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Glaucoma is a blinding disease largely caused by increased resistance to drainage of fluid from
the eye's anterior chamber, resulting in elevated intraocular pressure (IOP). A major site of fluid
outflow regulation and pathology is the trabecular meshwork (TM), an extracellular matrix
(ECM)-rich tissue at the entrance of the eye's drainage system. We aimed to characterize the
structural and functional properties of a newly developed tissue-engineered (TE) anterior
segment eye culture model. We hypothesized that repopulation of decellularized TM ECM with
non-native TM cells could restore intraocular pressure (IOP) homeostatic ability. Decellularized
porcine anterior segment scaffolds demonstrated complete removal of cells, significant
reduction of DNA content, and well-preserved ECM ultrastructure. Seeded cells localized to the
TM region (p < 0.001) and progressively infiltrated meshwork ECM. Cells reached a distribution
comparable to control TM after four days of perfusion culture. After perfusion rate increase
challenge, TE cultures maintained healthy IOPs through regulation of outflow resistance
(reseeded = 16.53 ± 0.89, decellularized = 35.23 ± 2.20 mmHg, p < 0.0001). In conclusion, we
describe a readily available, storable, and biocompatible scaffold for anterior segment
perfusion culture of non-native cells. TE organs demonstrated physiological similarities to
native tissues and may reduce the need for scarce donor globes in outflow research.
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Introduction
Glaucoma, a leading cause of irreversible blindness, is a progressive optic neuropathy
affecting over 70 million people worldwide1. Clear fluid in the eye’s anterior chamber, called
aqueous humor, is produced within the confines of the globe at a rate of 2 to 3µL/min 2,3. In
healthy eyes, aqueous humor outflow is in equilibrium with production. Elevated IOP in
glaucoma (above 21 mmHg in primary open angle glaucoma4,5) is primarily caused by increased
resistance to outflow. Increased IOP is an experimentally demonstrated cause of glaucoma 6 and
remains the only factor shown to prevent or reduce glaucomatous retinal ganglion cell death
and consequent vision loss7,8.
As a primary site of outflow resistance and outflow tract pathogenesis, the trabecular
meshwork (TM) is a target of great therapeutic interest. TM tissue is a dynamic, multilayer,
filter-like structure that responds to environmental signals like mechanical strain and shear
forces. TM extracellular matrix (ECM) turnover and remodeling are heavily involved in healthy
IOP maintenance9–13.
TM cultures in vitro studies miss many defining features of glaucoma, such as pressure
and flow. TM in vitro perfusion models have been constructed for this reason 14,15. However,
these models cannot replicate the complex layers of ECM fibers and beams throughout the
thickness of native meshwork. Cell physiology in vitro is often significantly different from the
same cells placed in a 3D substrate16–19, limiting translational capacity. Ex vivo perfused anterior
segment models have been used to examine and manipulate TM function under more
physiological, pressurized 3D conditions and from a range of species20–26. Unfortunately, human
donor anterior segments are a limiting resource in outflow research. On the other hand, TM
cells from donor globes, TM-removal surgeries, and TM cell lines, can be more often readily
available27,28, lending themselves to more scalable studies.
As done in other tissues for both research29–34 and medical applications35–38, removal of
cells from ECM can provide a bioartificial scaffold for recellularization with cells of choice.
Sodium dodecyl sulfate (SDS) has been highly effective for removal of cellular material in
various ECM-rich tissues while hallmark TM ECM components like collagen, elastin, and laminin,
are mostly well conserved29,39–41.
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The purpose of this study was to test the IOP homeostatic ability of a newly developed
tissue-engineered (TE) anterior segment organ culture model. We hypothesized that
repopulation of decellularized TM with non-native TM cells could restore IOP homeostasis. The
porcine anterior segment scaffold described here is accessible, storable, biocompatible, and
free of porcine cells. When reseeded with porcine TM cells, TE cultures demonstrate
localization of cells to the TM, full-depth cell infiltration of TM ECM, and an IOP homeostatic
response similar to standard ex vivo organ cultures and in vivo eyes.

