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Abstract

All aqueous humor draining through the conventional outflow pathway must cross the
endothelium of Schlemm’s canal (SC), likely by passing through micron-sized transendothelial
pores. SC pores are non-uniformly distributed along the inner wall endothelium, but it is unclear
how the distribution of pores relates to the non-uniform or segmental distribution of aqueous
humor outflow through the trabecular meshwork. It is hypothesized that regions in the
juxtacanalicular tissue (JCT) with higher local outflow should coincide with regions of greater
inner wall pore density compared to JCT regions with lower outflow.

Three pairs of non-glaucomatous human donor eyes were perfused at 8 mmHg with fluorescent
tracer nanospheres to decorate local patterns of outflow segmentation through the JCT. The inner
wall was stained for CD31 and/or vimentin and imaged en face using confocal and scanning
electron microscopy (SEM). Confocal and SEM images were spatially registered to examine the
spatial relationship between inner wall pore density and tracer intensity in the underlying JCT. For
each eye, tracer intensity, pore density (n) and pore diameter (D) (for both transcellular “I” and
paracellular “B” pores) were measured in 4-7 regions of interest (ROIs; 50 x 150 pm each).
Analysis of covariance was used to examine the relationship between tracer intensity and pore
density, as well as the relationship between tracer intensity and three pore metrics (nD, nD? and
nD3) that represent the local hydraulic conductivity of the outflow pathway as predicted by
various hydrodynamic models.

Tracer intensity in the JCT correlated positively with local pore density when considering total
pores (p = 0.044) and paracellular B pores on their own (p = 0.016), but not transcellular 1-pores
on their own (p = 0.54). Local hydraulic conductivity as predicted by the three hydrodynamic
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models all showed a significant positive correlation with tracer intensity when considering total
pores and B-pores (p < 0.0015 and p < 10~4) but not I-pores (p > 0.38).

These data suggest that aqueous humor passes through micron-sized pores in the inner wall
endothelium of SC. Paracellular B-pores appear to have a dominant contribution towards
transendothelial filtration across the inner wall relative to transcellular I-pores. Impaired pore
formation, as previously described in glaucomatous SC cells, may thereby contribute to greater
outflow heterogeneity, outflow obstruction, and IOP elevation in glaucoma.

Introduction

The conventional outflow pathway is the predominant route of aqueous humor outflow, and
the increase in intraocular pressure (I0OP) associated with many cases of primary open angle
glaucoma (POAG) is due to increased conventional outflow resistance (Grant, 1963). Within
the conventional outflow pathway, the majority of outflow resistance appears to be
generated in the vicinity of the inner wall endothelium of Schlemm’s canal (SC) and the
juxtacanalicular tissue (JCT) (Lutjen-Drecoll, 1973; Méepea and Bill, 1992), but the
hydrodynamic details of how aqueous humor flows through these tissues remain unclear.

All conventional aqueous outflow must somehow filter across the inner wall endothelium of
SC, presumably by passing through micron-sized pores in an otherwise continuous
endothelium containing tight junctions (M. C. Johnson, 2006). In glaucoma, inner wall pore
density is reduced by up to five-fold compared to normal eyes (Allingham et al., 1992; M.
C. Johnson et al., 2002), suggesting that impaired pore formation may contribute to outflow
obstruction and IOP elevation characteristic of glaucoma. Two types of pores exist:
transcellular “I” pores that pass through individual SC cells, and paracellular “B” pores that
pass through the junction between neighboring SC cells (Ethier et al., 1998). However, the
contribution of each pore type to filtration across the inner wall and whether one pore type
has a dominant role remain unknown.

Drainage through the conventional outflow pathway is non-uniform or segmental around the
circumference of the trabecular meshwork (TM) (de Kater et al., 1989), over both a “macro”
scale (order of mm) and over a “micro” scale (order of a few pm; Figure 1) (Chang et al.,
2014; Lu et al., 2008). Furthermore, inner wall pores are non-uniformly distributed along the
inner wall endothelium (Allingham et al., 1992). This study investigated the hypothesis that
regions of higher local outflow co-localize with regions of higher local pore density along
the inner wall of SC (Figure 2). To test this hypothesis, fluorescent tracer nanospheres were
perfused into post mortem human eyes, SC was micro-dissected to visualize the inner wall
en face, and correlative light and electron microscopy was used to image the distribution of
tracer and location of pores along the inner wall. A spatial correlation was observed between
local tracer intensity and local pore density, suggesting that at least some pores are fluid-
conducting structures that respond to local mechanical stimuli induced by flow and/or
pressure drop across the inner wall.
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Dulbecco’s phosphate buffered saline (DPBS), glucose, gelatin, Triton X-100, tannic acid,
guanidine hydrochloride and goat serum were acquired from Sigma Aldrich (Austin, TX,
USA). Glutaraldehyde, formaldehyde, ethanol, osmium tetroxide and hexamethyldisilazane
were purchased from EMS Diasum (Hatfield, PA, USA). Fluorescent tracer nanospheres (20
nm, sulfate-coated; F8845), Alexa647 goat anti-mouse IgG, Alexa 546 goat anti-rabbit and
DAPI were obtained from Life Technologies (Austin, TX, USA). Mounting medium and
mouse anti-human CD31 antibody (clone JC70A) were obtained from DAKO (Glostrup,
Denmark). Rabbit anti-human vimentin antibodies (clone EPR3776) were obtained from
Abcam (Cambridge, MA, USA).

