Molecular Vision 2000; 6:132-43 <http://www.molvis.org/molvis/ivé/al8>

-~ © 2000 Molecular Vision
S Received 20 March 2000 | Accepted 11 July 2000 | Published 28 July 2000

Effect of latrunculin-A on mor phology and actin-associated adhe-
sions of cultured human trabecular meshwork cells
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Purpose: Determine the effects of the actin cytoskeleton disrupting compound latrunculin-A (LAT-A) on morphology,
cytoskeleton, and cellular adhesions of cultured human trabecular meshwork (HTM) cells.

Methods: HTM cells were cultured to high confluence with endothelial-like morphology and treated with LAT-A at
different doses and duration. Topography of living cellswas evaluated by videomicroscopy. Distribution and organization
of the actin-based cytoskeleton, vinculin- and paxillin-containing focal contacts, and -catenin-rich intercellular adhe-
sions were determined by immunofluorescence and digital microscopy.

Results: LAT-A induced pronounced but highly reversible rounding of HTM cells, intercellular separation, and disruption
of actin filaments. B-catenin-rich intercellular adheren junctions were particularly sensitive to LAT-A. Vinculin- and
paxillin-containing focal contacts were only partially affected and appeared to be more resistant to the drug than the
intercellular interactions.

Conclusions: Theincreasein outflow facility in the living primate eye induced by LAT-A may be due to the disorganiza-

tion and disruption of the actin cytoskeleton and its associated cellular adhesions in the trabecular meshwork.

Pharmacol ogically induced deterioration of the cytoplas-
mic microfilament system leads to alterations in the
submembrane junctional plague and consequent weakening
of cell-cell and cell-extracellular matrix (ECM) adhesionsin
severa cell types, including human trabecular meshwork
(HTM) cells[1-3]. Cytochalasins B and D, EDTA and EGTA,
epinephrine, and H-7 are believed to exert their outflow facil-
ity increasing effects by these mechanisms [3-7]. LAT-A, a
macrolide derived from the marine sponge Latrunculia
magnifica, isaspecific actin disrupting agent that disassembles
actin filaments by sequestering monomeric actin [8,9]. Topi-
cal or intracameral administration of LAT-A reversibly and
dose- and time-dependently increases outflow facility and low-
ers intraocular pressure in monkeys [10,11]. In cultured bo-
vine aortic endothelial cells (BAEC), LAT-A induces revers-
ibledisruption of actin microfilaments, cell separation and cell
loss [10]. However, the effects of LAT-A on the trabecular
meshwork and Schlemm’s canal (SC), itsocular target tissues
for increasing outflow facility, have not been defined. To un-
derstand the cellular/molecular basis by which LAT-A affects
outflow facility in vivo, we determined the effect of LAT-A
on the morphology, cytoskeleton, and cellular adhesions of
HTM cellsin culture.

METHODS
HTM cell culture and LAT-A treatment: HTM cells estab-
lished at University of California, San Francisco, were shipped
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to Madison, WI on dry ice and stored in liquid nitrogen prior
to plating. Cells were grown on glass cover dlips pre-coated
with poly-L-lysine (SigmaChemical Co., St. Louis, MO), and
maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum, 25 pg/mi
gentamycin and 2.5 pg/ml amphotericin B, at 37°C, 8% CO,,
Cells of third through fifth passage were used 1 week after
reaching confluence, at which time they exhibited a stable
endothelial-like morphology.

Imaging: For videographic analysis of cultured HTM
cells, ahigh performance monochrome CCD camera (COHU
Inc., San Diego, CA) was attached to the phototube of a mi-
croscope (objective: 200x; phase contrast; numerical aperture:
0.3 mm, and tube length: 160 mm, Leica, Welzler, Germany)
and the output was fed to a video recorder and TV screen.
Cells were recorded in time-lapse (1-2 min intervals) before
and during exposure to LAT-A and after LAT-A withdrawal
using phase contrast optics. For each dose, the identical field
of cells was located and recorded at each time interval. Im-
ages were subsequently captured off the videotape and sub-
jected to morphometric evaluation.

