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PURPOSE. Collagen fiber remodeling in the vitreous body has been implicated in cases of
vitreomacular traction, macular hole, and retinal detachment, and also may occur during
pharmacologic vitreolysis. The purpose of this study was to evaluate quantitative polarized
light imaging (QPLI) as a tool for studying fiber organization in the vitreous and near the
vitreoretinal interface in control and enzymatically perturbed conditions.

METHODS. Fiber alignment was measured in anterior-posterior sections of bovine and porcine
vitreous. Additional tests were performed on bovine lenses and nasal-temporal vitreous
sections. Effects of proteoglycan degradation on collagen fiber alignment using trypsin and
plasmin were assessed at the microstructural level using electron microscopy and at the
global level using QPLI.

RESULTS. Control vitreous showed fiber organization patterns consistent with the literature
across multiple-length scales, including the global anterior-posterior coursing of vitreous
fibers, as well as local fibers parallel to the equatorial vitreoretinal interface and transverse to
the posterior interface. Proteoglycan digestion with trypsin or plasmin significantly increased
fiber alignment throughout the vitreous (P < 0.01). The largest changes (33) occurred in the
posterior vitreous where fibers are aligned transverse to the posterior vitreoretinal interface
(P < 0.01).

CONCLUSIONS. Proteoglycan loss due to enzymatic vitreolysis differentially increases fiber
alignment at locations where tractions are most common. We hypothesize that a similar
mechanism leads to retinal complications during age-related vitreous degeneration. Structural
changes to the entire vitreous body (as opposed to the vitreoretinal interface alone) should be
evaluated during preclinical testing of pharmacological vitreolysis candidates.

Keywords: polarized light imaging, vitreous, vitreoretinal traction, collagen, vitreous
degeneration, proteoglycans, plasmin, trypsin

Comprising the bulk of the eye, the vitreous body is the
colorless, acellular gel between the lens and the retina.

Although 99% water, a complex network of collagen fibers,
hyaluronan, and proteoglycans interact to maintain the
elasticity and damping capacity of the vitreous.1 Structural
breakdown of the vitreous occurs with age, as the spaces
between collagen fibers decrease and lacunae (fluid-filled
pockets) form that disrupt its relatively homogeneous gel
structure. Due to such age-related changes, increased stresses
may develop at the vitreous periphery, leading to symptomatic
vitreomacular and vitreopapillary (optic disc) traction, as well
as vitreoretinal forces that may cause retinal detachment.2

Although intimately involved in this cohort of retinal compli-
cations, the alignment of collagen fibers and how they transmit
forces within the vitreous body and at the vitreoretinal interface
in normal and pathophysiological circumstances is not well
understood.

Much of what is known about the organization of collagen
fibrils and other macromolecules in the vitreous has been
derived from imaging at the microstructural level. Electron

microscopy images have shown a lower density of collagen in
the core of bovine vitreous relative to cortical and basal (near
the ciliary body) regions,3 corroborating earlier hydroxyproline
collagen concentration assays reported by Balazs.4 Transmis-
sion electron microscopy and high-magnification light micros-
copy performed on fixed human specimens have suggested that
collagen fibril fragmentation may accompany age-related
vitreous liquefaction.5 High-resolution electron microscopy
also has suggested important roles for chondroitin sulfate
proteoglycans6 and hyaluronan3 in maintaining adequate
spacing between the collagen fiber network, results supported
by the finding that loss of type IX collagen proteoglycan side-
chains occurs during age-related vitreous liquefaction.7

Inherent in the preceding approaches is the need for sample
fixation and magnification at micrometer, or even nanometer
resolution to allow for the visualization of macromolecular
structure. To better understand the higher-level organization of
the vitreous, alternative techniques have been used. For
example, in aged human vitreous, injected colored dyes have
highlighted fluid-filled lacunae,8 and slit beam illumination has
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indicated collapsed and tortuous fibers.9–11 Noninvasive
ultrasound12,13 and magnetic resonance–based14,15 techniques
also have proved useful in assessing age-related vitreous
liquefaction, but are currently limited by low spatial resolution.
Recent developments in swept-source optical coherence
tomography have permitted noninvasive imaging of changes
in vitreous organization near the retina,16,17 but imaging
elsewhere in the vitreous chamber is not currently performed
with this modality.

