The Mechanism of Increasing Outflow Facility during
Washout in the Bovine Eye
Darryl Overby,1 Haiyan Gong,2 Guanting Qiu,2 Thomas F. Freddo,2 and Mark Johnson3
PURPOSE. To investigate the relationship between outflow facility and separation between the inner wall of the aqueous
plexus and the juxtacanalicular connective tissue (JCT) during
washout in the bovine eye.
METHODS. Facility was recorded during 3 hours of anterior
chamber perfusion at 15 mm Hg in eight pairs of bovine eyes.
One eye of each pair was then lowered to 0 mm Hg for 1 hour,
whereas the fellow eye was kept at 15 mm Hg. After a brief
perfusion at 15 mm Hg, both eyes were perfusion fixed and
processed for electron microscopy. Micrographs of the inner
wall were analyzed for separation from the JCT. To study the
role of cellular adhesion between the inner wall and JCT, 12
additional pairs were perfused with integrin-binding peptide
(RGD: Arg-Gly-Asp) or sham control peptide (RGE: Arg-GlyGlu) at 2 M to 2 mM, before IOP was reduced.
RESULTS. During the first 3 hours, facility increased in both eyes
because of “washout.” However, after 1 hour of 0 mm Hg,
facility decreased by 13% (P ⬍ 0.006), whereas facility increased by 20% (P ⬍ 0.001) in the fellow eyes maintained at 15
mm Hg. Two types of separation were observed between the
inner wall and JCT: cell–matrix separation between the endothelial cell and basal lamina and matrix–matrix separation between the basal lamina and JCT. A significant positive correlation (P ⫽ 0.042) was found between the degree of matrix–
matrix separation and the change in outflow facility after 1
hour of 0 mm Hg. Compared with RGE control, RGD had no
apparent effect on outflow facility (P ⬎ 0.35) or on the change
in outflow facility after 1 hour at 0 mm Hg (P ⬎ 0.15).
CONCLUSIONS. The increase in outflow facility that occurs during
washout in the bovine eye is reversible and correlates with the
degree of separation between the basal lamina of the inner wall
endothelium and the JCT. Therefore, adhesions tethering the
inner wall to the JCT may be important ultrastructural features
involved in the regulation of aqueous humor outflow
resistance. (Invest Ophthalmol Vis Sci. 2002;43:3455–3464)

T

he mechanism responsible for the generation of aqueous
humor outflow resistance remains unknown in both the
normal and glaucomatous eye. Currently, lack of a thorough
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understanding of those features responsible for regulating outflow resistance hinders the development of effective antiglaucoma therapy to normalize trabecular outflow. Although several studies have localized the primary site of outflow
resistance to within the region near the juxtacanalicular connective tissue (JCT) and the inner wall endothelium of
Schlemm’s canal,1– 4 the ultrastructural basis for the generation
of aqueous humor outflow resistance remains unclear.5–7
One hypothesis to explain aqueous outflow resistance is
pore funneling, which is a hydrodynamic coupling between
the inner wall endothelium of Schlemm’s canal and the JCT.8
This coupling arises from the proximity of these two tissue
layers combined with the condition that aqueous must cross
the inner wall through discrete pores. Flow through the JCT is
thereby confined to regions near the inner wall pores, forcing
a funneling pattern of aqueous streamlines, as illustrated in
Figure 1A. The reduction in available area for flow increases
the effective outflow resistance. The fundamental difference
distinguishing the funneling hypothesis from other hypotheses
of aqueous outflow is that the net resistance of the inner wall
and JCT considered together is greater than the sum of their
resistances considered separately.
Support for the funneling hypothesis comes from a recent
tracer study investigating the mechanism of H-7,9 a compound
known to reversibly increase outflow facility in monkey eyes in
vivo.10,11 After infusion of H-7, a change from a punctate to a
uniform distribution of tracer particles was observed along the
inner wall,9 as would be predicted by disruption of the funneling streamlines.
During prolonged anterior chamber perfusion of nonhuman
eyes, outflow facility has been observed to increase in a process that has been termed “washout.”12 Although washout was
originally believed to result from a washing away of extracellular matrix from the outflow pathway,13–16 biochemical studies have failed to demonstrate a significant loss of hyaluronic
acid17 or sulfated proteoglycan18 during washout, and currently the mechanism of washout remains unexplained. Washout has been observed as a common response to experimental
perfusion of eyes of many nonhuman species,16,19 –23 and
therefore understanding the basis for washout may provide
insight into a general mechanism of outflow resistance while
illuminating functional differences in outflow pathway physiology between humans and other species.
In light of the funneling hypothesis, mechanical connectivity between the inner wall and JCT appears critical for the
maintenance of outflow resistance. Our goal in this study was
to investigate the role of this mechanical connectivity in the
regulation of outflow facility. We hypothesize that washout
results from a loss of connectivity between the inner wall and
JCT, which leads to an increase in outflow facility through an
elimination of the funneling effect, as depicted in Figure 1B.
We predict that if IOP were lowered to 0 mm Hg after washout, the inner wall and JCT would return to their neutral,
adjacent positions and the attachments between the inner wall
and JCT that were lost during the washout process would be
reestablished and the increase in outflow facility would be
reduced or eliminated.
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To investigate the role of integrin-based adhesion between the
inner wall and JCT, 10 eyes received a solution of glycine-arginineglycine-aspartate-serine-proline hexapeptide (GRGDSP; Life Technologies) that contained the integrin-binding amino acid sequence
RGD.28 Contralateral eyes received an equivalent concentration of
nonbinding glycine-arginine-glycine-glutamate-serine-proline hexapeptide (GRGESP; Life Technologies) as a negative control. Each peptide
solution was diluted with DBG to the desired concentration between
2.0 M and 2.0 mM. To test the potential activity of the flanking
peptide sequence, two additional eyes were perfused with glycinearginine-glycine-aspartate-threonine-proline (GRGDTP; Sigma-Aldrich,
St. Louis, MO), and the fellow eyes received the same concentration of
GRGDSP. All peptide solutions were refrigerated at 4°C before use and
were stored at ⫺20°C.