Immunofluorescence microscopy: |mmunofluorescence
labeling was performed as previously described in detail
[1,4,10]. Briefly, cells were washed with 50 mM MES (2-(N-
morpholine) ethanesulfonic acid) buffer, permeabilized and
fixed with 0.5% Triton X-100 and 3% paraformaldehyde in
buffer. FITC-conjugated phalloidin (Sigma) was used for fluo-
rescent labeling of actin. The primary antibodies used in this
study were: monoclonal anti-human vinculin (clone hVin-1;
Sigma), anti-B-catenin (clone 15B8; Sigma) and anti-paxillin
(clone 349, Transduction Laboratories, Lexington, KY), and
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rabbit anti-phosphotyrosine (Transduction L aboratories). Sec-
ondary antibodies (al from Jackson ImmunoResearch Labo-
ratories, West Grove, PA, unless otherwise indicated) were
rhodamine (TRITC)-conjugated goat anti-mouse 1gG H+L,
CY 3-conjugated goat anti-mouse 1gG H+L, and Alexa 488
conjugated goat anti-rabbit IgG H+L (Molecular Probes, Inc.,
Eugene, Oregon).

Fluorescence ratio imaging (FRI): To gain insight into
the earliest changesin the molecular composition of cell-ECM
and cell-cell adhesionsin HTM cellstreated with LAT-A, digi-
tal microscopy was employed. Images were acquired using
the DeltaVision system (Applied Precision, Issaquah, WA),
equipped with aZeissAxiovert 100 microscope (Oberkochen,
Germany), 100x 1.3 NA Plan-Neofluar objective (Zeiss) and
Photometrics 300 series scientific-grade cooled camera (Tuc-
son, AZ) reading 12 bit images. For quantitative processing,
images were acquired and corrected. Two-color
superpositioning of images, color spectrum presentation of
fluorescence intensity, and FRI between two different com-
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ponents using double-labeled cells were performed, as previ-
ously described [12].

RESULTS
Effect of LAT-A on HTM cell morphology: Cultured HTM
cells form a confluent and flat monolayer with extensive in-
tercellular contacts. Cells were recorded in time-lapse (1-2
min intervals) before and during exposure to 0.02, 0.2 and 2
UM LAT-A. After 24 h exposure to LAT-A at each dose, re-
covery was evaluated by culturing the cells in LAT-A-free
medium for another 24 and 48 h. HTM cell morphology ap-
peared to change systematically with increasing LAT-A con-
centrationsand incubation time. At 6 h after exposureto 2 uM
LAT-A, cells appeared obviously retracted and rounded, and
became more markedly rounded but still remained attached at
24 h (Figure 1). At 0.2 uM LAT-A, the effect was milder and
cellsmildly rounded up after 24 h of treatment (Figure 1). The
lowest concentration of LAT-A used here (0.02 uM) had no
obvious effect on cell morphology up to 24 h. Recovery at all

0 hr

0.02 uM Control

0.2 uM

24 hr 24 hr Rec.
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Figure 1. Effect of LAT-A on HTM cell morphology over time. Videographic recording of HTM cell morphology after treatment with 0, 0.02,
0.2and 2 uM LAT-A for 0, 6, and 24 h, and recovery for another 24 h. For each dose, the same field of cellswas recorded at each time point.
At1, 6,11, and 24 hat 0.02 pM LAT-A, cell morphology appeared unchanged. At 0.2 uM LAT-A, cells appeared slightly rounded at 24 h. At
2 UM LAT-A, cells showed time-dependent morphological changes including cell rounding and separation. Recovery at al doses seemed
almost complete after 24 and 48 h in LAT-A-free medium. Datafor 1 and 11 h treatment and 48 h recovery are not shown. Bar = 80 pm.
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Figure 2. Recovery of HTM cell morphology from effect of high dose LAT-A treatment over time. Videographic recording of the recovery of
HTM cell morphology following incubations for 1, 24, 48 and 72 h in LAT-A-free medium after treatment with 10 uM LAT-A for 1 h. The
LAT-A-treated cellsinitialy lost their normal morphology and some appeared markedly retracted (arrows). Within 1 h, dramatic recovery of
cell morphology occurred, and within 48 h recovery was essentially complete. Bar = 80 um.

doses seemed almost compl ete after 24 hin LAT-A-free medium, manifested by
afull complement of cells appearing flattened, packed and virtually identical to
O-hour cells (Figure 1).