Results
Scaffold production
Freeze/thaw + surfactant perfusion created decellularized AS scaffolds
Freeze/thaw cycling (F/th) lysed all native cells, as shown previously42. F/th and
perfusion of standard perfusion media resulted in a reduction of nuclei in the TM, accumulation
of basophilic, DAPI-positive aggregate in TM ECM, and retention of cell debris in the sclera and
cornea (Fig. 1A). Freeze/thaw + surfactant immersion/agitation (IA) reduced cells in the tissue
periphery. IA often resulted in loose-appearing meshwork and physical disruption of tissue,
creating debris in samples (Fig. 1B). No difference in cellularity was seen between IA samples
after 1, 2, and 5 days of SDS incubation. F/th + surfactant perfusion (P) created anterior
segment scaffolds free of nuclei and debris with a well-preserved ECM structure.
DAPI signal in each treatment-group corresponded with hematoxylin staining. In F/th
and IA, DAPI fluorescence intensity was not significantly different from control (Fig. 1D, p =
0.387 and 0.575, respectively.) DAPI signal in P was significantly lower than control (p = 0.010,
99.3% reduction.) P scaffolds were used for subsequent experiments. Decellularized scaffolds
could be refrozen at -80 °C and kept for as long as two months prior to reinstallation into the
perfusion system.

IOP physiological throughout decellularization
IOP remained within a physiological range throughout the perfusion-decellularization
process, indicating that the ECM was not subjected to any abnormal physical stresses (Fig. 2, n
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= 15.) After 24 hours of washing, scaffold IOP remained stable (within a 0.6 mmHg range)
through the duration of perfusion. Washed scaffolds appeared grossly normal and had
transparent corneas. 24 scaffolds were produced. Due to hardware error, IOP recordings for 8
eyes were unavailable. One eye was contaminated during perfusion, removed from the
perfusion system, and was not included in the IOP analysis.

Scaffold reseeding
Seeded cells localized to the TM region
The fluorescent signal of eGFP-expressing CrFK cells was visualized at all time-points.
Fluorescence at 24, 48, and 144 hours post-seeding was localized in the TM region. At 24 hours,
some fluorescence was seen in the corneal region; this was not observed at subsequent timepoints. Fluorescence was occasionally seen where the ciliary body had been attached. The TM
was significantly brighter than other regions by an average of 90.1 ± 7.5% (p <0.001, Fig. 3).

Cell infiltration of the TM increased with time in perfusion culture
The depth of cells in the TM was measured and compared to control at each time-point
(supplementary material 1). The average depth of cells in the TM increased over time until its
peak at four days (Fig. 4, Table 1). CrFK cell depth at 24 and 48 hours was significantly lower
than control (p < 0.05) while the depth of TM cells at 96 and CrFK cells at 144 hours was not
significantly different (p = 0.19, 0.06). At 24 hours post-seeding, some cells could be seen on the
basement membrane, consistent with fluorescence in Fig. 3. Cells migrated in the direction of
outflow over time. Additionally, cellularity of the TE TM tended to increase with time (Table 1),
indicating cell division43 or further migration of cells into the meshwork. A total of 3458 nuclei
were measured. After 96 hours in culture, many seeded cells demonstrated large
euchromatinic nuclei, indicating active transcription during infiltration.

IOP homeostatic function of tissue-engineered ex vivo cultures
After 24 hours of P scaffold perfusion, a stable IOP baseline was achieved (Fig. 5). No
significant difference was found between decellularized (D) and reseeded (RS) groups at
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baseline (D = 11.81 ± 0.52, RS = 12.42 ± 0.48 mmHg, p = 0.40) or after cell seeding/sham (D =
9.23 ± 0.36, RS = 8.48 ± 0.22 mmHg, p = 0.07). Conversely, IOP was highly unstable in scaffolds
seeded with CrFK cells (CrFK = 27.0 ± 17.3, TM = 8.48 ± 2.67 mmHg, ± standard deviation.) At 48
hours post TM reseeding/sham, infusion rate was doubled from 3 to 6 µL/min to challenge the
TM’s IOP homeostatic response. Reseeded scaffolds maintained IOP within a healthy range,
lower than in hypertensive decellularized scaffolds (D = 35.23 ± 2.20, RS = 16.53 ± 0.89 mmHg,
p < 0.0001, N: 8, 8, Fig. 5.).