Perfusion Procedure

FIGURE 1. An illustration of the streamlines of aqueous flow through
the JCT before (A) and after (B) washout, as predicted by the funneling
hypothesis. (A) To enter Schlemm’s canal, aqueous must converge to
pass through discrete openings along the inner wall, which decreases
the available area for flow and increases outflow resistance. (B) Separation of the inner wall from the JCT eliminates the funneling pattern,
increases the available area for flow, and increases outflow facility
during washout.

Furthermore, we suspect that some members of the integrin family of transmembrane adhesion proteins, several of
which have been identified along the inner wall,24,25 might be
responsible for maintaining the connectivity between the inner
wall and JCT. To test this hypothesis, we perfused with soluble
peptides containing the integrin-binding amino acid sequence
RGD (arginine-glycine-aspartate), and attempted to inhibit the
reestablishment of adhesion that we postulated would occur
during the period of zero IOP.

MATERIALS

AND

METHODS

Materials
Twenty pairs of enucleated bovine eyes were obtained from a local
abattoir (Arena and Sons, Hopkinton, MA) and delivered on ice within
6 hours after death. Eyes with any discernible damage or accumulated
blood in the limbus or anterior chamber were not used. The perfusion
fluid was Dulbecco’s phosphate-buffered saline (PBS; Life Technologies, Grand Island, NY) containing 5.5 mM D-glucose (collectively
referred to as DBG) and was passed through a 0.2-m cellulose acetate
filter before use. The setup of the perfusion system has been described
previously.26,27 Briefly, the perfusion system consists of a computer
controlled syringe pump that delivers a variable flow rate, Q, to the
anterior chamber so as to maintain a desired IOP that is monitored by
a pressure transducer connected electronically to the computer control system (Macintosh G3; Apple Computers, Cupertino, CA). Outflow
facility (C ⫽ Q/IOP) was measured at 10 Hz, ensemble averaged over
a 10-second window, and electronically recorded every 10 seconds.
Eyes were fixed with freshly made 2.5% glutaraldehyde-2% paraformaldehyde in Sörenson’s PBS (pH 7.3). All studies adhered to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research.
To trace the flow pathway, four pairs of eyes received cationic
colloidal gold tracer (5 nm and 10 nm diameter, 1012/mL; Ted Pella,
Inc., Redding, CA) dialyzed against PBS. In one pair, a centrifugation
method (19,000 revolutions per minute) was used instead and yielded
a lower final concentration of colloidal gold (5 ⫻ 1010/mL).
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Bovine eyes were cleared of extraocular tissue and submerged to the
limbus in isotonic saline at 34°C. A 23-gauge infusion needle was
inserted intracamerally, with the needle carefully threaded through the
pupil and the needle tip positioned within the posterior chamber to
prevent deepening of the anterior chamber that would otherwise lead
to an artificial increase in outflow facility.29 Eight pairs of eyes were
perfused at 15 mm Hg for 3 hours with DBG, to allow sufficient time
for extensive washout while outflow facility was continually recorded.
After 3 hours, the perfusion system was paused, and IOP of the
experimental eye was reduced to 0 mm Hg by connecting the eye to
a reservoir that was slowly lowered to the height of the anterior
chamber. To prevent obstruction of the needle by the iris during the
period of zero IOP, the needle tip was carefully threaded through the
pupil and repositioned within the anterior chamber, taking care to
avoid damage to the iris and lens capsule. During this same time, the
perfusion in the control eye was continued at 15 mm Hg from a
constant-height reservoir with the needle tip remaining in the posterior chamber. Outflow facility was not recorded in either eye during
this period.
We hypothesized that during this period of zero pressure, the inner
wall and JCT would return to their neutral, adjacent positions and any
adhesions between the inner wall and JCT that were disrupted during
the washout process would be allowed to re-form. After 1 hour of zero
IOP, the needle was threaded through the pupil and returned to the
posterior chamber, the perfusion system was restarted at 15 mm Hg in
both eyes, and outflow facility was recorded for 30 minutes or until a
stable IOP was reached. After this, a second 23-gauge needle was
inserted, and the content of the anterior chamber was exchanged with
fixative. Perfusion with fixative continued at 15 mm Hg for approximately 30 minutes, to allow adequate fixation of the outflow pathway.
Eyes were then sectioned at the equator, placed in fixative overnight at
4°C and transferred to PBS to await further processing.
Four of the aforementioned eight pairs of eyes received cationic
colloidal gold tracer to outline the routes of aqueous flow through the
JCT. In these eyes, the second intracameral needle was instead inserted
into each eye immediately after the period of zero IOP in the experimental eye. DBG containing colloidal gold tracer was then exchanged
into the anterior chamber, and both eyes were perfused for 30 minutes
at 15 mm Hg or until a stable outflow facility was recorded. In two
pairs, fellow eyes received an equivalent volume of tracer solution.
After a stable facility value was attained, the anterior chamber was
exchanged with fixative, and both eyes were processed as described.
To investigate the role of integrin-based adhesion in the hypothesized reattachment process between the inner wall and JCT, 12 pairs of
bovine eyes received various concentrations of RGD peptide before
the period of zero IOP. Soluble RGD-containing peptides have been
shown to inhibit cellular attachment to several extracellular matrix
proteins.30 Ten pairs of eyes were perfused with DBG at 15 mm Hg for
approximately 2.5 hours (range, 1–3.5), followed by insertion of a
second intracameral needle and anterior chamber exchange with either GRGDSP or GRGESP peptide solution at 2 M, 20 M, 200 M, or
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FIGURE 2. (A) Cell–matrix separation (double-headed arrow) occurred between the endothelial cell and basal lamina (arrowheads) along the
inner wall of the aqueous plexus (AP). In this image, two inner wall cells were displaced into the lumen, but retained contact with the basal lamina
through multiple cellular processes (arrows). The extracellular matrix within the JCT remained well organized beneath the site of cell–matrix
separation. A giant vacuole was seen extending from the outer wall. (B) Matrix–matrix separation (double-headed arrow) occurred between the
basal lamina (arrowheads) of the inner wall and the underlying JCT matrix. The basal lamina remained attached to the inner wall cell, and together
they were displaced from the JCT. Bars, 2 m.

2 mM. After the peptide exchange, perfusion with DBG and peptide
continued at 15 mm Hg in both eyes. Approximately 1 hour after the
exchange (range, 40 –120 minutes), IOP was decreased to 0 mm Hg in
both eyes for 1 hour, according to the technique described earlier.
After this hour of zero IOP, the perfusion was restarted at 15 mm Hg
in both eyes and was continued until a stable facility was recorded. In
the remaining two pairs of eyes, specificity to the amino acids flanking
the RGD sequence was investigated by exchanging with either 200 M
of GRGDSP or GRGDTP, following the procedure described earlier.