To determine recovery of cells exposed to a high LAT-A dose for arela
tively short time, HTM cells treated with 10 pM LAT-A (twice the highest in
vivointraocular concentration studied [10]) wererecorded after 1 h of treatment
and following 1, 24, 48, and 72 h of recovery. Cells treated with 10 uM LAT-A
displayed dramatic morphological changeswithin 1 h, appearing highly retracted
and disorganized. However, no detached cells were observed, and major recov-
ery was apparent after 1 hin LAT-A-free medium, and seemed almost compl ete
by 48 h (Figure 2).

Effect of LAT-A on actin filaments and cellular adhesions: In untreated
cells, fluorescent staining for F-actin showed numerous thick stress fibers ori-
ented primarily parallel to the long axes of the confluent cells (Figure 3A).
Vinculin was associated with both focal adhesions and cell-cell junctions (Fig-
ure 3B), and located at the termini of the actin bundles (Figure 3A,B). The cell-
cell adhesions delineated by (3-catenin staining appeared as continuous or par-
tially segmented lines along the borders of the tightly packed cells (Figure 3C).

Figure 3. Distribution and organization of actin filaments and actin-related proteins in
normal HTM cells. Fluorescent staining for actin revealed numerous stress fibers ori-
ented primarily parallel to the long axis of the cells (A) and terminating at vinculin-
containing focal adhesions and adherens junctions (A, B). Panels A and B are the same
cells. Intercellular junctions were delineated by (3-catenin staining appearing as continu-
ous or partially segmented lines at cell-cell borders (C). The arrows point to actin stress
fibers (A), vinculin-containing focal adhesions (B), and 3-catenin containing cell-cell
junctions (C). Bar = 30 um.

134



Molecular Vision 2000; 6:132-43 <http://www.molvis.org/molvis/v6/al8> © 2000 Molecular Vision

0.2 M

Vinculin

30 min
Treatment

24h
Treatment

30 min
Treatment

24h
Treatment

Figure 4. Effect of LAT-A on the distribution of actin and vinculin in cultured HTM cells. Effect of LAT-A on the distribution of actin and
vinculin in cultured HTM cells treated with 0.2, 1, 2, or 5 uM LAT-A for 30 min and 24 h, and double-labeled for actin (panels A-H) and
vinculin (panels a-h). See Figure 3A and Figure 3B for normal actin and vinculin distribution and Figure 6 for actin and vinculin distribution
after LAT-A treatment for 2 h. LAT-A resulted in progressive deterioration of actin filaments, and time- and dose-dependent di sorganization of
vinculin-containing focal contacts. The latter appeared more resistant to LAT-A than the B-catenin-containing intercellular adhesions, even at
higher doses and longer treatment duration (panels g and h; compare with Figure 5). Bar = 20 um.
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Figure 5. Effect of LAT-A on the distribution of B-catenin in HTM cells. Effect of 0.2, 1, 2, or 5 uM LAT-A for 30 min and 24 h on the
distribution of B-catenin in cultured HTM cells. See Figure 3C for normal 3-catenin distribution, and Figure 7 for 3-catenin distribution after
2h LAT-A treatment. LAT-A induced time- and dose-dependent disorgani zation and disruption of 3-catenin-containing intercellular junctions.
[-catenin staining appeared to be affected as early as 30 min after 1 uM LAT-A treatment. Within 24 h at the lowest LAT-A dose (0.2 pM),
staining at cell-cell borders became irregular and often discontinuous (panel E). At higher doses, most cell-cell borders completely disap-
peared and some cells separated (panels F-H). Bar = 20 um.
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Figure 6. Actin and vinculin recovery in HTM cells after LAT-A treatment. Recovery of actin-based and vinculin-containing focal adhesions
in cultured HTM cells after treatment with 0.2, 1, 2, or 5 uM LAT-A for 2 h, and recovery for 30 min or 2 h in LAT-A-free medium. Recovery
of the actin-based cytoskeleton (panelsC, D, |, and J) and vinculin-containing focal adhesions (panelsc, d, i, andj) after 2 h exposureto LAT-