Whole Eye Perfusion

Dissection

Three pairs of ostensibly normal human eyes were obtained from donors aged 67, 78 and 80
through the Eye Bank of Canada (Ontario Division, Toronto, Canada), Table 1. The
temperature of the eye was maintained by submersion in a bath of DPBS at 34°C. A needle
was inserted through the cor nea with the tip positioned in the posterior chamber, and the
eye was perfused at a constant pressure of 8 mmHg following established methods (Ethier et
al., 1998; 1993). The perfusion fluid was DPBS containing CaCl,, MgCl, and 5.5 mM
glucose that was filtered through a 0.22 um syringe filter prior to use (referred to as ‘DBG”).
After perfusion with DBG for 45 — 90 minutes to measure baseline outflow facility (Table
1), the anterior chamber was exchanged with DBG containing 0.005% wi/v fluorescent tracer
nanospheres. After the exchange, the eye was perfused for 30 minutes with tracer to label
the patterns of outflow through the TM, while recording “tracer’ facility (Table 1). The
anterior chamber was then exchanged with either DBG alone or DBG containing 2% gelatin,
and the eye was perfused until it reached a steady ‘post-tracer’ facility (Table 1) typically
within 30 — 40 minutes. Gelatin was used to preserve the distribution of tracer within the
tissue, following Johnson et al. (M. C. Johnson et al., 1990), but gelatin did not appear to
affect outflow facility when compared to the paired control eye. The perfusion was
terminated by clamping the perfusion tubing and then immediately placing the eyes on wet
ice for 15 — 20 minutes. The perfusion needles were kept in place during the cooling period,
but with the tubing clamped, the pressure in the eye decreased slowly over several minutes
on account of drainage through the conventional outflow pathway. Following the cooling
period, the globes were cut open near the equator and immersion fixed in ice cold 3%
formaldehyde in DBG.

The eyes were hemisected, the vitreous humor and lens were removed and the anterior
segment was cut into quadrants. Each quadrant was cut into wedges for microdissection to
expose approximately 2-3 mm along the circumference of the inner wall en face, as
previously described (Ethier et al., 2004). Briefly, the tissue wedges containing the inner
wall, JCT and TM, were separated from the ciliary body and iris root. SC was incised along
its posterior margin and opened such that the TM and adherent inner wall of SC could be
reflected anteriorly. The inner wall and underlying TM were fluorescently stained for the
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endothelial marker CD31, the intermediate filament vimentin, and the nuclear stain DAPI.
Specifically, the tissue was permeabilized at room temperature (RT) for 5 minutes with
0.2% Triton X-100 in DPBS and blocked at RT for 30 minutes with 10% goat serum. Tissue
was then labeled with mouse anti-human CD31 IgG (dilution 1:30) and rabbit anti-human
Vimentin IgG (1:200) overnight at 4°C. After three 5 minute washes with DPBS, the tissue
was incubated with Alexa 647 goat anti-mouse 1gG (1:150) and Alexa 546 goat anti-rabbit
1gG (1:150) overnight at 4°C. Nega tive controls were prepared as above, omitting the
primary antibodies. Finally, nuclei were labeled by incubating the tissue for 5 min at RT in 2
pg/mL DAPI in DPBS.

One tissue wedge was imaged per eye using first confocal microscopy (to visualize tracer,
CD31, vimentin and DAPI) and then scanning electron microscopy (SEM; to visualize
pores). For confocal imaging, each wedge was mounted in fluorescent mounting medium
and oriented such that the inner wall of SC faced upwards, overlying the adjacent JCT/TM.
The tracer (Ex: 505nm/Em: 515nm), CD31 (650/665), vimentin (556/573) and DAPI
(358/461) were imaged en face using a Zeiss LSM 510 meta confocal microscope with a
25x/0.8NA objective. Images were obtained as a z-stack starting several microns above the
inner wall and stretching 50 — 80 pm deep into the TM. Each confocal image was corrected
for uneven illumination by dividing local intensities by those from the corresponding
location of a reference image taken from a well-mixed solution of fluorescent tracer. The
entire surface of the inner wall (as indicated by CD31) was imaged, such that the z-stacks
could be tiled together to create a complete montage for each wedge using a plug-in
executed in F1JI (NIH, MD, USA) and developed by Preibisch et al. (Preibisch et al., 2009).
Montages of CD31 and vimentin were created using tiles based on the maximum intensity
projection through each stack. However, the tracer stacks were processed to create tiles that
showed tracer in only the JCT lying within 10 um of the inner wall. To do this, the z-
position of the inner wall was defined for each pixel using a surface spline that was fit
through the z-position of the maximum CD31 intensity for each x,y pixel location. The
tracer pixel intensity values were then averaged across the voxels lying within 10 ym below
the inner wall for each pixel location, and this value was defined as the JCT tracer intensity
for the corresponding pixel. Note that this approach eliminates the influence of tracer that
lies outside of the JCT while allowing the z-position of the inner wall to change across the
montage, thus accounting for inner wall undulations.

