the soroma. Early silver staining studies by
Scharenberg (1955) showed ‘shadowy polymorph ele-
ments’ in the anterior stroma of the human cornea, which
appear to have a morphology similar to that reported here
using esterase fluoroprobes. More recent studies by Stock-
well (1991) have also shown that the human keratocyte
nucleus, in proportion to the total cell volume, decreases in
size as the distance from the epithelium increases, while
sub-epithelial keratocytes in sheep and humans were also
shown to have a larger mitochondrial volume density than
elsewhere in the stroma. Differences in the lectin binding
properties of keratocytes in the posterior stroma have also
been reported (Schanzlin et al., 1990), but no correlations
were made with keratocyte morphology. Thus, whilst this
study identified morphologically distinct subpopulations of
keratocyles restricted to narmow segments of stroma subja-
cent to the epithelium and endothelium, the extent and dis-
tribution of these kermlocytes, their precise relationships o
Bowman's and Descemet’s membranes and the recognition
of any specific functions performed by them have yet to be
determined,

The third and most common keratocyte population was
distributed throughout the bulk of the stromal volume and
formed the majority of cells studied, These cells were char-
scterised by fattened, triangulate cell bodies and clearly
defined cell processes. In all species examined, a spectrum
of keratocyle arrangements was observed within one focal



plane, from precise orthogonal grids to more random cel-
lular armays (Fig. 3A,B.C). These observations correlate
with previous descriptions of keratocyte morphology and
are to a large extent consistent with the view that kerato-
cyles form flal, interlamellar sheets (Hogan et al., 1971;
Marshall and Grindle, 1978). Neighbouring cell bodies had
a profuse network of laterally oriented and interconnecting
processes within a single focal plane. However, some of
these processes did curve out of focus, suggesting the pres-
ence of antero-posierior connections between keratocytes
above or below the optical plane of section. Antero-pos-
terior dissections also revealed intersecting sheets of kera-
tocytes that formed obligue cellular ‘ramps” zig-zagging
through the antero-posterior axis of the stroma. Of partic-
ular interest is the suggestion that some form of antero-pos-
terior connections could represent the anatomical comelate
of a functional, three-dimensional keratocyte intercellular
communication network., Whilst it is possible that these
obliquely placed sheets of keratocytes may provide some
form of ‘ramping connection’ between adjacent lamellae,
further siudies are required 1w accurately identify functional
antero-posterior connections within the keraiocyie network.,
In summary, we report that Auorescently labelled viable
keratocytes are strongly contrasted against unlabelled col-
lagen lamellae, allowing the visualisation of these cells
within the three-dimensional stroma. Secondly, the distrib-
ution of esterase-sensitive viability dyes throughout the
cytoplasm of the keratocyies enabled the demiled mor-
phology and arrangement of the living keratocyie network
to be investigated. Finally, we found variations in cellular
morphology, identified cell subtypes, and were able 10 trace
the course and spatial orientation of connecting cell
processes within the corneal stroma. The application of this
investigatory histochemical technique within our laboratory
to circumstances in which the keratocyte and ils environ-
ment are challenged or changed, shows promise of provid-
ing a unigue and significant new approach to achieving a
better understanding of the microanatomy and dynamic
interactions of keratocytes within the comeal stroma.

We thank Professor Phillippa Wiggins for her helpful com-
ments on this manuscript,
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