A was apparent by 30 min. Recovery was more complete following treatment with lower doses of LAT-A and longer recovery times (panelsE,
F, e andf). Bar = 20 um.
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In HTM cells treated with doses of LAT-A ranging from 0.2
UM to 5 uM for 30 min, 2 hand 24 h, LAT-A induced atime-
and dose-dependent disruption of the stressfiber network and
focal adhesions. Actin bundles had deteriorated markedly af-
ter 30 min exposureto 1 uM LAT-A, appearing thinner, shorter
and curved (Figure 4B). With longer exposures (24 h) and
higher LAT-A concentrations (2 and 5 uM), the stress fiber
network was almost totally obliterated, leaving residual dif-
fuse actin filaments distributed mostly at the cell periphery
(Figure 4G,H). LAT-A-treated cells also underwent dramatic
dose- and time-dependent deterioration of 3-catenin-contain-
ing cell-cell adhesions (Figure 5A-H). Disruption of adherens
junctions was apparent already after 30 min of treatment with
1 uM LAT-A, and the effect increased with incubation time
and/or LAT-A concentration. Vinculin-rich focal contactswere
reduced in size and number and appeared disorganized after
LAT-A treatment, but, in general, they appeared more resis-
tant to LAT-A treatment than cell-cell junctions (Figure 4 and
Figure 5). After 1 or 2 uM LAT-A treatment for 24 h, there
were till significant amount of vinculin patches remaining,
while B-catenin-containing cell-cell adhesions were almost
completely disrupted or disappeared (Figure 4 and Figure 5).

Recovery of actin, vinculin and S-catenin organization
after LAT-A withdrawal: For assessment of recovery of
cytoskeletal and junctional structures, cells were treated with
LAT-A for 2 h, after which medium was changed to LAT-A-
free medium for 30 min and 2 h. Recovery of the actin-based
cytoskeleton, vinculin-containing focal adhesions, and [3-
catenin-containing cell-cell adherensjunctions after 2-h treat-
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ment with 0.2 and 1 uM LAT-A was apparent as early as 30
min after drug withdrawal. The recovery was, however, more
complete and faster at lower doses of LAT-A than at 2 and 5
MM. Actin and vinculin recovered most rapidly, redistributing
in both radial and circumferentia patterns. Vinculin patches
were again located at the termini of the actin bundles and in-
creased in size, number, and density when the actin bundles
became thick and dense (Figure 6). 3-catenin showed partial
recovery within 30 min, displaying a punctate or zigzag pat-
ternaong cell-cell contacts, but recovery seemed slower com-
pared to that of actin and vinculin (Figure 7).

FRI analysis of LAT-A induced changes in the actin cy-
toskel eton and the associated focal contact and adherensjunc-
tionproteins. Standard immunofluorescence analysisof HTM
cellstreated with various LAT-A concentrations demonstrated
that therewasastriking, yet reversible, breakdownin the struc-
ture and organization of actin, vinculin and B-catenin. A re-
cently described technique, fluorescence ratio imaging (FRI,
[12]), was utilized in order to examine the molecular dynam-
ics of these changesin more detail. Cellswere double-labeled
for vinculin and actin, paxillin and phosphotyrosine, or 3-
catenin and actin, before or after 0, 15, or 60 min exposure to
0.2-5 uM LAT-A. Cells treated with LAT-A for 1 h and then
incubated in LAT-A-free medium for 5 or 20 min were also
double-labeled as above.

Double labeling of HTM cellsfor vinculin (red channel)
and actin (green channel) in untreated cells (Figure 8A-D) con-
firmed the earlier results showing well-organized actin fila
ments terminating in vinculin-positive focal adhesions. FRI