After the confocal montage was complete, the tissue was unmounted and prepared for SEM
to visualize pores along the inner wall. The tissue was rinsed in DPBS overnight at 4°C to
remove the mounting media and then post-fixed in universal fixative (2.5% (v/v)
glutaraldehyde and 2% (w/v) formaldehyde in Sgrensen’s Buffer) overnight at 4°C. The
tissue was then incubated in 2% (wi/v) tannic acid, 2% (w/v) guanidine hydrochloride in
DPBS for two hours, followed by one hour in 1% (w/v) osmium tetroxide in DPBS.
Between each solution change, the tissue was rinsed thoroughly in DPBS. The tissue
specimen was then dehydrated through a graded ethanol series, followed by two changes in
hexamethyldisilazane, air-dried, mounted on stubs with carbon cement, and sputter-coated
with gold. An overview montage, composed of several contiguous smaller image tiles, was
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acquired to show the entire inner wall surface within the wedge at 300x magnification by
SEM (Hitachi S-3400N VP). The overview montage was used to identify regions of
damaged inner wall, to guide the selection of regions for analysis, and to perform the image
registration between the confocal and SEM montages (described below). Pore counting was
not performed using the overview montage but rather using SEM micrographs that were re-
imaged at higher magnification (10,000x; see below).

Image Registration

In order to investigate the spatial relationship between tracer and pores, it was necessary to
spatially register the confocal and SEM montages such that the same physical point along
the inner wall appeared at the same location in both images. However, tissue shrinkage
during processing and differences in tissue orientation between imaging sessions led to
image distortion that prevented a simple overlay of the confocal and SEM micrographs. This
distortion was corrected by mapping each confocal montage onto the corresponding SEM
montage using an image registration algorithm. Briefly, the image registration algorithm
used common landmarks that were manually identified in the confocal and SEM montages
to establish a transformation function that, when applied to the confocal montage, deformed
the confocal montage in such a way that the common landmarks overlapped with those in
the SEM montage. To do this, between 48 and 80 reference points were selected in the
CD31 montage (for eyes 649C and 650D) or in the vimentin montage (for eyes 669B, 670B,
681B and 682D) and manually matched to corresponding reference points on the SEM
montage. The coordinate positions of the pixels at each reference point were used to
calculate the mathematical mapping transformation using the ‘cp2tform’ function in
MATLAB (v2014a, Mathworks, Natick, MA, USA) with a linear weighted mean
optimization (Goshtasby, 1988). The same mapping transformation was then applied to the
tracer montage so as to spatially register the tracer and SEM montages (Figure 3).

Colocalization Analysis

This study compared the fluorescent tracer intensity and pore density measured within
individual regions of interest (ROIs) along the inner wall of SC. Typically, 4 — 7 ROIs were
examined per tissue wedge, with 31 ROIs in total, and data from each ROI yielded a single
data-point for the colocalization analysis between tracer intensity and pore density. The ROI
area (7,500 pm2) was chosen to contain a sufficient number of pores (~ 62 pores, assuming a
pore density of 835 pores/mm? (M. C. Johnson et al., 2002)) to allow a robust sampling of
the local pore density. The ROI aspect ratio (50 pm x 150 um) was chosen to approximate
the aspect ratio of the inner wall as viewed en face, with the long edge of the ROI oriented
parallel to the long axis of the inner wall. Each ROI was defined within the SEM and
transformed confocal montages, and the location of each ROl was chosen based on the
presence of continuous CD31 staining, representing a continuous region of the inner wall
that was free of cracks, debris or other damage as seen in the SEM montage. To maximize
the range and provide sufficient leverage for the colocalization analysis, ROIs were typically
chosen from regions with very high or very low tracer intensity, with some ROIs covering
regions of moderate tracer intensity. Within each ROI the tracer intensity (T1) was measured
as the average pixel intensity over the ROI area in the transformed tracer montage. Note that
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the pixel intensities in the tracer montage represent the depth-wise averaged pixel intensity
of the tracer channel in the JCT region within 10 um of the inner wall (see above).

After ROIs were defined, each ROI was then re-imaged by SEM for pore counting. First, an
image at 1500x magnification was acquired to identify any potential pore-like object, and all
pore-like objects were then re-imaged at 10,000x magnification. Each 10,000x image was
assigned a random identification number to mask any relationship with the ROI, and the
masked images were distributed to at least three observers who independently assessed each
pore-like object to distinguish true pores from artifacts and to identify pore type (I or B).
Pore-like objects were identified as pores if they had a smooth, flat, approximately elliptical
boundary and a dark interior. Pores that fell on the border of the ROI were included only if
they fell on the left or upper border. Any discrepancies in pore identification were discussed
during a panel meeting until a consensus was reached, and only after all pore decisions were
finalized was the image key broken. The humber of pores and pore density (n, equal to the
number of pores divided by the ROI area) was then calculated for each ROI, and pore

4A
diameter (D) was computed from the measured pore area A as: D= “r . Several higher

order moments of the pore diameter (nD, nD?, nD3) were also calculated, motivated by
hydrodynamic models of flow through pores, as described below.