Discussion
In this study, we detail a tissue-engineered anterior segment organ culture model with
functional similarities to ex vivo and in vivo outflow physiology. After an infusion rate increase
challenge, anterior segments with recellularized TM maintained pressures of 16.5 ± 0.9 mmHg
while decellularized meshwork had significantly higher pressures of 35.2 ± 2.2 mmHg. Our
results were on a timescale and of a magnitude similar to those observed in human anterior
segment perfusion models with infusion rate doubling11 and after IOP increase44.
TM cellularity along existing trabecular beams decreases gradually with age45,46. Both
increased age and decreased TM cellularity are major risk factors for the development of
glaucoma. However, removal of meshwork tissue (both cells and ECM) is well-known to reduce
IOP both ex vivo27 and clinically47–49. Here, we show that the presence of decellularized TM ECM
is associated with significant, sustained IOP elevation after a homeostatic challenge. These
findings are consistent with results that detail ECM remodeling by TM cells as a means of IOP
regulation9–12.
Previously described glaucoma models in which about 1/3rd of meshwork cells were
killed with saponin treatment demonstrated functional restoration after transplantation of
human TM cells or TM-like iPSCs23. In the scaffolds presented here, 100% of cells were removed
before cell transplantation. This allowed complete control over which cells end up in the
scaffold. Functional responses are known to be caused by transplanted cells alone, and not the
effects of transplanted cells on native ones. Additionally, because cell debris and detergents can
be washed from the scaffold prior to cell-seeding, viable cells do not need to be subjected to
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potentially deleterious quantities of chemical stressors like saponin or lytic cell contents which
may affect healthy TM cell physiology.
After 96 hours in culture, meshwork infiltration of seeded cells rendered comparable
cell infiltration depth to controls. Due to the segmental nature of outflow and multilayer
structure of the TM, treatments introduced intracamerally may not reach all meshwork cells
evenly. For example, experimental manipulations, including lentiviral transduction of ex vivo
TM is highly efficient24 but does not transduce all native cells. Reseeding cells cultured, treated,
or sorted in vitro before transplantation allows for more thorough and exact modifications of
cells and tissue.
Preliminary studies in which 1 million cells were seeded into scaffolds (Supplementary
material 2), a cell number closer to that of a young, healthy TM46, resulted in low TE TM
cellularity. This is consistent with cell loss percentages in other TE organs29,50. It is possible that
seeded TM cells require sufficient cell-cell contact early in the process of meshwork infiltration
and otherwise cannot survive or proliferate. In addition to the optimization of cell-loss, future
studies can be done to test longer durations of culture as well as scaffold biocompatibility with
human TM cells.
In conclusion, we describe the construction of a fully decellularized porcine anterior
segment scaffold and successful reseeding with non-native meshwork cells. TE ex vivo cultures
demonstrated localization of transplanted cells to the TM region, cell infiltration of ECM, and
IOP homeostatic ability after infusion rate challenge. Tissue-engineered organ culture models
may allow researchers to study TM cells in the context of a standard 3D environment with
reduced need for human donor eyes.