T
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Figure 7. [3-catenin recovery INnHTM cellsatter LAT-A treatment. Recovery of [3-catenin-containing intercellular adhesionsin cultured HTM
cells after treatment with 0.2, 1, 2, or 5 uM LAT-A for 2 h, and recovery for 30 min and 2 h in LAT-A-free medium. (3-catenin recovery was
slow and incomplete, compared to that of actin and vinculin following similar treatments (compare with Figure 6). Bar = 20 um.
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analysis (Figure 8D) showed that within most individual adhesions, there was extensive
overlap between vinculin and actin labeling (i.e., abundance of sites where a 1:1 inten-
sity ratio was apparent). After exposure to LAT-A for as little as 15 min (Figure 8E-H),
there was a breakdown of actin stress fibers and a reduction in the number and size of
vinculin-positive adhesions. FRI indicated that the actin:vinculin ratio within the vast
majority of residual adhesions dropped dramatically to below 0.1, indicating arelative
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loss of actin from these structures
(Figure 8H). The vinculin-positive
focal contact-like structures did not
completely disappear even after 1 h
of exposureto 1 uM LAT-A (Figure
8I-L), whichisconsistent with find-
ings with other cell types showing
some resistance of focal adhesions
tolow concentrations of LAT-A[10].
Those that do remain contained
vinculinand actininal:1ratio (Fig-
ure 8L). Examination of absolute
fluorescent labeling intensities
within the latter sites found a de-
crease in vinculin-positive staining
rather than an increasein actin-posi-
tive staining at the 1 h LAT-A expo-
sure time point compared to the 15
min exposure time point. Together,
the data indicate a rapid loss of ac-
tin filaments from focal adhesions
followed by adlower loss of vinculin
upon exposure to LAT-A. Removal
of the drug for aslittleas 5 min re-
sulted in a rapid reorganization of
actin filaments and increase in the
size, number, and intensity of
vinculin-positive focal adhesions,
athough it appeared that filamentous
actin recovery was more advanced
than the focal adhesion recovery
(Figure 8M-P). By 20 min after LAT-
A removal, actin and vinculin ap-
peared essentially as in untreated
cells (Figure 8Q-T).

Double labeling of HTM cells
for actin (green channel) and -
catenin (red channel; Figure9) again

Figure 8. FRI of vinculin and actin in
HTM cellstreated with LAT-A. Panels
A-L: Digital microscopic analysis of
HTM cells, double-labeled for vinculin
(VIN; CY3) and actin (AC; FITC), be-
fore (0) and after 15 and 60 min treat-
ment (15, 60") with L uM LAT-A. Pan-
elsM-T: Cellstreated with LAT-Afor 1
h and then incubated in medium with-
out LAT-A for 5 or 20 min (60'+5'R;
60'+20'R). The left column shows the
superimposed images of vinculin (red)
and actin (green). The columns marked
CY 3 and FITC show theintensity of la
beling of the respective proteins, using
the spectrum scale presented under the
FITC column. The FRI column depicts
the CY 3-to-FITC intensity ratio (scale
shown under the column). Bar = 10 pm.
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showed that cell-cell adhesions were aso highly LAT-A sensitive, in line with earlier
experiments conducted with other cell types[10,13]. FRI showed that in untreated cells
little, if any, actin was associated with the sharp band of junctional -catenin, evidenced
by the high B-catenin:actin ratio within these structures (Figure 9D). Actin filaments
were detected in the vicinity of the junctions flanking the 3-catenin bands. Upon expo-
sure to LAT-A for 15 min, the size and shape of the B-catenin containing sites were
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dramatically altered (Figure 9E-H),
but differently from vinculin, which
was less sensitive to the drug (com-
pare with Figure 8E-H). The (-
catenin-positive adhesions de-
creased in number and tended to ag-
gregate at cell-cell borders. FRI
analysis showed that the residual
actin filaments were not associated
with these [3-catenin containing ad-
hesions (Figure 9H). By 60 min of
LAT-A exposure (Figure 91-L), most
of the B-catenin aggregates, as well
as many small punctate -catenin-
containing structures, appeared scat-
tered throughout the cytoplasm and
were no longer associated with cell-
cell borders. Removal of LAT-A,
again, resulted in a rapid reforma
tion of actin filaments. However, in
contrast to the response of vinculin-
containing focal adhesions, [3-
catenin-positive structures remained
disorganized and did not recover for
up to 60 min after LAT-A removal
(Figure 9M-T).