Hydrodynamic models of inner wall hydraulic conductivity

In addition to pore density, the pore diameter may also influence the local accumulation of
tracer along the inner wall. Under the assumption that the tracer distribution represents the
distribution of aqueous humor filtration across the inner wall, the local tracer intensity
should be proportional to the local hydraulic conductivity (Lpl) of the outflow pathway that
includes the JCT and the inner wall endothelium. Because this study did not directly assess
the hydraulic properties of the JCT, the hydraulic conductivity of the JCT was assumed to be
uniform. Several models to describe L, of the inner wall with or without the JCT have been
proposed including the funneling model (M. C. Johnson et al., 1992) and Sampson’s law
(Bill and Svedbergh, 1972; Ethier et al., 1998; Grant, 1963). Each of these models expresses
Lp in terms of the product of pore density (n) and a moment of pore diameter. Specifically,
for Sampson’s law, L, ~ nD3 (Happel and Brenner, 1983; Liitjen-Drecoll, 1973; Méepea and
Bill, 1992), and for the funneling model, L, ~ nD (Ethier and Coloma, 1999; Ethier et al.,
2006; M. C. Johnson, 2006). Additionally, a model was considered where the hydraulic
conductivity was proportional simply to inner wall porosity (total pore area/analyzed area),
and hence L, ~ nD2. The relationship between Tl and each of n, nD, nD2 and nD3 (which we
refer to as pore metrics) was examined for total pores, I-pores and B-pores.

Statistical Analysis

To test whether there was a relationship between TI and any given pore metric, two separate
methods were used. First, an analysis of covariance (ANCOVA) was applied to the raw data.
Essentially, ANCOVA performs a linear regression on a particular pore metric as a function

IThe hydraulic conductivity (Lp) is defined as the ratio of the flow rate (Q) to the pressure drop (AP) across a hydraulically resistive
barrier, normalized by the area (A) of the barrier. Hence, Lp = Q/(AP A).
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of TI, with each ROI contributing a single data point to the regression analysis. The linear
regression was performed separately for each wedge (4-7 ROIs per wedge), but ANCOVA
forces the slope of the linear regression to be the same for all wedges. ANCOVA therefore
provides an estimate of the optimal slope that best describes the relationship between the
pore metric and Tl across all wedges, and the confidence intervals on this slope are used to
determine statistical significance compared to the null hypothesis of zero slope. However,
because ANCOVA operates on raw data and because the raw TI and pore metrics may vary
considerably between wedges of different eyes, wedges that have particularly large data
values may have a disproportionate leverage on the estimated slope.

To account for any potential bias that may occur when analyzing raw data with ANCOVA, a
second method of analysis was applied using normalized data. Importantly, data
normalization (described below) eliminates the variation between wedges, while preserving
the variation within each wedge, such that all of the ROI data points span a similar
numerical range and can be fit by a single linear regression. Because Tl was normally
distributed between ROIs within each wedge (p > 0.12, Shapiro-Wilk test), Tl was

) ) _ TL,; — p(T1h)
normalized (or, more accurately, studentized) according to 6(TL) where
asterisks represent normalized values, the subscript i and j refer to the it ROI of the ji eye,
and 4 and & represent the estimated population mean and standard deviation of Tl values
over all i ROIs within the jt" eye. Note that the normalization of TI expresses TI* in terms of
units of standard deviation from the mean for each corresponding wedge. Because the pore
density and diameter have been shown to be skewed distributions (Allingham et al., 1992;
Braakman et al., 2014; M. C. Johnson et al., 2002), pore metrics (n, nD, nDZ, nD3) were
normalized by dividing the raw value by the mean value, where the mean for each pore
metric was calculated by averaging the pore metric itself over the ROIs of the corresponding
wedge. Normalized pore metrics (n*, nD*, nD2*, nD3*) were plotted as a function of TI*
including data from all wedges, and the relationship between each pore metric versus TI*
was analyzed by a single linear regression. A two-tailed Student’s t-test was used to
determine whether the slope of the linear regression was significantly different from zero,
with significance defined at p < 0.05. All statistical analyses was performed using MATLAB
(v2014a, MathWorks, MA, USA).

Tl ;=

The statistical power of a regression analysis represents the probability of finding a
statistically significant correlation assuming that one exists. Because only a limited number
of ROIs (typically 4-7) can be physically placed within each wedge, the statistical power of
a regression analysis applied to a single wedge is relatively low (~25% assuming that R =
0.5 and a = 0.05). To overcome this limitation, we acquired data from 31 ROIs from 6
different wedges from separate eyes, and performed the analysis on the aggregated data.
This approach increased the statistical power to approximately 71% for the ANCOVA
approach and 73% for the single linear regression on the normalized data (Cohen et al.,
2013; Ethier et al., 1998).
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Results

Image Registration

The transformed vimentin and CD31 images co-registered well with the SEM images
(Figure 4). The distance between corresponding features was typically less than 5 pm, and
the vimentin staining around nuclei and GVs corresponded very well with the same
structures seen by SEM. The accuracy of the registration algorithm was therefore judged to
be within a few um and thus considered to be sufficient for a colocalization analysis between
tracer intensity and pore density over length scales of the ROI (50 pm x 150 um).

Outflow Facility and Pore Density

Baseline outflow facilities were within the typical range for non-glaucomatous eyes (0.1 —
0.3 uL/min/mmHg, see Table 1). Perfusion with tracer tended to decrease facility (Table 1),
but tracer did not have a consistent or statistically significant effect across all eyes. Perfusion
with gelatin did not significantly decrease outflow facility relative to the contralateral eye
that was perfused without gelatin (Table 1).