Electron Microscopy
Anterior segments of the eyes were cut into meridional sections
(1–2 mm thick) that were postfixed in 2% osmium tetroxide and
1.5% potassium ferrocyanide in buffer for 2 hours. The specimens
were then dehydrated in a graded series of ethanol and embedded
in Epon-Araldite. Semithin sections for light microscopy were made
to identify the outflow region and to localize the inner wall of the
aqueous plexus (the bovine equivalent of Schlemm’s canal). Ultrathin sections (90 nm) were cut with an ultramicrotome, counterstained with uranyl acetate and lead citrate, and examined by
electron microscope (model 300; Phillips, Eindhoven, The Netherlands). Micrographs from two to four different quadrants were
taken along the inner wall of the aqueous plexus at an original
magnification of 3300⫻. In those eyes receiving colloidal gold
tracer, micrographs were also taken at higher magnification
(10,000⫻), to visualize the distribution of the gold particles.
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Grading the Extent of Separation between the
Inner Wall and JCT
During the present study, two types of separation were observed
between the JCT and the inner wall of the aqueous plexus that
could potentially reduce outflow resistance according to the funneling hypothesis: cell–matrix separation between endothelial cells
and their basal lamina and matrix–matrix separation between the
extracellular matrix of the JCT and the basal lamina of the inner
wall. An example of the former is shown in Figure 2A and is
characterized by displacement of the cell into the lumen and the
formation of giant vacuoles and parachute-like tethers that retained
focal contacts with the basal lamina.31 Matrix–matrix separation,
such as that seen in Figure 2B, is characterized by a loss of adhesion
and a discernible separation between the basal lamina and the
extracellular matrix of the JCT and is usually associated with a loose
or “relaxed” JCT matrix.
A trained masked observer (HG) was presented with randomly
selected micrographs of the inner wall and JCT from the eight pairs
of eyes that did not receive RGD peptide and was instructed to
identify regions along the inner wall that exhibited cell–matrix and
matrix–matrix separations. As an aide in the identification of each
type of separation, the observer was asked to first identify the
clearest demarcation of the basal lamina along the inner wall endothelium. From this boundary, cell–matrix separation could be easily
evaluated by an absence of endothelial juxtaposition. Matrix–matrix
separation may also be judged from an absence or paucity of
extracellular material immediately beneath the identified basal lam-
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FIGURE 3. Examples of scoring for
cell–matrix (between small arrowheads) and matrix–matrix separation
(between large arrowheads). (A)
Cell–matrix: 1, matrix–matrix: 0; (B)
cell–matrix: 1, matrix–matrix: 2; (C)
cell–matrix: 2, matrix–matrix: 2. AP,
aqueous plexus. Bars, 2 m.
ina. Regions defined for each type of separation were allowed to
overlap.
Each micrograph received two scores based on qualitative observation of the fraction of inner wall length appearing to exhibit each
type of separation. If separation was evident for less than approximately one third of the length of the inner wall shown in the micrograph, a score of 1 was assigned. If separation extended more than
approximately one third the length of the inner wall in the micrograph,
a score of 2 was assigned. Finally, if more than two thirds the length of
the inner wall present in the micrograph was separated, a score of 3
was assigned. If no separation was observed, a score of 0 was assigned.
Scores of all micrographs of a given eye were pooled and averaged for
each type of separation. At least 10 micrographs from at least two
different quadrants were analyzed per eye. All micrographs were
printed at the same final magnification and showed nearly equivalent