Methods
A total of 41 anterior segments were prepared as previously reported 20,51,52. Briefly,
porcine eyes were acquired within 4 hours of sacrifice, decontaminated with povidone-iodine,
and hemisected along the equator in an aseptic biosafety cabinet. The posterior segment, lens,
and iris were carefully removed.
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Scaffold production
As described previously42,53, Freeze/thaw (F/th) anterior segments were sealed in an
airtight container and cycled between -80°C and room temperature two times to lyse all native
cells42,53. F/th scaffolds were then perfused with perfusion culture media (DMEM supplemented
with 1% FBS and 1X antibiotic/antimycotic) for 5 days (n=4).
A time-course assay was conducted to determine the minimum necessary time to
produce decellularized scaffolds via immersion/agitation-mediated decellularization (IA). F/th
anterior segments were placed in SDS solution (0.01% wt/vol in PBS + anti-anti) for 1 day (n=3),
2 days (n=3), and 5 days (n=3). Following SDS incubations, solutions were changed to 0.1%
TritonX-100 for 24 hours and then a perfusion culture media wash for 48 hours. Samples were
affixed to a vertical stage rotated at 20 RPM during each incubation. Fluid exchanges were
performed every 24 hours.
For perfusion-mediated decellularization (P), we modified an existing matrix production
protocol used in bioartificial heart construction29. F/th segments were maintained via constantrate perfusion21 at 6µL/min with SDS solution for 24 hours, TritonX-100 solution for 24 hours,
and perfusion culture media for 48 hours (n= 24). Untreated control samples were maintained
for 5 days with perfusion culture media (n= 4).

Cell culture
Porcine TM culture was performed as done previously20,54. TM was dissected away from
anterior segments under an ophthalmic operating microscope (Stativ S4, Carl Zeiss,
Oberkochen, Germany) and cut into 0.5mm3 segments. Tissue pieces were cultured in T25
flasks containing OptiMEM (31985–070, Gibco, Life Technologies, Grand Island, NY, USA),
supplemented with 5% FBS and antibiotic/antimycotic (15240062, Thermo Fisher Scientific,
Waltham, MA, USA). Cells were passaged at 80% confluence and used for experiments at
passages 2-4.
Due to limited vector stocks and unlimited passaging of cell-lines, a CrFK cell-line
transduced with an eGFP GINSIN vector24,55 was used to determine initial scaffold
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biocompatibility and real-time tracking of seeded cell localization. GINSIN CrFK cells were
maintained in 2.5% FBS DMEM + antibiotic/antimycotic and passaged at 80% confluence.

Live-cell tracking
Three million GINSIN CrFK cells were seeded into P scaffolds to determine
biocompatibility and cell localization in real-time. A 20G cannula (BD PrecisionGlide 305176)
attached to a 1mL syringe (Norm-Ject Tuberkulin Luer 4010-200V0) was connected to a 3 cm
length of perfusion tubing. The inlet and outlet of each perfusion dish were disconnected from
the perfusion system and reconnected to the 1mL syringes. A 200uL bolus of culture media was
removed from anterior chambers through the outlet. A 200uL bolus of 3 million GINSIN-CrFK
cells was slowly introduced into the anterior chamber. Cultures were gravity perfused at
15mmHg for 20 minutes. Dishes were positioned with corneas facing downward and perfusion
culture was reinitiated.
TM was visualized from the underside of transparent perfusion dishes with an
epifluorescence-equipped dissecting microscope (Olympus SZX16 with GFP filter cube and DP80
monochrome/color camera; Olympus Corp., Center Valley, PA, USA) and imaged at 24, 48, and
144 hours post-seeding. Mean fluorescent intensity of images was measured in four concentric
regions (central cornea (1), peripheral cornea (2), TM (3), and sclera/ciliary body remnant (4),
Fig. 3, bottom right) in Fiji56 and compared. A uniform threshold was applied to fluorescence
images to aid visualization in Fig. 3, right panels.

IOP maintenance challenge
To test meshwork function restoration, decellularized scaffolds were perfused for 24
hours with TM culture media before seeding to achieve stable baseline IOPs. Three million
porcine TM cells were seeded as described above in RS while D received a sham bolus of cellfree TM culture media. After 48 hours, the infusion rate was doubled from 3µL/min to 6µL/min
to challenge the TM’s IOP homeostatic response.
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Histology
Samples were fixed in 4% PFA for 48 hours, embedded in paraffin, and sectioned at
6 µm thickness. Sections were stained with H&E for morphological analysis and DAPI for DNA
content.