Another technique that, to our knowledge, has not been
applied to the vitreous is quantitative polarized light imaging
(QPLI).18,19 Because collagen fibrils selectively retard light
perpendicular to their long axis, a net directional anisotropy in
refractive index (birefringence) is present in samples with
larger-scale structural order.20 Plane polarized light undergoes
changes in phase when passing through birefringent medium,
allowing the calculation of retardation (proportional to net
fiber alignment) and the principal direction of the alignment.20

This approach provides a noninvasive, submicroscopic assess-
ment of fiber organization that is well-suited for the character-
ization of thick, weakly aligned, optically transparent tissues.18

Practical examples of this approach applied to semitransparent
samples include dynamic imaging during the mechanical
testing of biomimetic tissue equivalents,21,22 tendons,23 and
ligaments.24

The objective of this study was to evaluate the suitability of
the QPLI technique in characterizing intact vitreous and use it
to provide insight into the effects of enzymatic vitreolysis on
gross vitreous structure. Although we found relatively low
optical retardation values (fiber alignment) in control bovine
and porcine vitreous, we identified repeatable and consistent
patterns of fiber alignment and orientation between species,
consistent with previous microstructural studies. To support
our results, we show that the technique reliably characterizes
the highly ordered structure of the bovine lens, including the
presence of Y-shaped sutures and radially aligned fiber
cells.25,26 Next, we use the approach to characterize vitreous
treated with trypsin or plasmin. Despite approval by the Food
and Drug Administration in 2012,27 the effects of ocriplasmin
(a smaller, recombinant version of plasmin but with the same
active domain) on gross vitreous fiber organization remain
unknown, as the effects of this enzyme are generally only
screened at the microstructural level in animal studies28–30 or
imaged intermittently with optical coherence tomography near

the vitreomacular interface in human patients.27 Because of
this, the mechanism of enzymatic-vitreolysis–induced resolu-
tion of vitreoretinal tractions is not well understood.31 Results
from this study indicate that trypsin or plasmin treatment
increases collagen fiber alignment throughout the vitreous, and
most significantly in the posterior vitreous, near sites such as
the optic disc (bovine and porcine eyes do not have a macula).
These results show that the reorganization of vitreous fibrils via
the digestion of proteoglycans may play a larger role in
plasmin-induced enzymatic vitreolysis than previously appre-
ciated. Implications for these results in the resolution of
vitreomacular tractions, as well as the off-label use of
ocriplasmin to treat diabetic macular edema and age-related
macular degeneration are discussed.

METHODS

Sample Preparation

Fresh bovine and porcine eyes were obtained immediately after
animals were killed (Trenton Processing, Trenton, IL, USA) and
transported to Washington University on ice (<1 hour).
Because samples needed to be mechanically sectioned to
provide optically transparent samples for QPLI, eyes were first
cleaned of excess orbital tissue and embedded in 3% agarose to
provide stability (Fig. 1A). Samples were added to the cooling
agarose once body temperature was reached. After the agarose
solidified, a large razor blade (Edge-Rite high-profile microtome
blade; Thermo Scientific, Waltham, MA, USA) glued to a plastic
coverslip (5 3 5 cm) was used to cut the eye beginning at the
margin of the cornea in the anterior-posterior direction
(dashed lines in Fig. 1A). The sample was then inverted (the
vitreous would not fall out due to the presence of the
coverslip) and the procedure was repeated, providing a thick,
optically transparent sample with an intact vitreoretinal
interface (Fig. 1B). In other experiments, to probe fiber
alignment perpendicular to the anterior-posterior axis, the
direction of the cuts was changed from the anterior-posterior
to the nasal-temporal direction. In both orientations, the intact
lens could be removed and imaged in isolation.

