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Summary: The trabecular meshwork of 45 normal human eyes ranging in age
from 19 to 81 years and of six glaucomatous human eyes (33-78 years) was
studied for the presence of contractile cells. For this purpose, the chamber
angle was immunocytochemically stained with antibodies against a-smooth
muscle (sm) actin. Within the various ages, the presence of a-sm actin labelled
cells showed differences. In younger eyes, a-sm actin filaments were seen in
nearly all cells of the trabecular meshwork. With increasing age, fewer cells
stained for a-sm actin and were mainly seen in the posterior part of the tra-
becular meshwork and in the scleral spur. The main filtering portion of the
meshwork contained nearly no stained cells. No differences were found be-
tween glaucomatous eyes and normal eyes of the same age group. Key Words:
Human trabecular meshwork—a-Smooth muscle actin—Myofibroblasts—
Immunocytochemistry—Ultrastructure.

In previous studies, Kaufman and Barany (1)
have shown that the antiglaucomatous drug epi-
nephrine increases outflow facility even if the cili-
ary muscle is disinserted from the trabecular mesh-
work and from the scleral spur. These findings in-
dicate that the cells in the outflow pathways
themselves are influenced by the drug.

In a recent study, we have demonstrated myofi-
broblasts in the bovine chamber angle (2). These
cells are present directly adjacent to the outflow
plexus and in the transitional region between the
reticular meshwork and the ciliary muscle. They
stain characteristically positive with antibodies
against the smooth muscle specific microfilament
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actin (a-sm actin) and vimentin, but are negative for
the muscle specific intermediate filament desmin.
Nerve terminals indicating innervation of these
cells are found in close contact with the cells.

Studies by de Kater et al. (3,4) indicate that con-
tractile cells also exist in the human trabecular
meshwork. As the glaucomatous disease occurs
mainly in older age groups, we were interested in
whether or not there are age-related differences in
the distribution of such contractile cells in the
meshwork and whether or not they are still present
in glaucomatous eyes.

MATERIALS AND METHODS

Forty-five human eyes from different age groups
ranging from 19 to 81 years were investigated.

Sixteen eyes were derived from eight donors aged
40 to 81 years without history of ocular disease. The
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eyes were enucleated 7-16 h after death. The ante-
rior half of the eyes was dissected in different quad-
rants and specimens containing the anterior cham-
ber angle (2-3-mm wide) were prepared. Some of
these specimens from each quadrant were frozen in
isopentane cooled with liquid nitrogen. Similar sec-
tors were fixed in paraformaldehyde-lysine-
periodate (PLP; 5) or Zamboni solution (6) for 4 h
and then embedded in paraffin or LR Gold (Agar
Scientific LTD, Stansted, Essex, U.K.).

Twenty-three eyes from different age groups
ranging from 19 to 58 years were obtained from the
Eye Hospital, University of Munich; most of these
eyes had been enucleated because of posterior cho-
roidal melanoma. The anterior chamber of the eyes
was intact, showing no signs of tumor cell infiltra-
tion or inflammatory reaction. The material had
been fixed immediately after enucleation in formal-
dehyde for various periods of time and embedded in
paraffin wax.

Six eyes were derived from six donors suffering
from primary open angle glaucoma (33, 56, 59, 66,
69, and 78 years). The eyes had been fixed in
paraformaldehyde and were embedded in paraffin.
For ultrastructural investigation, specimens from
five of the normal eyes (27, 49, 50, 74, and 81 years)
were fixed in Ito’s solution (7) and embedded in
Epon (Roth, Karlsruhe, Germany).

IMMUNOCYTOCHEMICAL STAINING
Frozen Material

The frozen specimens were cut at 10 wm in sag-
ittal and tangential planes through the chamber an-
gle and mounted on chromalum-gelatine coated
glass slides. Following fixation with acetone for 10
min at —20°C, the sections were treated with Blot-
to’s solution (8) for 20 min to reduce nonspecific
staining. Incubation with the primary antibody was
carried out for 90 min. For the demonstration of
a-sm actin monoclonal mouse anti-a-sm actin
(Sigma, St. Louis, MO, U.S.A.; 9) diluted in phos-
phate buffered saline (PBS), pH 7.2-7.4, with 1%
bovine serum albumin (1:150) was used. Demon-
stration of vimentin and desmin was achieved using
monoclonal mouse anti-swine vimentin (Dakopatts,
Hamburg, Germany) diluted 1:20 and monoclonal
mouse anti-human desmin (Dakopatts) in a dilution
of 1:5. After incubation with the primary antibody,
the sections were given three 10-min washes in
PBS, and were then incubated with fluorescein con-
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jugated rabbit-anti-mouse IgG in a dilution of 1:20
for 60 min. After washing in PBS for 30 min, the
sections were mounted in Kaiser’s glycerin-gelatine
(Merck, Darmstadt, Germany).