The average total pore density observed across all six eyes was 2173 + 471 pores/mm?
(mean * standard error of the mean). The average I-pore density was 866 + 153 pores/mm?,
and the average B-pore density was 1231 + 354 pores/mm? (Table 2). Although B-pores
constituted the overall majority of pores (53 + 6.2% vs. 44 + 6.7%, weighted mean), one
pair of eyes (681/682) showed more I-pores than B-pores (62 + 7.2 % I-pores vs. 36 + 5.1 %
B-pores). The other two pairs had a majority of B-pores (35 £ 4.9 % I-pores vs. 62 + 3.7 %
B-pores). The remainder of pores (typically 3-7%) were U-pores that could not be clearly
classified, usually because part of the pore was obscured from view preventing definitive
identification of a cell border.

Relationship between Pore Density and Tracer Intensity

An ANCOVA analysis applied to all 31 ROIs from 6 eyes showed a positive correlation
between TI and total pore density (p = 0.044, Table 3). When ANCOVA was applied to each
pore type separately, there was a statistically significant correlation between paracellular (B-
pore) density and TI (p = 0.016), but no relationship between transcellular (I-pore) density
and Tl (p = 0.54; Table 3).

Because ANCOVA operates on raw pore density and T1 values, and because there may be
significant variability in the numerical values of these data between eyes, the outcome of the
ANCOVA analysis may be biased by extreme values of pore density or Tl that may exert
high statistical leverage on the common slope of the ANCOVA regressions. Indeed, total
pore density (p = 0.0003, ANOVA), B-pore density (p = 0.0008) and Tl (p = 0.0007) were
all significantly different between eyes. To account for this potential confounding factor, Tl
and pore density data were normalized as described in Methods, and normalized data from
all eyes were aggregated together and analyzed using a single linear regression. Note that, as
a result of the normalization, all data values are non-dimensional and are centered around 0
for TI* and around 1 for normalized pore metrics (Figures 5 and 6).
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There was a borderline significant correlation between the normalized pore density and TI*
when applied to total pores (p = 0.054; Table 3), with a positive slope for the linear
regression suggesting that pore density tends to increase with increasing TI* across the
entire population of ROIs (Figure 5). When analyzed in terms of pore subtypes, there was a
slightly stronger statistical relationship for B-pores (p = 0.051) but not for I-pores (p = 0.27,;
Table 3 and Figure 5), consistent with the ANCOVA results above. These results suggest
that B-pores, more so than I-pores, tend to co-localize with regions of elevated tracer
accumulation, presumably representing sites of greater fluid transport across the inner wall.

Hydrodynamic models

To understand how pore density (n) and diameter (D) may influence the local hydraulic
conductivity (Lp) of the outflow pathway, we examined the relationship between tracer
intensity and L as predicted by the funneling model (L, ~ nD), the porosity model (Lp ~
nD2) and the Sampson’s law model Lp~n D3). Statistics were determined using both raw
data analyzed by ANCOVA and normalized data analyzed by single linear regression. All
regressions, regardless of the statistical approach, had a positive slope, and the correlations
for the hydrodynamic models (nD, nD? and nD3) were all statistically stronger than those
for the pore density alone (Table 3). By ANCOVA, a clear trend emerged: Tl showed a
highly significant positive correlation for all hydrodynamic models involving total pores (p
< 0.0015) and B-pores (p < 0.000025) but not for those involving I-pores (p < 0.38; Table
3). The same trend was observed using normalized data, where all hydrodynamic models
correlated strongly with TI* for total pores (p < 0.027) and B-pores (p < 0.0037) but not for
I-pores (p > 0.10; Table 3 and Figure 6). Presumably, the stronger correlations with B-pores
overcame the weaker correlations with 1-pores and contributed to the statistically significant
correlations observed when both pore subtypes were aggregated and analyzed together as
total pores.

To determine which hydrodynamic model gave the best fit to the tracer data, we compared
the partial n2 values from the ANCOVA analysis and the R? values from the normalized
analysis. For all hydrodynamic models the partial n2 and R2 values were typically 45-fold
and 5-fold greater for B-pores (12 > 0.53, R? > 0.25) than I-pores (n? < 0.03, R? < 0.09),
consistent with the stronger statistical relationships with B-pores presented above. The
largest partial 12 value was observed for the B-pore porosity (nD2*) model (1?2 = 0.66),
while the largest R? value was observed for the B-pore Sampson’s law (nD3) model (R? =
0.32; Table 3). However, the values of partial n2 and R? were relatively similar between all
three models, making it difficult to definitively determine which specific model best fit the
data.

Discussion

Several studies have investigated how tracer particles pass through the trabecular outflow
pathway, mostly by imaging transverse sections through the TM, JCT and SC endothelium
(de Kater et al., 1989; Epstein and Rohen, 1991; Ethier and Chan, 2001; Lu et al., 2008;
Overby et al., 2002). Some of these studies observed tracer particles close to pores (Chang et
al., 2014; Ethier and Chan, 2001; Lu et al., 2008) or passing through pores (Allingham et al.,
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1992; Yang et al., 2013). However, the small number of pores typically observed in
individual sections has prevented any detailed quantitative analysis of the relationship
between tracer accumulation in the JCT and pores in the inner wall of SC. In the present
work, this problem was overcome by sampling a large area of the inner wall using
correlative microscopy to acquire co-registered images of inner wall pores (by SEM) and
tracer distribution in the JCT (by confocal microscopy). Using this approach, a strong
correlation was observed between tracer intensity and B-pore density and pore metrics, but
no correlation was observed with I-pore density or pore metrics. These observations strongly
argue that aqueous humor passes through micron-sized pores in the inner wall endothelium
of SC, with a dominant hydrodynamic contribution from paracellular B-pores compared to
transcellular 1-pores. Furthermore, these observations demonstrate that the location of B-
pores and the local hydraulic conductivity arising due to B-pores co-localizes with the non-
uniform or segmental distribution of outflow through the JCT.