lengths of the inner wall. Examples of scoring for three micrographs
are shown in Figure 3.
The variability of assigned scores was examined by having the same
masked observer reexamine 50 of the previously scored micrographs 1
month after the first analysis. Between the two trials, cell–matrix and
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matrix–matrix scores were identical in 72% and 70% of the micrographs, respectively, and of the differences in scores, more than 90%
were 1 point on the scoring scale. The remaining differences were 2
points; no scores differed by 3 points.

Statistical Methods
Two-tailed Student’s t-test and linear regression analysis were applied
(Systat for the Macintosh, ver. 5.2.1; SPSS, Chicago, IL) with a required
significance level of 0.05. For the regressions, the residuals (the difference between the fitted value of the dependent parameter and its
measured value) were examined and in all cases appeared random
when plotted against the independent variables. Outliers from the fit
and points with high leverage were identified by the following criteria:
the externalized studentized residual (analogous to a t-statistic) had a
probability of occurrence that was less than 0.05/N (where N is the
number of data points) or the Cook distance was greater than 1.32
Based on these criteria, no data points were excluded from the statistical analysis described in the Results section.
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facility (C0) and the mean facility after 3 hours of perfusion (C1)
were similar between control and experimental eyes (P ⬎ 0.8
and P ⬎ 0.6, respectively). In every experimental eye, the
outflow facility C2 decreased after the period of zero IOP,
whereas in every control eye, outflow facility increased during
this period. C2 was determined after a stable facility level was
achieved (20 –30 minutes after IOP was increased to 15 mm
Hg) by averaging over 5 to 10 minutes of consecutive facility
data. In the experimental eye, the change in outflow facility
after the period of zero pressure (C2 ⫺ C1) decreased by 13%
(P ⬍ 0.006), whereas in the control eye, C2 ⫺ C1 increased by
20% (P ⬍ 0.001). These results demonstrate that the increase
in outflow facility due to washout was partly reversible by
reduction of IOP to 0 mm Hg for 1 hour.

Morphologic Evaluation
Significant differences were seen in the morphology of the
inner wall and JCT in control eyes after washout compared
with experimental eyes after reversal of washout (Fig. 5). In
control eyes, the inner wall appeared distended, the JCT appeared loose and disorganized, and frequent herniations of the
inner wall and JCT were observed protruding into the lumen of
the aqueous plexus. In contrast, the inner wall of experimental
eyes appeared more in contact with underlying structures, the
JCT appeared more compact, and fewer herniations were observed along the inner wall.
To investigate the relationship between outflow facility and
morphology, 235 micrographs of the inner wall and JCT were
analyzed and scored, based on the length of inner wall exhibiting cell–matrix and matrix–matrix separation. A summary of
the scoring results obtained from a trained masked observer
(HG) is shown in Table 2. No statistically significant difference
in cell–matrix separation was found between the control and
experimental groups (P ⬎ 0.75). There was a tendency to see
a greater matrix–matrix separation in the control than in the
experimental group, but this difference was not statistically
significant (P ⬎ 0.17).
The variable of interest in this study was the change in
outflow facility C2 ⫺ C1 that occurred after the hour-long
period of zero IOP in the experimental eye. There was no
correlation between this facility change and the extent of
cell–matrix separation (P ⬎ 0.5). However, as shown in Figure
6, there was a statistically significant correlation between C2 ⫺
C1 and the extent of matrix–matrix separation (P ⫽ 0.042).