Enzyme Treatments

Trypsin was used to digest proteoglycans, and to a lesser
degree, some collagens (e.g., chondroitin-associated regions of

FIGURE 1. Experimental approach. (A) Eyes are cleaned of orbital tissue and embedded in agarose. (B) Razorblades are used to section the block at
the upper and lower margins of the cornea (dashed lines in [A]) providing an optically transparent view of the vitreous and an intact vitreoretinal
interface (dashed region in [B]). (C) The sample is placed in a tissue bath for QPLI, as previously described.22 Further details describing this imaging
technique are provided in the Methods section.
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collagen IX and non–triple helical regions of collagen II).1,7,32

Although often referenced as specific for fibrin and laminin,

plasmin is a member of the trypsin protease family (provided in

the public domain by http://www.brenda-enzymes.org/php/

result_flat.php4?ecno¼3.4.21.7), and cuts at the same basic

amino acids (Arg, Lys) as trypsin, albeit with higher substrate

specificity. Proteomics-grade purified trypsin (1 lg/mL, T6567,

109K6120; Sigma-Aldrich Corp., St. Louis, MO, USA) or plasmin

(0.2 U/mL, #527624, D00139129; EMD Millipore, Billerica, MA,

USA) diluted in PBS containing calcium and magnesium

chloride (final injection volume: 300 lL) was injected into

the vitreous with a 30-gauge needle, and samples were

incubated overnight at 378C before QPLI. Noticeably different

results were not observed when enzymes were twice as

concentrated and the same injection and incubation protocol

was followed. Moreover, PBS sham injections showed negligi-

ble difference relative to uninjected eyes. In a separate set of

experiments, trypsin was injected, but samples were imaged
after only 10 minutes or 1 hour of incubation.

Quantitative Polarized Light Imaging

A custom QPLI system (Fig. 1C) was used to acquire high-
resolution maps of collagen alignment (retardation, d) and
orientation in the vitreous, as previously described.22 Briefly, a
fiber light source and a linear polarizer sheet (Edmund Optics,
Barrington, NJ, USA) provided wide-field sample illumination
through a quarter-wave plate (Bolder Vision Optik, Inc.,
Boulder, CO, USA) while images were acquired with a
charge-coupled device camera (Basler, Exton, PA, USA) and a
circular analyzer controlled by a step motor (total image
acquisition time was approximately 2 seconds per alignment
map; Fig. 1C). Light intensity was kept constant within each
species to ensure appropriate comparison of retardation values
between samples. Sample thickness varied slightly (bovine:

FIGURE 2. Control bovine vitreous. (A) Spatial map of fiber alignment strength (retardation, d) and scaled orientation (yellow vectors). Dashed lines

indicate the vitreous base and the arrow shows the location of Cloquet’s canal (CC). (A0) Relative frequency histogram for alignment angles in (A).
Bimodal peaks in alignment angle reflect bilateral sample symmetry. (B) High-resolution image of posterior vitreous. Fibers are oriented parallel to
the retina in equatorial locations (dashed lines) and transverse further posterior. (C, D) Average retardation (d̄) is highest and lowest in equatorial
and anterior vitreous, respectively, but differences were not statistically significant. Similarly, no significant differences in average circular variance
(VAR) were observed between regions.
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15–20 mm; porcine: 9–12 mm), but no intrasample variation in
retardation was seen within these ranges of thickness.

Deep-Etch Electron Microscopy (DEEM)

To characterize vitreous microstructure absent of fixation
artifacts, DEEM was performed as previously described,33 with
minor modifications. Briefly, a small drop of central core
vitreous was placed onto a coverglass and sandwiched with a
0.5-mm thick, 3-mm diameter sapphire glass. The sample was
then frozen by forceful impact against a pure copper block,
and cooled to 48K with liquid helium. Frozen samples were
transferred to an evaporator and freeze fracture occurred by
removing the sapphire cover slip at �1048C under vacuum.
Samples were etched for 2 minutes and rotary replicated with
approximately 3 nm platinum. Resulting replicas were
photographed on a JEOL 1400 transmission electron micro-
scope (JEOL USA, Inc., Peabody, MA, USA) with an AMT XR111
digital camera (AMT Corp., Woburn, MA, USA).

Data Analysis and Statistics

A custom Matlab (v2014a; Mathworks, Natick, MA, USA)
graphical user interface was written for quantitative analysis
of retardation and fiber alignment in the vitreous. First,
birefringent tissue outside of the vitreous was manually
removed from the images (such as the lens) and high-intensity
reflection artifacts above a specified threshold were excluded.
The average retardation and circular variance (calculated using
the circular statistics toolbox)34 was determined for the entire
vitreous, and resulting angle alignment histograms were
binned into 28 increments. Note that, although the average
retardation is proportional to the microscopic fiber alignment
at a particular pixel, the circular variance refers to a more
global measure of fiber direction averaged across thousands of
pixels. Similarly, local measures (approximately 5 3 5-mm
regions) of retardation and circular variance were made in
three vitreous locations: anterior (behind the lens), posterior
(in front of the retina), and equatorial (at the sides of the
vitreous) (e.g., see Fig. 2A). Due to symmetry, equatorial values
were computed for two locations and averaged for subsequent

statistical testing. In samples cut perpendicular to the anterior-
posterior axis, local quantification regions included the
vitreous core and four locations at the periphery. Again, owing
to symmetry, data from the four periphery locations were
averaged before further analysis.