The fundamental assumption underlying this tracer study (and any tracer study) is that the
tracer distribution reflects the pattern of aqueous humor outflow through the TM/JCT, such
that regions of higher tracer accumulation correspond to regions of higher outflow. Indeed,
prior tracer studies have shown that tracer accumulation coincides with the location of
collector channel ostia (Ethier et al., 1998; 1993; Hann and Fautsch, 2009; Zhang et al.,
2009) and with regions of JCT containing less versican (M. C. Johnson et al., 1990; Keller et
al., 2011), supporting this assumption.

Rationale for Immersion Fixation

The current study used immersion fixation, although it is generally believed that perfusion
fixation is necessary to preserve pores and giant vacuoles along the inner wall (Ethier et al.,
2004; Overby, 2011). Pores and giant vacuoles, however, were commonly observed in the
immersion-fixed samples of this study, suggesting that the two-step method of first
immersing the eye in wet ice followed by immersion in ice cold fixative was able to
preserve inner wall structure.

The motivation for the immersion fixation approach was three-fold. Firstly, perfusion
fixation is believed to artificially increase inner wall pore density (Ethier et al., 1998; M. C.
Johnson et al., 2002; Preibisch et al., 2009; Sit et al., 1997), and we wished to avoid this
artifact so as to best examine the relationship between pore density and tracer intensity.
Secondly, in the eyes perfused with gelatin, wet ice was necessary to ‘set’ the gelatin prior
to aldehyde fixation. Thirdly, the rapid drop in temperature would quickly inhibit metabolic
activity at the inner wall and decrease the fluidity of lipid membranes, which we presumed
would inhibit pore closure and giant vacuole retraction and thereby preserve these structures
until the inner wall was aldehyde fixed. Indeed, using estimates of the heat transfer rate
through sclera, the temperature of the inner wall should decrease from 34°C to 4°C within
30 seconds to 5 minutes? following immersion in ice cold water at 0°C. While the eye is
cooling, however, IOP decreases as fluid drains through the outflow pathway (recall that the
perfusion tubes were clamped, preventing backflow through that route). Conservative
estimates of the IOP decay indicate that it takes at least 20 minutes for IOP to decrease from
8 to 4 mmHg after clamping the perfusion tubing3. Even if the IOP was reduced
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immediately to 0 mmHg, pore closure would still likely require several minutes, based on
best estimates of the giant vacuole retraction time (Brilakis and D. H. Johnson, 2001) and
pore formation in other endothelia (Martinelli et al., 2013). Thus, the ‘cooling’ rate of the
inner wall was likely faster than the turnover time for pore formation and closure, and this
rapid cooling may have preserved the inner wall structure despite the absence of perfusion
fixation.

We cannot eliminate the possibility that the rapid decrease in temperature somehow induced
pore formation. Indeed, the pore densities observed in this study were consistent, but
somewhat higher (2181 + 1336 pores/mm?), than prior reports of inner wall pore density
(835 — 1437 pores/mm?2), even when prior values were corrected to account for the artificial
increase in pore density caused by perfusion fixation (Allingham et al., 1992; M. C. Johnson
et al., 2002). Alternatively, the temperature decrease may have differentially affected each
pore type. Indeed, higher proportions of B-pores relative to I-pores were typically observed
in this study, opposite to the ratio observed in other studies. Specifically, in this study 53%
of all observed pores were B-pores (Table 2), whereas in a prior study 30% of all observed
pores were B-pores (Ethier et al., 1998). Importantly however, because the current study
compared ROIs from within individual wedges, any temperature-induced pore formation
needed to have affected each ROI differentially to influence our results, since any artifact
that affected all ROIs uniformly would have been effectively eliminated by the statistical
normalization. Furthermore, if temperature-induced pore formation were to account for the
observed relationship between pore metrics and tracer intensity, it would have to occur
preferentially in regions of higher tracer accumulation. While this possibility cannot be
eliminated, it seems unlikely, and considering that perfusion fixation is already known to
artificially increase pore density, immersion fixation on ice seems a reasonable alternative
for preserving inner wall pore structure.

The Spatial Relationship Between Pores and Local Filtration

The spatial correlation observed between pores and tracer suggests that pores are related to
outflow segmentation, but does not provide insight as to the nature of such a relationship.
There are two limiting scenarios for how pores may interact with flow. First, local filtration
may trigger pore formation. In our prior work (Braakman et al., 2014), we established that
cellular strain can induce pore formation in cultured SC cells, so it is possible that pore
formation results from the cellular strain imposed by giant vacuole formation or inner wall
‘ballooning’ associated with transendothelial filtration as occurs in vivo. In this scenario, the
inner wall functions as a “smart” filter, adjusting its porosity and local hydraulic
conductivity to accommodate local variations in filtration demand arising from outflow

2This is a heat transfer problem. We modelled the eye as a sphere of radius 12 mm with SC endothelium located 0.5 mm beneath the
scleral surface (Goshtasby, 1988; Irshad et al., 2010), and assumed that the thermal conductivity of the sclera was 0.53 W/mK (Barton
and Trembly, 2013; M. C. Johnson et al., 2002), that the specific heat capacity of the sclera was 4181 W/kg K, and that the surface of
the sclera was either at a constant temperature (0°C; correspondin g to the lower time limit) or at a constant heat flux with a heat
transfer coefficient 44 W/m2K (corresponding to the upper time limit, neglecting natural convection) (Incropera and DeWitt, 2002; M.
C. Johnson et al., 1992). Both boundary conditions have an analytical solution given by Schneider (Schneider, 1955) that, when using
the parameter values given above, yield the time limits given in the main text.