FIGURE 4. Measured outflow facility in four pairs of eyes perfused
throughout at 15 mm Hg (‚) and perfused at 15 mm Hg with perfusion
interrupted by a 1-hour period of 0 mm Hg (F). Error bars, SE.

RESULTS
Results are summarized in this article. A more detailed compilation of results has been published in Overby.33

Outflow Facility
Measured outflow facility in four pairs of eyes is shown in
Figure 4. (Data from the latter four pairs of eyes are not
included in Fig. 4, because the time course of the experiment
was different in those eyes receiving colloidal gold.) Outflow
facility began with a baseline near 1.0 L/min 䡠 mm Hg, which
increased comparably in both eyes because of washout. At 3
hours, the perfusion of the experimental eye was halted, and
IOP was decreased to 0 mm Hg for 1 hour, while the perfusion
of the control eye was continued at 15 mm Hg. Throughout
this period, outflow facility of the control eye increased and
seemed to follow the same course of washout. However, the
outflow facility of the experimental eye decreased, and a significant fraction of the increase in outflow facility due to
washout appears to have been recovered.
A summary of outflow facility data from all eight pairs of
eyes is presented in Table 1. Both the mean baseline outflow

TABLE 1. Outflow Facility for Experimental Eyes Undergoing 1 Hour of 0 mm Hg IOP Versus Control Eyes Maintained at 15 mm Hg
Outflow Facility*
C0: Baseline

C1: Pre–Zero IOP

C2: Post–Zero IOP

C3: Post-Fixation

Pair

Exp.

Cont.

Exp.

Cont.

Exp.

Cont.

Exp.

Cont.

1
2
3
4
5†
6†
7†
8†
Mean ⫾ SE

1.19
0.98
1.28
0.78
1.58
1.09
1.51
0.83
1.16 ⫾ 0.10

1.11
0.95
0.84
0.94
2.09
1.14
1.30
1.00
1.17 ⫾ 0.14

1.46
1.45
1.81
0.90
2.90
1.38
2.24
1.15
1.66 ⫾ 0.23

1.61
1.28
1.14
1.45
3.69
1.72
2.51
1.28
1.83 ⫾ 0.30

1.14
1.27
1.47
0.80
2.55
1.06
2.13
1.11
1.44 ⫾ 0.21

2.00
1.50
1.40
1.65
4.70‡
2.10
3.35
1.30
2.25 ⫾ 0.42

0.27
0.31
0.55
0.25
1.16‡
0.62
0.90
0.29
0.54 ⫾ 0.12

0.67
0.49
0.54
0.57
2.31‡
0.93
1.39
0.47
0.92 ⫾ 0.23

Exp., experimental group; Cont., control group.
* Outflow facility (C ⫽ Q/IOP) is expressed in units of L/min/mm Hg and was computed by averaging over 5 to 10 consecutive minutes of
electronic data.
† These eyes received colloidal gold tracer.
‡ A computer failure occurred during the perfusion of these eyes, and facility was computed from hand-recorded notes.
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FIGURE 5. Representative electron
micrographs from paired eyes showing the morphology of the inner wall
of the aqueous plexus (AP) and JCT
for the high-facility state after prolonged washout (A) compared with
the low-facility state after pressureinduced reversal of washout (B). The
morphology shown in (A) exhibits
both cell–matrix and matrix–matrix
separation. Bars, 5 m.

In the bovine eye, variability in the size of outflow pathway
tissues has been observed around the circumference of the
iris.34 The possibility that this variability may attribute to differences in cell–matrix or matrix–matrix separation was examined by comparing morphologic scores for each eye with the
anterior–posterior extent of the outflow region (i.e., the distance between the scleral spur and the Schwalbe line), and
with the length of plexus inner wall contacting the trabecular
meshwork. Each of these quantities was measured from corresponding light micrographs from the same quadrant and was
analyzed using linear regression. No statistical relationship was
observed between either the assigned cell–matrix or matrix–
matrix scores and the anterior–posterior extent of the outflow
region (P ⬎ 0.90 and P ⫽ 0.60, respectively; n ⫽ 16) or
between the assigned scores and length of plexus inner wall
(P ⬎ 0.12 and P ⬎ 0.90 for cell–matrix and matrix–matrix
scores, respectively; n ⫽ 16).