One-way ANOVA, with post hoc pairwise comparison made
with the Bonferroni-Dunn test, was used to compare anterior,
posterior, and equatorial locations within each sample, as well
as across perturbation groups (control, trypsin, and plasmin) in
each region. A two-tailed Student’s t-test was used to compare
differences between core and periphery locations in the
equatorial bovine sections. Results are plotted as raw data,
with the mean indicated by a black bar and P < 0.05 denoting
statistical significance. All experiments were performed, at a
minimum, in triplicate, with specific numbers for each set
provided in the Results section.

RESULTS

Quantitative Polarized Light Imaging Shows Global
Patterns of Fiber Alignment in Bovine and Porcine
Vitreous

First, we used QPLI to assess fiber alignment in control bovine
and porcine vitreous (Fig. 2, Supplementary Fig. S1; n¼ 5 and
4, respectively). Consistent with earlier slit illumination studies
in younger human eyes,11 we found relatively uniform patterns
of fibers coursing in the anterior-posterior direction (dashed
lines, Fig. 2A, Supplementary Fig. S1A) from the vitreous base
toward the posterior side. Average vitreous retardation was
low (d̄ < 10; for comparison, acellular 1 mg/mL collagen-
agarose co-gels averaged values between 15 and 30),21 and
global fiber orientation patterns were bimodal (Fig. 2A 0,
Supplementary Fig. S1A0), reflecting the bilateral symmetry
present in the samples. Due to size, shape, and other possible
species-related differences, the peaks of the bimodal angle
distributions differed by approximately 308 between the two
groups.

Fiber orientation was mostly transverse to the wall at the
vitreous base, supporting earlier histology studies showing
fiber insertion through the internal limiting membrane in this
region.35,36 Fibers were similarly directed transverse to the wall
in the posterior vitreous, but were parallel in orientation in
more equatorial regions (Fig. 2B, Supplementary Fig. S1B),
again consistent with past slit lamp11 and histological
findings.35–37 Average alignment angle for all samples (mea-
sured between �908 and þ908 with 08 corresponding to an
anterior-posterior orientation, see Fig. 2A) for the anterior,
posterior, upper equatorial, and lower equatorial regions were
3.8 6 10.88, �1.0 6 10.58, �33.4 6 9.38, and 35.6 6 13.68,
respectively. The average difference in orientation between
equatorial regions was 69.0 6 16.48. Although at times difficult
to distinguish from the sample wall, a thin layer of increased
retardation near the vitreous border was suggestive of a
cortical layer (Figs. 2A, 2B; Supplementary Figs. S1A, S1B).38

No significant differences in average retardation or circular
variance were found in anterior, posterior, and equatorial
vitreous regions (Figs. 2C, 2D; Supplementary Figs. S1C, S1D),
but general trends were similar between species, with the
highest average retardation, or microscopic fiber alignment,
observed equatorially and the lowest behind the lens. Last, we
note that, although we have used dye injections to confirm the
presence of (a very small) Cloquet’s Canal in bovine vitreous
(Zhang Q, unpublished observation, 2012), this structure was
only sometimes visible in the polarized light images (arrow in
Fig. 2A), potentially due to sectioning location.