Finally, given the differential
effects of LAT-A on actin, vinculin
and B-catenin, HTM cells were
double-labeled for paxillin (red
channel) and phosphotyrosine (green
channel; Figure 10A-T). Paxillin,
unlike vinculin, was localized only
to cell-matrix, but not to cell-cell
adhesions in other cells, while
phosphotyrosine could be localized
in both types of adhesion [12,14].
Zamir et al. [12] found that fibro-

Figure 9. FRI of B-catenin and actin in
HTM cellstreated with LAT-A. Panels
A-L: Digital microscopic analysis of
HTM cells, double-labeled for 3-catenin
(B-CAT; CY3) and F-actin (AC; FITC),
before (0) and after 15 and 60 min treat-
ment (15, 60") with 1 uM LAT-A, or
panels M-T treated with LAT-A for 1 h
and then incubated in medium without
LAT-A for 5 or 20 min (60'+5'R;
60'+20'R). The left column shows the
superimposed images of 3-catenin (red)
and F-actin (green). The columns
marked CY 3 and FITC show the inten-
sity of labeling of the respective proteins
using the spectrum scale presented un-
der the FITC column. The FRI column
depictsthe CY 3-to-FITC intensity ratio
(scale shown under the column). Bar =
10 pm.
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blasts treated with the kinase inhibitor H-7, which blocks actomyosin contractility, dis-
play disrupted phosphotyrosine-, paxillin-, and vinculin-containing cell-matrix adhe-
sions[12]. In untreated HTM cells (Figure 10A-D), paxillin and phosphotyrosine dem-
onstrated extensive co-localization within focal adhesions, manifested by the abundance
of adhesions with a 1:1 intensity ratio. LAT-A treatment for 15 or 60 min decreased the
intensity, but apparently not the number of phosphotyrosine-positive sites (compare Fig-
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ure 10C with Figure 10G and Fig-
ure 10J). In contrast, therewasasig-
nificant reduction in the number and
intensity of paxillin-positive adhe-
sions (compare Figure 10B with Fig-
ure 10F and Figure 10l) and within
many of the latter, the ratio of
paxillin to phosphotyrosinewas high
(Figure 10H). These data indicated
a selective loss of phosphotyrosine
followed by paxillin from focal ad-
hesions upon exposure to LAT-A.
Shortly (5 min) after removal of
LAT-A, therewaslimited re-appear-
ance of paxillin or phosphotyrosine
in focal adhesions (compare Figure
10N and Figure 100 with Figure 10J
and Figure 10K, respectively), com-
pared to vinculin (compare with cor-
responding panels in Figure 8). By
20 min the number and intensity of
paxillin-positive sitesincreased and
were similar to that of untreated
cells. Likewise, the number and in-
tensity of phosphotyrosine-positive
sitesincreased at thistime point, but
FRI showed that therewas still rela-
tively little phosphotyrosine associ-
ated with the paxillin-positive sites
(Figure 10Q-T). This suggests that
tyrosine phosphorylation within in-
dividua focal adhesions was more
sengitiveto the effectsof LAT-A than
was the actual assembly of proteins
into those adhesions.

Figure 10. FRI of paxillin and
phosphotyrosine in HTM cells treated
with LAT-A. Panels A-L: Digital mi-
croscopic analysisof HTM cells, double-
labeled for paxillin (PAX; CY3) and
phosphotyrosine (PT; FITC), before (0)
and after 15 and 60 min treatment (15',
60) with 1 uyM LAT-A. Panels M-T:
cellstreated with LAT-A for 1 hand then
incubated in medium without LAT-A for
5 or 20 min (60'+5'R; 60'+20'R). The
left column showsthe superimposed im-
ages of paxillin (red) and
phosphotyrosine (green). The columns
marked CY 3 and FITC show the inten-
sity of the respective labeling, using the
spectrum scale presented under the FITC
column. The FRI column depicts the
CY 3-to-FITC intensity ratio (scale
shown under the column). Bar = 10 pm.
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DISCUSSION