Distribution of Colloidal Gold Tracer
Using electron microscopy, colloidal gold was found to be
associated with extracellular matrix underneath the inner wall
endothelium in control eyes (Fig. 7A). Consistently fewer particles were found within the JCT of experimental eyes, despite
the nearly equivalent volume of colloidal gold perfused
through each eye of a pair. Gold was especially sparse in the
more compact regions of the JCT in experimental eyes (Fig.
7B). Difficulty in locating colloidal gold along the inner wall

and within the JCT of experimental eyes prevented a more
thorough investigation of the tracer distribution.

Influence of Soluble RGD on Reversal of Washout
The presence of RGD-dependent integrins has been identified
within the region of the JCT and inner wall of Schlemm’s
canal,24,25 and we postulated that these integrin connections
might be active in the reattachment process hypothesized to
occur during reversal of washout. To explore this possibility,
we perfused soluble RGD peptide at various concentrations
before reducing IOP in an attempt to inhibit the pressureinduced reversal of washout and perfused contralateral eyes
with RGE peptide as a control. To investigate whether the
extraneous peptide sequence had an effect on the hypothesized integrin adhesion, we also perfused two eyes with 200
M GRGDTP, whereas the contralateral eyes received the same
concentration of GRGDSP.
Outflow facility from a pair of eyes perfused at 15 mm Hg,
and exchanged with either 2 mM GRGDSP or GRGESP peptide,
is shown in Figure 8. After the hour-long period of zero IOP in
both eyes, outflow facility decreased, despite perfusion with a
large concentration of RGD peptide. After the reversal of washout, outflow facility increased once again in both eyes at a rate
similar to the rate observed before the peptide exchange.
A summary of the remaining 11 pairs of eyes receiving RGD
peptide is presented in Table 3. The decrease in outflow facility
after zero IOP persisted at all concentrations of RGD investi-

TABLE 2. Average Scores for Cell–Matrix and Matrix–Matrix Separation for Experimental Eyes Undergoing 1 Hour of 0 mm Hg IOP Versus
Control Eyes Maintained at 15 mm Hg
Quadrants (n)

Micrographs (n)

Score for Cell–Matrix
Separation

Score for Matrix–Matrix
Separation

Pair

Exp.

Cont.

Exp.

Cont.

Exp.

Cont.

Exp.

Cont.

1
2
3
4
5
6
7
8
Mean ⫾ S.E.

2
3
2
3
3
2
3
3

2
2
2
2
3
4
2
2

12
12
21
12
12
12
18
18

10
19
13
12
17
18
17
12

1.33 ⫾ 0.19
1.42 ⫾ 0.19
1.43 ⫾ 0.13
1.08 ⫾ 0.08
1.00 ⫾ 0.12
1.42 ⫾ 0.19
1.61 ⫾ 0.16
1.39 ⫾ 0.18
1.33 ⫾ 0.07

1.40 ⫾ 0.16
1.42 ⫾ 0.16
1.31 ⫾ 0.13
1.25 ⫾ 0.13
1.35 ⫾ 0.19
1.33 ⫾ 0.11
1.41 ⫾ 0.15
1.00 ⫾ 0.17
1.31 ⫾ 0.05

0.33 ⫾ 0.14
0.92 ⫾ 0.29
1.19 ⫾ 0.27
0.75 ⫾ 0.28
1.08 ⫾ 0.23
0.08 ⫾ 0.08
0.61 ⫾ 0.26
0.94 ⫾ 0.22
0.74 ⫾ 0.13

1.60 ⫾ 0.40
0.58 ⫾ 0.19
0.46 ⫾ 0.22
0.92 ⫾ 0.36
1.82 ⫾ 0.31
0.33 ⫾ 0.11
1.47 ⫾ 0.30
1.50 ⫾ 0.34
1.09 ⫾ 0.21
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gated, and no significant difference in the decrease in outflow
facility after zero IOP was observed between those eyes receiving RGD and control eyes receiving RGE (P ⬎ 0.15, at all
concentrations). At each peptide concentration investigated,
the average decrease in outflow facility after zero IOP was no
less than the 13% decrease observed in the absence of peptide
(Table 1). Furthermore, no significant difference was observed
in the decrease in outflow facility after zero IOP between those
eyes receiving 200 M GRGDTP and the contralateral eyes
receiving the same concentration of GRGDSP (P ⬎ 0.3). After
exchange with RGD peptide, an increase in facility was observed in some eyes, but this increase was not statistically
significant when compared as a group with control eyes receiving RGE peptide (P ⬎ 0.35, at all concentrations).