FIGURE 3. Bovine lenses. Inset: Reference schematic for lens suture
(yellow ‘‘Y’’) and fiber cell organization (green) in the bovine lens
(adapted from Kuszak JR, Zoltoski RK, Sivertson C. Fibre cell
organization in crystalline lenses. Exp Eye Res. 2004;78(3):673–687.
Copyright � 2003 Elsevier Science Ltd.). (Left, right) Two bovine
lenses. The lens on the right is annotated. Fiber cells are oriented
radially in all locations and retardation (d) is substantially higher than
vitreous samples. Y-shaped sutures are present (blue arrows) and
regions of reduced retardation (dashed blue circles) are found between
suture lines. Another zone of reduced retardation is located near the
lens periphery (dashed white line). Both regions correspond to
locations where fiber cells presumably curve out of the imaging plane.
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Additional QPLI Tests

Reproducible patterns in fiber alignment and orientation
between bovine and porcine vitreous consistent with the
literature indicated QPLI to be a reasonable approach for
imaging collagen fibers in the vitreous and near the vitreoret-
inal interface. To test the method further, we first imaged
bovine lenses in isolation (n¼6). Due to the high reflectivity of
these samples, lenses were submerged in PBS before imaging.
Although no extracellular matrix is present between them, the
specialized fiber cells of the lens are some of the most
elongated, organized, optically transparent, and tightly packed
in the body, making them well-suited for polarized light
imaging.39 Quantitative polarized light imaging clearly showed

the presence of the Y-shaped sutures (blue arrows, Fig. 3) in

bovine lenses that act as junctions between the apical and

basal ends of the fiber cells. Lens fiber cell retardation was

substantially higher than the vitreous (d » 40–80), and

orientation was radial throughout, consistent with well-

described lens fiber cell geometries (Fig. 3, inset).26,39 Regions

of reduced retardation between suture lines (Fig. 3, dashed

blue ovals) were observed, as was lower retardation near the

edge of the lens (Fig. 3, dashed white line), likely indicative of

cells curving out of the imaging plane. These results were

consistent independent of whether or not the cortical cell layer

was removed (not shown).

FIGURE 4. Deep-etch electron microscopy. Left: Representative images of control bovine vitreous from three different eyes. A complex network of
fibers and globules comprise vitreous microstructure. Right: Representative images of trypsin-treated bovine vitreous from three eyes. Globule
concentration (presumed soluble proteins and proteoglycans) is substantially reduced. Remaining fibers are more uniformly aligned. Scale bar: 100
nm.
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In a separate test, we cut and imaged bovine vitreous

samples in a nasal-temporal (as opposed to anterior-posterior)

orientation (n ¼ 5). Microscopic fiber alignment (retardation)

was slightly higher than in the anterior-posterior cuts, and

fibers were homogeneously oriented in a largely vertical

orientation throughout the sample (Supplementary Fig. S2).

Hence, global alignment histograms displayed a single peak

(Supplementary Fig. S2A0), and low circular variance values

(VAR < 0.05, Supplementary Fig. S2C) were found in both the

vitreous core and periphery. Extrapolating to three dimen-

sions, these findings were consistent with our earlier results in

that both the nasal-temporal (Supplementary Fig. S2) and

anterior-posterior imaging data (Fig. 2) suggest that vitreous

fibers course in the anterior-posterior direction at an inclined

angle from the vitreous base toward the middle of the posterior

vitreous.

Together, results from control bovine and porcine vitreous,
bovine lenses, and nasal-temporal sections of bovine vitreous
suggested QPLI to be a reliable technique for imaging fiber
alignment in optically transparent ocular samples. Because we
found good agreement between QPLI results and other imaging
modalities used in past studies, we next used QPLI to
quantitatively characterize the unknown effects of enzymatic
vitreolysis on gross vitreous structure.

Vitreous Fibers Are Most Strongly Aligned Near the
Posterior Vitreoretinal Interface After
Proteoglycan Degradation

Previously, we showed that digesting proteoglycans with
trypsin decreases the elastic storage modulus (or stiffness) of
the vitreous.1 Further investigation at the microstructural level
using DEEM revealed that trypsin treatment results in the

FIGURE 5. Enzymatic vitreolysis with trypsin. (A, A0) Optical retardation (d, indicating microscopic fiber alignment) is higher and the global
orientation of remaining fibers is more homogeneous than bovine controls. (B) Fibers are aligned most strongly and in a transverse orientation to the
vitreoretinal interface in the posterior vitreous. (C) Fibers are significantly more aligned in the posterior as compared to equatorial vitreous (P <
0.05). (D) Circular variance indicates significantly less anisotropy in the equatorial versus anterior vitreous (P < 0.01).
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increased alignment of remaining vitreous fibers and the
concomitant loss of circular globules (presumed soluble
proteins and proteoglycans) attached to the fibers (Fig. 4, n

¼ 6). However, it remained unclear how these microstructural
changes in alignment affected gross patterns of fiber organiza-
tion throughout the vitreous, and importantly, near the
vitreoretinal interface.