Statistical analysis
Fluorescence intensities of DAPI-labeled scaffold samples were compared to control.
Live-cell eGFP fluorescence of the TM region was compared to all other locations. Cell depth at
each time-point was compared to control. IOP recordings were sampled into 2-hour blocks, and
D was compared to RS at each experimental phase (baseline, cell seeding, and challenge).
Periods of 8 hours after media refilling were excluded from the analysis to allow for IOP
stabilization. Statistical comparisons were conducted with a student’s t-test in Python 3.6. Data
are expressed as mean ± SEM unless otherwise noted. P-values < 0.05 were considered
statistically significant.
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Figures
Figure 1: freeze/thaw + surfactant perfusion decellularized AS scaffolds

Fig. 1: Freeze/thaw cycling + surfactant perfusion (a), Freeze/thaw + surfactant agitation (b),
Freeze/thaw (c), and untreated control (d). Left: H&E staining, middle: magnified view of TM in
left, right: DAPI + brightfield.
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Figure 2: IOP within physiological range throughout perfusion-decellularization

Fig 2: IOP remains within a physiological range throughout perfusion decellularization
(12.27±0.04 mmHg, n = 15). Brief IOP drops after media exchanges are due to lapse in perfusion
during a system restart. Error fields indicate SEM.
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Figure 3: Seeded cells localized to the TM region

Fig. 3: Seeded cells localized to the TM region. Anterior segment scaffolds seeded with 3 million
eGFP CrFK cells as visualized from the underside of clear perfusion culture dishes. Left:
brightfield view of TM angle, middle: eGFP fluorescence, right: merged. Localization of intensity
in fluorescence images was evaluated in the 4 concentric regions shown at the bottom right
panel (central cornea (1), peripheral cornea (2), TM (3), and sclera/ciliary body remnant (4).)
TM was brighter than all other regions (90.1 ± 7.5% brighter, p <0.001.)
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Figure 4: Cell infiltration of the TM increases with time in perfusion culture

Fig. 4: Cell infiltration of the TM at 24, 48, and 144 hours for cultures reseeded with CrFK cells
shown in Fig. 3. Cell infiltration of scaffolds reseeded with porcine TM cells is shown at 96 hrs,
after infusion rate increase challenge. Cell depth at 24 and 48 hours was significantly different
from control (p < 0.001) while cell depth at 96 and 144 hours and above was not significantly
different (p = 0.19, 0.82). Error bars indicate SEM.
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Figure 5: Tissue-engineered ex vivo cultures demonstrate IOP homeostatic function

Fig. 5: Tissue-engineered ex vivo cultures demonstrate IOP homeostatic function. A) Time-series
IOP data of decellularized and reseeded scaffolds. B) Summary of cleaned IOP at each
experimental phase. No significant difference was found between decellularized (D) and
reseeded (RS) at baseline (p = 0.40) or after cell seeding/sham (p = 0.07). After 48 hours, the
infusion rate was doubled from 3 µL/min to 6 µL/min to challenge the TM’s IOP homeostatic
response. RS maintained IOP within a healthy range while D was significantly elevated (p <
0.0001, N: 8, 8.) Error fields indicate SEM, ns= not significant, * p > 0.0001.
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Tables
Table 1: Cell infiltration of scaffolds

timepoint

24 hours

48 hours

96 hours

144 hours

control

cell type

CrFK

CrFK

TM

CrFK

TM

depth in

17.5 ± 0.9*

30.0 ± 0.9*

52.2 ± 0.7

49.1 ± 0.7

50.9 ± 0.6

9.2 ± 1.6*

23.1 ± 4.4*

60.1 ± 6.4*

60.0 ± 13.0

100.0 ± 11.1

meshwork (%)
cellularity
(per section)
Table 1: Cell infiltration of scaffolds. Depth of infiltrated cells is shown relative to the complete
depth of the meshwork. TE TM cellularity values at each time-point are normalized to control.
Error indicates SEM. Asterisk indicates significant difference from respective control (p < 0.05).

23

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 July 2019

doi:10.20944/preprints201907.0142.v1

Supplemental material
Supplemental material 1: Map of materials and methods
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