Paraffin Sections

Sagittal and tangential sections (7 um) through
the chamber angle were cut and mounted on glass
slides coated with 1% glue (Pritt; Henkel). After
dewaxing, the sections were stained as described
above with the primary antibody for 90 min (anti-
a-sm actin 1:150, anti-vimentin 1:5, or anti-desmin
1:5) and the secondary antibody (fluorescein conju-
gated anti-mouse IgG 1:20) for 60 min. Finally, the
sections were washed in PBS and mounted with
Entellan (Merck) containing 2.5% diamino-bicyclo-
octane (Dabco; Merck).

Electron Microscopic Immunocytochemistry

For electron microscopic (EM)-immunocyto-
chemistry ultrathin sections were cut from LR gold
embedded specimens, incubated with a-sm actin
(1:150) for 8 h, washed, and incubated then with 10
nm gold-labelled anti-mouse IgG (Sigma) for addi-
tional 8 h. After washing, the sections were post-
fixed with 2% glutaraldehyde, counterstained with
uranyl acetate and lead citrate, and viewed with a
Zeiss EM 902.

Controls

Control experiments for frozen and paraffin sec-
tions were performed using either PBS or a mouse
preimmune serum substituted for the primary anti-
body.

Electron Microscopy

For ultrastructural investigation, sagittal and tan-
gential sections through the different portions of the
meshwork were cut from Epon embedded speci-
mens, counterstained with uranyl acetate and lead
citrate, and examined with the Zeiss EM 902.

RESULTS
Immunocytochemical Staining for a-sm Actin

Normal Eyes

. ln all age groups, intense staining was seen in the
ciliary muscle cells and in the smooth muscle cells
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and pericytes of blood vessels. In the trabecular
meshwork, distribution of a-sm actin varied within
the different age groups.

Eyes aged 19-42 years. In sagittal sections of the
trabecular meshwork from donors between 19 and
42 years of age, a-smooth muscle actin staining was
observed in nearly all cells of the cribriform, cor-
neoscleral, and uveal meshwork. Staining was also
seen in the cells of the nonfiltering portion of the
chamber angle including Schwalbe’s line cells at
the end of Descemet’s membrane. Additionally,
staining for a-actin filaments was found within cells
of the scleral spur, in the ciliary meshwork which
connects the ciliary muscle with the iris root, and
in a few single cells adjacent to the outer wall of
Schlemm’s canal. The endothelial cells of Schlemm’s
canal remained unstained (Fig. 1A).

Tangential sections through the trabecular mesh-
work revealed a continuous dense network of a-sm
actin cells extending from scleral spur to Descem-
et’s membrane.

Eyes aged 44-59 years. In sagittal sections of all
sections of this age group, staining was seen in the
scleral spur and the ciliary meshwork. In the cor-
neoscleral meshwork, staining was seen in cells
covering the posterior one-third to two-thirds of the
lamellae. In most eyes, stained cells were also
found in the anterior nonfiltering portion of the
meshwork directly adjacent to Schwalbe’s line. In
the remaining corneoscleral meshwork and the crib-
riform region, staining was almost completely ab-
sent. Within the uveal meshwork, staining was
found only in single cells covering the inner uveal
lamellae (Fig. 1B). As in the young eyes, single
stained cells were seen adjacent to the outer wall of
Schlemm’s canal.

In tangential sections, in contrast to the young
age group, the a-actin labelled cells in the anterior
nonfiltering portion and in the posterior part of the
meshwork adjacent to the scleral spur were less
densely packed and formed only a thin band of
stained cells. In the remaining trabecular mesh-
work, there was only a loose network of stained
cells.