After trypsin injection and overnight incubation, QPLI
revealed significantly different patterns in fiber alignment and
orientation relative to controls (Figs. 2, 5; n ¼ 5). Fiber
alignment increased throughout, most significantly in the
posterior vitreous near the vitreoretinal interface (Figs. 5A,
5C). Clear bimodality was no longer present in the global fiber
alignment distribution (Fig. 5A0), but orientation patterns were
similar to controls near the retina (parallel orientation
equatorially, transverse orientation further posterior; Fig. 5B).
Average fiber orientation was�4.2 6 19.38 and�7.9 6 15.88 in
the anterior and posterior vitreous, respectively. Although the
average angles in the upper and lower equatorial regions were
highly variable in the trypsin-treated samples, a consistent
trend was low differences in average angle between these two
sampling locations. The average difference in dominant
orientation angle between equatorial regions was 13.9 6

10.78 (as compared to ~708 in controls), a result reflected in
the loss of bimodality that was found in the global fiber
alignment distributions for these samples. Notably, fiber
orientation was most variable in the equatorial vitreous and
least variable in the anterior vitreous behind the lens (Fig. 5D).
To help confirm that trypsin treatment remodels and aligns
vitreous fibers, we repeated the experiment but incubated eyes
for reduced times. An apparent locus of increased fiber
alignment was present near the injection site (blue circle,
Fig. 6, n ¼ 3), a result that was not observed in PBS sham
controls. Together, these results, in combination with the
DEEM images, suggested that proteoglycan digestion via
trypsin treatment aligns vitreous fibers throughout the
vitreous, with the most significant changes occurring near
the vitreoretinal interface.

The overnight enzymatic vitreolysis protocol was then
repeated using plasmin (n¼ 8). Results were similar to trypsin-

treated vitreous, including increased fiber alignment and less
bimodality in the fiber orientation histograms relative to
controls (Figs. 7A, A0). Again, maximal fiber alignment was
transverse to the vitreoretinal interface in the posterior
vitreous (Figs. 7B, 7C), whereas the greatest angular variation
was in the equatorial vitreous (Fig. 7D). Similar to the trypsin
results, average anterior and posterior angles were �15.3 6

14.88 and �4.9 6 18.08 with only small differences in average
orientation (17.6 6 13.98) present between the more variable
equatorial regions.

Quantitative comparison of anterior-posterior bovine sec-
tions indicated significant differences between groups (con-
trol, trypsin, plasmin; Fig. 8). Fibers were significantly more
aligned with tighter angle distributions in trypsin- and plasmin-
treated samples relative to controls (Fig. 8, top row).
Interestingly, this trend was consistent in the anterior and
posterior vitreous, but no significant differences in retardation
were observed across groups in the equatorial vitreous (Fig. 8,
rows 2–4). Similarly, angular variation was significantly lower
in anterior and posterior vitreous in the enzyme-treated
samples but not in equatorial vitreous (Fig. 8, rows 2–4).
Although no significant differences were found either globally
or locally between the trypsin and plasmin-treated samples, we
note that, in general, plasmin-induced remodeling was not as
pronounced as trypsin (d lower in all regions analyzed, Fig. 8).

DISCUSSION

In this study, we demonstrated the utility of QPLI in analyzing
fiber distributions in the vitreous body and near the
vitreoretinal interface. Results suggest that enzymatic digestion
of proteoglycans differentially aligns fibers throughout the
vitreous body. In particular, alignment is strongest in the
posterior vitreous, where fibers are oriented transverse to the
vitreoretinal interface. These findings suggest that proteogly-
can loss due to enzymatic vitreolysis causes structural
remodeling in the vitreous marked by increased collagen fibril
alignment. Implications for these findings in the etiology and
treatment of vitreoretinal tractions are discussed.