Actin filaments and actin-associated proteins play an impor-
tant role in cell-substratum and cell-cell interaction, extracel-
lular signal transduction, cytoskeleton organization and cell
morphology and contractility [15,16]. Actin filaments inter-
act closely with the plasmamembrane at the cytoplasmic face
of cell-cell and cell-ECM adhesions[17,18]. With LAT-A treat-
ment, HTM cells retract time- and dose-dependently, as evi-
denced by “rounding” or “thickening”, indicating a perturba-
tion of cellular anchorage and overall architecture. Thisisat-
tributabl e to the capacity of LAT-A to disrupt the actin cytosk-
eleton, leading to deterioration of microfilament bundles, |oos-
ening of cell-cell attachments, and cell retraction. With high
dose and long duration exposure to LAT-A, stress fiber orga-
nization was almost completely disrupted, leading to the cell
retraction and rounding up observed by phase contrast. In-
deed, the changesin the actin filaments and cellular adhesions
of cells treated with 0.2 or 2 uM LAT-A for 24 h (Figure 3,
Figure 4, and Figure 5) corresponded well with the changesin
cell morphology at the same drug concentrations and treat-
ment time (Figure 1).

LAT-A sequesters monomeric actin, thereby inhibiting
actin assembly and disrupting the actin cytoskeleton [8,19].
Consequently, this drug disrupts the actin-dependent intercel -
lular (adherens) junctions and cell-matrix (focal) adhesions
[11]. H-7 and other kinase inhibitors affecting myosin 11-de-
pendent contractility disrupt the stress fiber network and de-
stroy focal contacts without disrupting cell-cell interactions.
Thus, while both drugs could affect flow dynamicsviaacom-
mon mechanism (namely loss of cellular contractility of tra-
becular cells), LAT-A, viaits unique effect on adherens junc-
tions, might also form new intercellular flow pathways.

Itisnoteworthy that the kinetics of LAT-A’seffect on stress
fibers and on vinculin-containing focal contacts were quite
different. Actin filaments were rapidly lost upon treatment of
HTM cellswith LAT-A, and therecovery of actin after LAT-A
withdrawal was also rapid (within 5 min). Significant disap-
pearance and reappearance of vinculin-containing focal con-
tacts, on the other hand, was réelatively slow (within 60 min
and 20 min, respectively). These differences may stem from
LAT-A affecting actin primarily, with disruption of focal con-
tacts following secondarily. Vinculin is an important compo-
nent of a protein complex that links the actin network to the
plasma membrane at adhesion sites[20], and itsexpression is
affected by the level of actin expression [21], suggesting that
vinculinmay serveasacytoskeletal protein functioning down-
stream from actin in forming cellular adhesions. As a struc-
tural proteinin membrane-cytoskeleton interactions, vinculin
loses its normal distribution and organization as a result of
actin disruption upon LAT-A treatment. Therefore, actin re-
covery will be followed by vinculin recovery that links the
actin cytoskeleton to the cell membrane for reformation of
focal contacts.

Thisisconsistent with in vitro and in vivo studiesregard-
ing the effects of cytoskeleton active agents on outflow facil-
ity [3-6,10,11]. The sequence of events underlying the rapid
effects of LAT-A and H-7 on outflow facility is not entirely
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clear and may differ. TM cells, like other endothelia cells[22],
normally maintain an active contractile tone. LAT-A, which
directly bindsto G-actin, disruptsthe actin microfilament net-
work and consequently interferes with cell contractility and
adhesion [23]. In contrast, H-7, a myosin light chain kinase
inhibitor, suppresses actomyosin-driven contractility prima-
rily, leading secondarily to deterioration of the actin microfila
ment system [1]. Cellular contractility, rather than actin fila-
ment disruption, plays a primary role in assembly/disassem-
bly of focal contacts[12,24]. H-7 may exert its outflow facil-
ity increasing effects primarily by promoting TM cell relax-
ation, with secondary actin filament degradation being physi-
ologicaly lessrelevant. The opposite sequence may occur with
LAT-A, and we cannot be sure which event (cellular relax-
ation or actin filament degradation) matters most for facility.