Eyes at the age of 7081 years. In sagittal sections,
the specimens from the five oldest donors (70, 74,
80, 80, and 81 years) showed staining in cells of the
scleral spur, ciliary meshwork, and single cells ad-
Jjacent to the outer wall of Schlemm’s canal. Within
the corneoscleral meshwork, staining occurred only
in a very few cells covering the innermost lamellae
directly adjacent to the ciliary muscle tips and

scleral spur (Fig. 1C). Only in some sections, weak
staining was also seen in the posterior portion of the
innermost uveal lamellae. No staining was found in
the cribriform region. In the most anterior nonfil-
tering part of the meshwork, staining was found
only in one eye of the investigated specimens.
Tangential sections through the inner corneo-
scleral meshwork showed a-sm actin-labelling re-
stricted close to the ciliary muscle tips. The staining
appeared discontinuous and patchy (Fig. 1D).

Glaucomatous Eyes

In the glaucomatous eyes, the staining pattern
was the same as in the normal eyes of the same age
group.

Staining for a-sm actin was the same in frozen
and paraffin sections. Neither the duration of fixa-
tion nor the various postmortem time periods af-
fected the stainability for a-sm actin.

Immunocytochemical Staining for Desmin

In all age groups of the normal and glaucomatous
eyes, the staining for desmin was only seen in cili-
ary muscle cells. No staining was found in the dif-
ferent regions of the trabecular meshwork. The
staining intensity for desmin filaments was more
pronounced in frozen than in paraffin sections.

Immunocytochemical Staining for Vimentin

All cells of the trabecular meshwork showed
staining for vimentin. This was not dependent on
the age of the donor eyes and was true for the nor-
mal and glaucomatous specimens. The staining re-
vealed that even in eyes of the elderly, the trabec-
ular lamellae were always covered by labelled cells.

Similar to the staining for desmin, vimentin fila-
ments were more intensely stained in frozen than in
paraffin sections.

Electron Microscopy

Ultrastructurally actin forms 6-8-nm thick fila-
ments. Within the trabecular meshwork of normal
eyes, three different cell types could be distin-
guished with respect to these 6-8-nm filaments,
which also stained positively for a-sm actin (Fig. 2A
and B).

In cell type I, the filaments were located in all
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FIG. 1. Sagittal paraffin section through the chamber angle of a 40 (A), 49 (B), and 74 (C) year old donor eye stained for a-sm
actin. In A a-sm actin positive cells are found within all regions of the trabecular meshwork (arrows). In B staining is seen cover-
ing stilt about half of the uveal and corneoscleral lamellae (arrows). In C «-actin—-labelled cells are only seen within the scleral
spur, the adjacent lying uveal and corneoscleral lamellae (arrow), and some cells next to the outer wall of Schlemm’s canal

J Glaucoma, Vol. 1, No. 3, 1992
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(C}
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(arrowhead). S, Schlemm’s canal; original magnification x45. In D tangential frozen sections (10 pm) through the trabecular
- meshwork of a 74-year-old donor eye stained for a-sm actin are shown. Labelled cells are only single and scattered, lying
adjacent to the ciliary muscle and scleral spur, respectively. CM, ciliary muscle; SP, scleral spur; TM, trabecular meshwork;

original magnification x81.
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(A)

(B)

FIG. 2. Electron micrographs of three different cell types in the trabecular meshwork. A: Immunogold staining of a type | cell of
a 27-year-old donor eye incubated with a-sm actin-antibodies (original magnification x84,000). The gold particies can be
localized to the 6-8-nm filaments that fill large parts of the cytoplasm. B: Type | cell of a 27-year-old donor eye (origind
magnification x18,200). The cytoplasm is mainly filled with 6-8-nm thick filaments finset shows a higher magpnification
(x66,000)] that are connected with each other and with the cell membrane by dense bodies (asterisks) and dense bands
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i, (D)

loite PEGL R R 5 PR 2B UL R
(arrowheads), respectively. Other cell organelles as mitochondria (M) and rough endoplasmic reticulum (rER) are only sparsely
present. BM, basement membrane. C: Type Il cell of a 49-year-old donor eye (original magnification x12,320). In the type || cells
bundles of microfilaments (arrow) are still prominent; however, the other organelles (mitochondria M, rER) fill large parts of the
cytoplasm. D: Type Il cell of a 74-year-old donor eye (original magnification x14,520). Type Il cells are characterized by a bright
cytoplasm containing large amounts of rER, vesicles, and mitochondria (M), whereas microfilaments are hardly seen.
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areas of the cytoplasm except for a small perinucle-
ar region where other cell organelles were present.
Dense bodies were unevenly scattered within the
filament bundles and dense band-like condensations
appeared between filaments and the cell membrane
(Fig. 2B). In the nonlamellar ciliary meshwork, cell
type I showed an incomplete basal membrane and
at some places the extracellular material seemed to
be connected directly to the basal membrane of the
cells.