FIGURE 6. Vitreous injected with PBS and trypsin. Cutting plane was anterior to posterior. Blue circles indicate approximate injection location.
(Left and Middle-Left) Control vitreous before and after 300-lL PBS injection. Fiber alignment does not change, but Cloquet’s canal (CC) is more
visible. (Middle-Right) Trypsin injection increases fiber alignment locally (dashed white line) after 10-minute exposure at room temperature.
(Right) A region of increased optical retardation (d) is still visible near the trypsin injection site after 1 hour of heated incubation. Global fiber
alignment and orientation patterns are different from overnight incubations (see Fig. 5), suggesting incomplete structural remodeling.
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Quantitative Polarized Light Imaging Captures
Global Patterns of Vitreous Microstructure

In a previous study, we used extensional rheometry to study
the effects of enzymes on the adhesivity of the vitreous body,1

but the effects of collagen fiber organization and remodeling
could not be assessed using this approach. Quantitative
polarized light imaging provides an imaging tool in which
fiber organization can be measured throughout the vitreous
body, including near the vitreoretinal interface, in normal and
enzymatically perturbed conditions. Using this technique, we
were able to capture morphological details of the vitreous at
both global (anterior-posterior coursing of organized collagen
fibers), and local levels (transverse fiber orientation at the
vitreous base and posterior vitreous and parallel orientation in
the equatorial vitreous) (Fig. 2, Supplementary Fig. S1).
Quantitative polarized light imaging tests on the highly ordered
bovine lens confirmed the presence of radially aligned fiber

cells and three suture planes (Fig. 3), whereas tests on nasal-
temporal vitreous sections indicated a relatively homogeneous
fiber alignment pattern (Supplementary Fig. S2). Subsequent
tests provided additional evidence that enzyme-induced
proteoglycan digestion aligns the remaining vitreous fibers
(Figs. 5–7), a result that was initially suggested by DEEM
studies (Fig. 4).

These data suggest that the comparatively lower fiber
alignment values observed in control vitreous are due to
proteoglycans and other macromolecules providing spacing
between the fibers. This interpretation is supported by the
DEEM images showing circular globules (presumed proteogly-
cans) present between well-spaced and more randomly
oriented fibers in control vitreous and aligned fibers lacking
globules in trypsin-treated samples (Fig. 4). In control vitreous
we found that the lowest anterior-posterior fiber alignment
was present in the vitreous core behind the lens (Fig. 2A,
Supplementary Fig. S1A), a region where the first signs of age-

FIGURE 7. Enzymatic vitreolysis with plasmin. (A, A0) Microscopic fiber alignment (optical retardation, d) is elevated throughout and fiber
orientation is relatively homogeneous. (B, C) Fibers are significantly more aligned transverse to the vitreoretinal interface in the posterior vitreous
compared with other regions (P < 0.01). (D) There is significantly less angular variation in the anterior and posterior vitreous relative to the
equatorial vitreous (P < 0.01).
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FIGURE 8. Quantitative bovine vitreous comparison. Average retardation (d̄) and circular variance (VAR) from all anterior-posterior bovine sections
in the three treatment groups (control, blue; trypsin, red; plasmin, purple) and four sampling locations (global, top row; anterior, second row;
posterior, third row; equatorial, bottom row) are shown. Fibers are significantly more aligned (P < 0.01) and homogeneously oriented (P < 0.05) in
control relative to enzyme-treated vitreous (top row). This trend is the same in anterior and posterior vitreous (second and third rows, **P < 0.01, *P
< 0.05), but no significant differences between groups are present in equatorial vitreous (bottom row).
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related liquefaction are detected in humans.40 Higher fiber
alignment was found in the equatorial vitreous near the ciliary
body where vitreoretinal adhesion is strongest.35,36 Similar
levels of alignment were detected in nasal-temporal sections
where fibers appear to enter and exit the imaging plane at a
consistent but slightly inclined angle due to overall eye
geometry (Supplementary Fig. S2). Average retardation was
not lower in the core relative to the periphery of the nasal-
temporal sections as was found in the anterior-posterior
sections. This indicates possible anisotropic differences in
microstructural fiber alignment in this region. An alternative
explanation is that cutting the major anterior-posterior fibers
caused fibers to align (e.g., via collapse) in the nasal-temporal
orientation. Future studies characterizing how vitreous struc-
ture dynamically changes in response to mechanical perturba-
tions could be useful in gauging this potential effect.