DISCUSSION
FIGURE 6. The change in outflow facility (C2 ⫺ C1) as a function of
assigned matrix–matrix score. (E) Experimental eyes (pressure lowered from 15 mm Hg to 0 mm Hg between C1 and C2). (F) Control eyes
(pressure maintained throughout at 15 mm Hg). Dashed line: best
linear fit to all the data (P ⫽ 0.042). C1, average facility measured over
5 to 10 minutes immediately before 0 mm Hg IOP; C2, average facility
measured over 5 to 10 minutes after 0 mm Hg IOP, immediately before
fixative exchange.

FIGURE 7. Distribution of cationic
colloidal gold particles (5 and 10 nm)
within the JCT and along the inner
wall of the aqueous plexus (AP) in a
control eye after extended washout
(A) and in the fellow experimental
eye after pressure-induced reversal of
washout (B). In the control eye, numerous particles were usually found
associated with extracellular matrix
beneath the inner wall (fine black
particles). In the experimental eye,
gold particles were rarely observed
along the inner wall and in the JCT
(B, arrow). Both eyes received an
equivalent volume of colloidal gold
tracer. Bars, 1 m.
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In this study, we investigated the mechanism underlying the
increase in outflow facility that characterizes the washout
effect in the bovine eye, hoping to better understand the
morphologic features that govern aqueous outflow resistance
in general. In our results, (1) much of the increase in outflow
facility during washout was rapidly reversed by reducing IOP
to 0 mm Hg, (2) the degree of washout reversal correlated with
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FIGURE 8. Measured outflow facility in a pair of eyes perfused at 15
mm Hg and receiving 2.0 mM of either GRGDSP (gray trace) or
GRGESP (black trace) peptide followed by a 1-hour period at 0 mm Hg
IOP in both eyes. Outflow facility was observed to decrease in both
eyes after the period of zero IOP. However, facility increased again
after reversal of washout.

a decrease in apparent separation between the JCT and the
basal lamina of the inner wall, and (3) pressure-induced reversal of washout occurred regardless of the presence of soluble
RGD peptide. These results imply that washout acts through a
reversible mechanism that is associated with separation of the
basal lamina of the inner wall from the underlying JCT. Most
important, these results suggest that aqueous outflow resistance in vivo may be regulated by the degree of mechanical
connectivity between the inner wall and JCT.
Washout was first recognized by Bárány and Scotchbrook,13
who attributed the increase in outflow facility to a “washing
away” of extracellular material—namely, hyaluronate—
thought to be responsible for generating outflow resistance.13,14,16 However, the reversible nature of washout has
not been reported, and our observation that washout may be
reversed within an hour seems inconsistent with the time
necessary for secretion and organization of significant quantities of extracellular matrix.35 This finding, combined with the
findings of Knepper et al.17 and Johnson et al.18 that neither
hyaluronate nor sulfated proteoglycans are depleted from the
outflow pathway during washout, further challenges the argu-

ment that washout results from a loss of extracellular matrix
from the outflow pathway during perfusion.
Previous investigators have reported similar matrix–matrix
and cell–matrix separations in response to elevated intraocular
pressure.36 –38 “Ballooning” of the inner wall, morphologically
similar to matrix–matrix separation, has been observed at physiologic pressures in the pig39 and in primates after extended
perfusion.40 Facility-increasing drugs, such as H-79 and
Y-27632,41 have also been shown to induce a marked expansion of the JCT and distention of the inner wall.
In the present study, we identified a correlation between
the decrease in outflow facility after reversal of washout and a
reduction in the separation between the JCT and the basal
lamina of the inner wall. This suggests that washout proceeds
through a loss of connectivity between the JCT and inner wall.
Although we suspected outflow resistance to decrease through
an elimination of the funneling effect, difficulty in locating
colloidal gold along the inner wall and JCT within the experimental eyes prevented an adequate investigation of this hypothesis. The relative absence of colloidal gold from the JCT
region of the experimental eyes was surprising, particularly
because control and experimental eyes were perfused with
nearly equivalent volumes of tracer solution. Nevertheless,
these results were consistent with a previous report that also
found an absence of tracer material immediately underneath
the inner wall of Schlemm’s canal after perfusion, despite its
presence within the canal lumen.42 It is not clear whether our
results were due to altered binding characteristics, altered flow
patterns, or another phenomenon.
Circumferential variability in the anterior–posterior extent
of the aqueous outflow pathway has been noted in the bovine
eye,34 and we therefore examined the possibility that such
variability could be responsible for the observed relationship
between the assigned matrix–matrix score and outflow facility
(Fig. 6). However, we were unable to find any significant
correlation between the assigned scores for cell–matrix and
matrix–matrix separation and either the anterior–posterior extent of the outflow pathway or the length of plexus inner wall
contacting the trabecular meshwork. Although these findings
do not completely rule out all influence of circumferential
variability, they do suggest that circumferential variability is
not the primary factor contributing to the statistically significant relationship observed between outflow facility and the
assigned score for matrix–matrix separation. Furthermore, being that two or more randomly selected quadrants contribute
to the average scores for each eye, it seems unlikely that the
results shown in Figure 6 arose from circumferential variability
between control and experimental eyes.