Cell type 1I contained fewer microfilaments and
more other cell organelles such as rough endoplas-
mic reticulum (rER) and Golgi material in the cen-
tral cytoplasm. However, thick bundles of microfil-
aments were still present adjacent to the cell mem-
branes and within the cellular extensions (Fig. 2C).

In cell type 111, only very thin bundles of micro-
filaments were seen localized mainly in the basal
cytoplasm adjacent to the trabecular lamellae or in
the cellular extensions. The remaining cytoplasm
was filled with cell organelles (rER, Golgi material,
ribosomes, and mitochondna) (Fig. 2D).

The distribution of the three cell types showed
age-related differences. Cell type I was found in all
age groups characteristically in the vicinity of the
ciliary muscle and was located in the ciliary mesh-
work and in the scleral spur. In the young aged (27
years) donor eye, single type I cells also were found
in the corneoscleral and cribriform meshwork.

Type 11 cells constituted the majority of cells
within the uveal, corneal, and cribriform meshwork
in young eyes. In older eyes (45, 50, 74, and 81
years), cell type II was less frequently seen. Here,
the cells were mainly found in the posterior parts of
the trabecular meshwork adjacent to the scleral
spur.

Cell type III was the predominant cell type of the
old eyes, whereas in the young eyes type III cells
were only occasionally found within the meshwork
regions.

DISCUSSION

The presence of filamentous actin in the trabec-
ular meshwork cells of primates has been demon-
strated by numerous authors (4,10-15). The func-
tional significance of these filaments in the trabec-
ular meshwork has been discussed mainly with
respect to phagocytosis and maintenance of cell
junctions.

Two-dimensional gel electrophoresis has shown
that filamentous actin consists of different actin iso-
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forms (for review, see ref. 16). The a-actin isoforms
are generally considered to be specific for smooth
muscle cells and myofibroblasts. This might suggest
that a-actin is functionally mainly related to con-
tractile properties.

The present study demonstrates smooth muscle
specific a-actin filaments in human trabecular
meshwork cells, corroborating the findings of de
Kater et al. (4). Our characterization shows that
a-actin—labelled trabecular meshwork cells are dif-
ferent from ciliary muscle cells as they do not stain
for desmin, which is the intermediate filament pre-
dominantly expressed by muscle cells. Although
desmin filaments have been described for trabecu-
lar meshwork cells in culture by Iwamoto and
Tamura (17), in the intact tissue we found staining
for this intermediate filament only in ciliary muscle
cells (see also ref. 18). Similar results have also
been reported by Weinreb and Ryder (15).

In this study, we furthermore demonstrate that
the frequency and distribution of a-sm actin posi-
tive cells shows age dependent changes within the
trabecular meshwork. In the young age group, most
of the cells stain for a-sm actin in all regions of the
trabecular meshwork. Indeed, some of these cells
(the type I cells) are morphologically similar to the
recently described myofibroblasts in the scleral
spur (19) and in bovine outflow tissue (2). In the
bovine meshwork, contractile properties have been
demonstrated by various physiological methods
(20,21).

Physiological studies on contractility of the hu-
man trabecular meshwork are lacking. If in the hu-
man, too, a-sm actin positive cells are contractile,
in young eyes contraction could influence outflow
facility by configurational alterations of the outflow
pathway. With increasing age, the number of tra-
becular cells is reduced (22,23). This is even more
pronounced in glaucomatous eyes (24). It might be
that there is a specific loss of a-actin positive cells
in the trabecular meshwork; on the other hand, in
young eyes all cells stained positively for a-sm ac-
tin, and in old eyes the lamellae are still covered by
trabecular cells in all regions of the meshwork. We,
therefore, suggest that the lack of staining in the
filtering portion of the meshwork is not caused by
loss of cells but is more related to structural
changes within the cells. In fact, concomitant with
loss of the a-sm actin filaments in the trabecular
meshwork cells with age, an increase of synthesiz-
ing organelles such as rER can be observed. An
increased synthetic activity of the trabecular mesh-
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work cells might contribute to the age-related in-
crease of extracellular material in this region, e.g.,
the thickening of the trabecular beams and the ac-
cumulation of plaque material (25,26). Both, in-
crease of synthetic activities and loss of contractile
protein might contribute to a decrease in outflow
facility happening with age and more pronounced
with glaucoma.
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