Trabecular cellsonthe corneoscleral trabecular beamsand
inthejuxtacanalicular tissueplay acritical rolein overall mesh-
work architecture and the conductance of agueous humor. TM
cellsareinvolved in the secretion and metabolism of the com-
plex ECM, and provide an endothelial-like lining for the en-
tire pathway [25]. The extensive microfilament-associated
molecular interactions or “ cross-talk” between TM cells, and
between cells and their underlying ECM, likely contribute to
the control of outflow resistance. Theseinteractions represent
apoint at which pharmacological control of intraocular pres-
sure may be possible. LAT-A exerts a significant facility-in-
creasing effect, at least in part by mechanisms related to per-
turbationsin the cytoskeleton, the ECM, or their interactions.
Thefacility increase in monkeysis reversible within 3 h after
drug removal [10], consistent with the reversibility of LAT-
A's effects on cultured HTM cells. Nearly full recovery from
a severe change in cell shape induced by 1-h exposure to 10
MM LAT-A (twicethemaximal facility-effective dose) occurred
within 1 h in drug-free medium, with no cell loss, indicating
that the cellsremained viable. LAT-A may thusinduce aphysi-
ological modulation of abasic control mechanism rather than
irreversible toxicity, auguring well for possible clinical appli-
cability if targeted specifically to cells of the conventional
outflow pathway. The large increases in outflow facility
achieved with other cytoskeletal active agents, including cy-
tochalasins B and D [5,6] and H-7 [4], are also reversible,
again suggesting that the facility effects of these agents are
closely associated with actin filament deterioration and recov-
ery. Nonetheless, more specific studies of cell viability should
be undertaken.

Topicaly or intracamerally administered latrunculin-B
(LAT-B), another member of thelatrunculin family which also
inhibits actin assembly, also dose- and time-dependently in-
creases outflow facility In living monkeys[26]. In addition to
lowering |OP consequent to the facility increase [11], both
LAT-A and LAT-B increase protein concentration in the ante-
rior chamber, induce cell shape changesand increased perme-
ability in the corneal endothelium, and induce overall corneal
thickening. These effects are relatively mild and completely
reversible within hours, and the outflow facility and
biomicroscopic appearance of the eyes are subsequently nor-
mal, indicating the absence of long-term in vivo toxicity at
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least after asingle facility-effective dose[11]. Although LAT-
B is more potent and effective than LAT-A at in increasing
facility, the other anterior segment changesareless pronounced
following LAT-B than with LAT-A in the living monkey [11].
Epstein et a. [27] found that LAT-B increases outflow facility
inorgan cultured porcine eyes, and causes asubstantial change
in cell shape and attachments, associated with disruption of
actin filaments but without effects on tubulin staining, in cul-
tured HTM and Schlemm’s canal cells. No apparent signs of
cellular toxicity were found in the perfused porcine eyes by
transmission electron microscopy [27], indicating that
latrunculins may have strong but relatively “safe” effects on
the cells of the ocular anterior segment [11]. Studies follow-
ing longer-term dosing would beimportant in thisregard. More
work is needed on the assembly and disassembly of actin and
actin-associated adhesion proteins of HTM cells treated with
LAT-A and other agents, to optimize outflow facility enhance-
ment without risking irreversible changesin the fine anatomy
of the outflow pathway or other anterior segment tissues. Dif-
ferent drug administration strategies might also reduce theside
effects. Administering lower concentrations of LAT-A over a
longer time, aided by the pressure/flow gradient across the
trabecular meshwork, might increase outflow facility and de-
crease |OP without affecting the cornea or ciliary body. High
concentration/small volumeformulations used in most experi-
mental topical drug protocols and clinical therapy place the
corneaat adisadvantage. Using lower concentrationsin larger
volumes to spread the drug more evenly over the entire cor-
neal surface and expose the central cornea to a much lower
dose, and the use of other vehicles, delivery systemsand pen-
etration routes that are less toxic to the cornea, could be ex-
plored.
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The typographical corrections below were made to the article on the date noted. These changes have been incorporated in the article and the

details are documented here.

18 August 2000:
In Figure 8, in the first sentence of the caption:

...before 0 and after 15 and 60 min treatment (15', 60") with 1 uM LAT-A.

was changed to:

...before (0) and after 15 and 60 min treatment (15', 60") with 1 pM LAT-A.

In Figure 9, in the first sentence of the caption:

...before (0) and after 15 and 60 min treatment (15', 60") with LAT-A,....

was changed to:

...before (0) and after 15 and 60 min treatment (15', 60") with 1 uM LAT-A,....

In Figure 10, in the first sentence of the caption:

...before (0) and after 15 and 60 min treatment (15', 60") with LAT-A.

was changed to:

...before (0) and after 15 and 60 min treatment (15', 60") with 1 pM LAT-A.