TABLE 3. Summary of Outflow Facility Data after Exchange with RGD or RGE Peptide Followed by 1 Hour of 0 mm Hg IOP in Both Eyes
Outflow Facility*
Concentration
(M)

n

Peptide

Baseline
(L/min/mm Hg)

Post/Pre–Peptide
Exchange

Post/Pre–Zero IOP

2

3

20

4

200†

4
(2)
(2)

GRGDSP
GRGESP
GRGDSP
GRGESP
GRGDSP
GRGDTP
GRGESP

0.98 ⫾ 0.10
1.06 ⫾ 0.19
1.06 ⫾ 0.04
0.99 ⫾ 0.07
0.88 ⫾ 0.09
0.82 ⫾ 0.08
1.19 ⫾ 0.22

1.06 ⫾ 0.04
1.12 ⫾ 0.03
1.25 ⫾ 0.10
1.15 ⫾ 0.03
1.21 ⫾ 0.04
1.24 ⫾ 0.04
1.28 ⫾ 0.13

0.73 ⫾ 0.12
0.64 ⫾ 0.11
0.67 ⫾ 0.04
0.76 ⫾ 0.03
0.71 ⫾ 0.09
0.77 ⫾ 0.11
0.75 ⫾ 0.13

* Outflow facility (C ⫽ Q/IOP) is expressed in units of L/min/mm Hg and was computed by averaging over 10 consecutive minutes of
electronic data.
† Of the four perfusions, two investigated the difference between GRGDSP and GRGESP and two investigated the difference between GRGDSP
and GRGDTP, as indicated by the values given in parentheses.
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Integrins are a family of transmembrane receptors responsible for cellular adhesion to a variety of extracellular proteins,28 and the presence of RGD-binding integrins has been
identified immunohistochemically within the JCT and along
the inner wall endothelium of Schlemm’s canal.24,25 We suspected that integrins are normally involved in mechanically
tethering the inner wall to the JCT, and we hypothesized that
re-formation of integrin adhesions may be responsible for the
return of outflow resistance during the period of zero IOP.
However, attempts to inhibit this hypothesized reattachment
process with soluble RGD peptide had no effect on reversal of
washout at any peptide concentration (2 M to 2 mM) investigated in this study. These results imply that the restoration of
outflow facility during the period of zero IOP is not mediated
through a reestablishment of RGD-dependent integrins. These
implications are consistent with the finding that washout is
associated with a separation between the matrix of the JCT and
basal lamina rather than between the basal lamina and endothelial cell, which is the more likely site of integrin-based
adhesion. Furthermore, perfusion with RGD peptide was not
observed to significantly increase outflow facility compared
with control eyes receiving RGE, contrary to reports from
recent studies in porcine eyes.43 These discrepant results could
indicate species-dependent differences in the role of integrinbased adhesion toward the generation of outflow resistance.
In light of the current results, washout in the bovine eye
seems to function as a mechanism to regulate IOP. Elevation in
IOP increases the pressure difference across the outflow pathway (i.e., IOP minus episcleral venous pressure) that is known
to distend the inner wall and underlying tissues,36,37 straining
the connecting fibrils tethering the inner wall to the JCT and
driving their eventual separation. This pressure-induced separation then acts to increase outflow facility and oppose the
increase in IOP. In the present study, this pressure difference
was larger than it would be physiologically, because the episcleral venous pressure in enucleated eyes is zero.
The results of this study strongly suggest that the connecting fibrils and molecular constituents responsible for tethering
the inner wall basal lamina to the JCT are important regulators
of aqueous outflow resistance. In the human eye more than in
eyes of any other species, an elastic-like cribriform network
extends from the tendons of the ciliary muscle to form extensive connections with the inner wall endothelium.44 This network may be structurally important for maintaining connectivity between the inner wall and JCT and thus contribute to the
regulation of outflow resistance and may be responsible for the
apparent absence of washout in the human eye.12 Indeed, an
understanding of why washout has not been observed in the
human eye may provide valuable insight into why the human
eye is vulnerable to primary open-angle glaucoma.
In summary, we investigated the mechanism for the increase in outflow facility during washout in the bovine eye. In
our experiments, washout occurred through a reversible process that was associated with separation of the basal lamina of
the inner wall endothelium from the underlying JCT. Because
the efficacy of facility-increasing drugs is often evaluated in
animal studies, in which washout probably influences measurements of outflow facility, a better understanding of the mechanism responsible for washout is likely to aid in the interpretation of these pharmacologic results. Finally, this study
suggests that the adhesive elements between the inner wall
and JCT are important regulators of aqueous outflow resistance
and therefore represent targets for future research directed
against the elevated outflow resistance encountered during
glaucoma.
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