The eye was treated as an RC circuit with an outflow resistance of 5 mmHg min/pL and an ocular compliance of C = 1/(Ky P) with P
=6 mmHg and Ky = 0.0215 1/uL (McBain, 1958). The IOP therefore decreases according to Pg = e"VRC \where Po is the initial
pressure (8 mmHg), predicting that the eye reaches 4 mmHg at t = 20 min. Note that the compliance increases as the pressure
decreases, suggesting that this calculation slightly underestimates the actual time required for IOP to reach 4 mmHg.
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segmentation, with biomechanical strain acting as the local signal for pore formation. The
second scenario is that pore formation may regulate local filtration. Because the hydraulic
conductivity of a non-porous region of the inner wall is low due to tight junctions between
SC cells, micron-sized pores are an apparent requirement for aqueous humor filtration across
the inner wall (M. C. Johnson, 2006; M. C. Johnson et al., 1992). Local pore formation,
possibly induced by paracrine or autocrine signals released by JCT, TM or SC cells, may
thereby determine filtration patterns to influence outflow segmentation.

The current study is unable to determine which of these scenarios is most correct. However,
we speculate that the physiological situation is a mix of both extremes, representing a
coupled interaction between local filtration demands and the cellular biomechanics involved
in giant vacuole and pore formation. For example, a recent study by Overby et al. (Overby et
al., 2014) has shown that pore formation correlates with the stiffness of the subcortical
cytoskeleton in SC cells and, in line with this observation, that glaucomatous SC cells eyes
exhibit both a stiffer subcortical cytoskeleton and a reduced ability to form pores. This leads
to an interesting question of whether variations in SC cell stiffness exist along the inner
wall, and whether such variations in stiffness may coincide with variations in pore density.
Regardless of the precise mechanism, the fact that pore density is reduced in glaucomatous
eyes, and that impaired pore formation persists in glaucomatous SC cells in culture, suggests
that disrupting the normal mechanism of SC pore formation leads to impaired filtration,
contributing to outflow obstruction and IOP elevation in glaucoma.

Differential Responses of I-pores and B-pores

The relationships between pore metrics and tracer were much stronger for paracellular B-
pores compared to transcellular I-pores, and the strong relationship with B-pores likely
contributed to the overall relationship that was observed between tracer and total pores.
These results suggest that B-pores provide the dominant pathway for aqueous humor
filtration across the inner wall. In contrast, I-pores showed no correlation with tracer
intensity. While these data cannot exclude any potential role for I-pores, the data do suggest
that I-pores function differently so as to be less conductive than B-pores at physiological
pressure drops across the inner wall, as examined in this study. For example, the
ultrastructure of the JCT or extracellular matrix underlying I-pores may be more resistive
than that underlying B-pores. Alternatively, B-pores and I-pores may operate at different
ranges of pressure drop across the inner wall or function under different time or length
scales. For example, I-pores might require more time to become fully conductive or have
smaller or larger hydrodynamic radii of influence than is captured by the 150 x 50 um size
of the ROI. Regardless, the data strongly support a hydrodynamic role for B-pores, but we
would caution against using these data to argue against any potential role of I-pores.

Like the two pore sub-types observed in SC, vascular and lymphatic endothelia also exhibit
two pathways for transport, particularly for leukocyte diapedesis that may proceed via
transcellular or paracellular routes. In endothelia that form well-developed intercellular
junctions such as in the blood-brain barrier, leukocyte diapedesis occurs predominantly
transcellularly, allowing the junctions to be maintained and barrier function to be preserved
(Wedel-Parlow et al., 2011). In microvascular and lymphatic endothelia with less well-
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developed intercellular junctions, leukocyte diapedesis occurs predominantly paracellularly
(Carman et al., 2007). Similarly, the pore type in SC endothelium may depend on the quality
of the local junctions or paracrine or autocrine signals from TM, JCT and/or SC cells
potentially mediated by physical cues related to IOP or outflow (Alvarado et al., 2005).

In conclusion, this study demonstrated a colocalization between paracellular B-pores and
local tracer accumulation along the inner wall of SC in human eyes perfused with
fluorescent tracer nanospheres. These results strongly argue that pores provide a pathway for
aqueous humor filtration across the inner wall and that the location of pores may contribute
to the segmental distribution of aqueous humor outflow in the JCT. Increasing pore density
is therefore a promising strategy to promote outflow and lower 1OP in glaucoma.
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Sclera

Cornea

Figure 1.
Agueous humor outflow is non-uniform, or segmental, around the circumference of the

trabecular meshwork (TM) over both macroscopic (order of a few mm) and microscopic
length scales (order of a few tens of um). A) The internal face of a corneoscleral wedge of a
human eye after removing the iris, ciliary body, retina and choroid. The TM is seen as a
dense band of pigmented tissue located near the corneoscleral junction. B) A fluorescent
micrograph of the internal surface of the TM in a human eye after perfusion with fluorescent
tracer particles. The orientation is similar to the TM shown in panel A. Macroscopic
segmental outflow variations are detected as variations in fluorescence intensity around the
circumference of the TM containing active (arrowheads, stronger signal, more accumulated
tracer) and less active (asterisks, weaker signal, less accumulated tracer) outflow regions. C)
When looking at a microscopic section through the TM and SC (between blue lines), red and
green tracer particles can be seen to pass through the TM and into SC (arrows) through the
preferential pathway (within dashed lines Panels A-C are reproduced from Chang et al. 2014
(Chang et al., 2014) and permission will be requested from the publisher.
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Figure 2.
Schematic illustration of the hypothesis motivating this study. Outflow through the

trabecular meshwork (TM) is non-uniform or segmental (curved blue arrows) such that
some regions of the TM have high local outflow, and hence high local tracer accumulation,
relative to regions with low outflow and low tracer accumulation. We hypothesize that
regions of high local tracer intensity colocalize with regions of high local pore density along
the inner wall of Schlemm’s canal (SC).
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Figure 3.
A summary of the image registration algorithm used to map the confocal montage onto the

overview scanning electron microscopic (SEM) montage so as to allow colocalization
analysis between tracer intensity and inner wall pore density. Common landmarks (red dots)
observed along the inner wall within the vimentin (top left) or CD31 montage (not shown)
were manually selected and matched to the same physical landmarks in the SEM montage
(middle left). A mapping algorithm then calculated the mathematical transformation that,
when applied to the vimentin (or CD31) montage, allowed the corresponding landmarks to
overlap those in the SEM montage (top right) with good precision (cf. Figure 4). The same
mathematical transformation was then applied to the tracer montage (bottom left), providing
a co-registered SEM-tracer overlay that was used for colocalization analysis between tracer
intensity and pore density (bottom right). The white curves in the right panels represent the
anterior and posterior boundaries of the inner wall, determined from the CD31 labeling (not
shown).
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Figure 4.
Quality of the image registration algorithm based on a transformed CD31 montage (green)

overlaid onto the corresponding scanning electron microscopy (SEM) overview montage
(grey) from eye 649C. The white boxes labeled 1-2 are shown at higher magnification in the
lower panels. Green arrows indicate regions of good co-registration (< 2 um) while red
arrows indicate regions of larger deviation (typically < 5 pm). Macroscopic features of the
inner wall are largely preserved and overlap between transformed CD31 and SEM images.
Coincident structures are marked with an orange dotted curve for the CD31 image and a
white dashed curve for the SEM image.

Exp Eye Res. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Braakman et al.

Page 21

Total pores I-pores B-pores
A
20 A e 12 12 N
O 6698 7
670B o . P il
6818 R - o Pl
x 682D +0 B z7 o 7
Ao 7 = A B o
T //x// BN i PR o
— === o 1 o o =m0 o
* o ———- 0] J Ay
S 0 - <0 | ___ i
¢ <o ® 7 g -
¥y - =
Pra e p /Q
o
-7 b - o4 o e
P P x
7/
0 A 0 An or 7 A x
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
Tl [-] Tl [-] Tl [-]
Figure 5.

Normalized pore density (n*) plotted versus normalized tracer intensity (TI*) in the
juxtacanalicular tissue (JCT) for total pores, transcellular I-pores and paracellular B-pores.
Black lines through the data represent the optimal linear regressions of n* vs TI* with the
purple dashed curves representing the 95% confidence bounds on each regression. The
linear regressions were borderline significant for total pores (p = 0.054) and B-pores (p =
0.051), but not for I-pores (p = 0.27). Each point represents an individual region-of-interest
(N = 31) from the 6 eyes. See methods for details of the normalization.
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Figure 6.
Normalized pore metrics from the hydrodynamic models plotted versus normalized tracer

intensity (T1*) in the juxtacanalicular tissue (JCT) for total pores, transcellular 1-pores and
paracellular B-pores. Pore metrics represent the local hydraulic conductivity of the outflow
pathway based on the funneling model (nD*), the porosity model (nD2*) and the Sampson’s
law model (nD3*) as described in Methods. Black lines through the data represent the
optimal linear regressions, and the purple dashed curves represent the 95% confidence
bounds on each regression. All linear regressions were statistically significant for total pores
(p < 0.027) and B-pores (p < 0.0037), but not for I-pores (p > 0.10; see Table 3). Each point
represents an individual region-of-interest (N = 31) from the 6 eyes. See methods for details
of the normalization.
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Table 2
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Summary of the measured pore densities, the absolute number of pores and the percentage of I-pores and B-

pores. Note that the total pore densities and percentages of I-pores and B-pores are provided as mean £

standard error of the mean, whereas the total number of observed pores is a sum of all the observed pores.

Eye

Total pores  I-pores B-pores  Total pores I-pores B-pores % l-pores % B-pores
649C 3635 911 2440 105 26 71 25% 68%
650D 704 320 384 20 9 11 45% 55%
669B 3333 1400 1867 150 63 84 42% 56%
670B 2378 689 1644 107 31 74 29% 69%
681B 1352 743 552 71 39 29 55% 41%
682D 1633 1133 500 49 34 15 69% 31%
Total 2173+471  866+153 1231+354 382 129 240 44+6.7% 53+6.2%
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