Differential fiber alignment in the anterior-posterior direc-
tion of control vitreous indicated that the response to
proteoglycan degradation in this tissue may not end up being
uniform. Images of trypsin-injected samples at shorter incuba-
tion times showed a locus of increased fiber alignment (Fig. 6)
near the injection site, a result that differed considerably from
the fiber alignment patterns observed after 24 hours of
incubation (Fig. 5). These data suggest that local collagen
remodeling precedes the global fiber reorganization that
occurs once the enzyme is more fully diffused. After 24 hours,
fiber alignment increased throughout the vitreous and similar
regional trends were observed between plasmin- and trypsin-
treated samples (Fig. 8). These data support QPLI as a useful
tool to study the time-varying effects of enzyme-induced
vitreous remodeling.

Although the focus of the current study was to establish the
QPLI technique in the vitreous and use it to characterize the
effects of enzymatic-induced proteoglycan degradation, a
potential future application of this method is to dynamically
image global and local collagen alignment patterns. For
example, studies combining QPLI and mechanical testing
(e.g., uniaxial and biaxial stretching) would be useful in
deciphering the role of collagen fiber orientation and
alignment in transmitting forces across the vitreous to the
vitreoretinal interface. Such information could be helpful in
optimizing surgical procedures to minimize vitreoretinal
traction,41 designing pharmacological vitreolysis agents,31,42

and improving biomechanical impact models. For example, in
the latter case, finite-element models have been developed in
an attempt to explain pathogenic mechanisms of blast or
shaken baby–induced retinal trauma, while modeling the
vitreous as a homogeneous viscoelastic material.43–45 Because
the structural organization of the vitreous and the vitreoretinal
interface also can affect the retina,2 incorporating anisotropic
collagen alignment and orientation data in the vitreous could
aid in improving the biological accuracy and predictive ability
of such simulations.

Characterizing the vitreous with QPLI is not without
limitations. The technique requires an optically transparent
sample that, at present, necessitates ex vivo analysis and
cutting of the sclera. Consistent alignment patterns in the
anterior-posterior sections (Fig. 2), however, suggested that the
physical act of cutting does not substantially affect results. On
the other hand, we found it difficult with the current method
to perform accurate cuts (even after embedding) using smaller
eyes with a less fibrous sclera, such as the rabbit. Another
limitation is that QPLI does not explicitly differentiate between
multiple fiber populations.22 Due to the highly birefringent
properties of collagen and the similarity of our results with past
studies of collagen organization,35,40,46 however, we assume
that collagen remodeling is the primary factor affecting the
QPLI data reported here.

Insight Into Causes of Age-Related Vitreous
Degeneration and Vitreoretinal Tractions

Increased collagen disorganization and a transition from a gel-
like to a liquid vitreous are common outcomes due to age-
related vitreous degeneration. As the vitreous liquefies and
collapses, the risk for symptomatic tractions in well-adhered
regions between the vitreous and the retina increases.
Mechanistically, little is known about the causes of age-related
vitreous degeneration in humans. The only age-related change
in vitreous protein structure that has been reported is the loss
of type IX collagen proteoglycan, which also results in the
increased exposure of type II collagen fibrils (to which the type
IX collagen was originally bound).7 Because type II collagens
have a tendency to aggregate, it was hypothesized that this
process could be involved in the formation of the larger
collagen fibers observed in aged human vitreous.

Similarly, enzymatic digestion of proteoglycans using
trypsin or plasmin increased fiber alignment throughout the
vitreous body (Figs. 5, 6). At the microstructural level, high-
resolution electron microscopy imaging showed increased
alignment of linear fibers due to the loss of the circular
globules that were originally attached to these fibers (Fig. 4).
These results suggest that proteoglycan loss results in
increased structural anisotropy and exposure of vitreous fibers,
which could predispose them to later agglomeration. Impor-
tantly, however, our QPLI data show that increases in fiber
alignment are not homogeneous throughout the vitreous. For
example, in the equatorial vitreous, where fiber alignment is
strongest in controls (Fig. 2A), fiber alignment slightly
increases in plasmin and trypsin-treated vitreous relative to
controls, but this change is small and not statistically significant
(Fig. 8, bottom row). On the other hand, in the two regions
with lower initial retardation, fiber alignment increased
approximately 2-fold in the anterior and 3-fold in the posterior
vitreous (Fig. 8, second and third rows). The disproportionate
increase in fiber alignment in this experiment, especially
transverse to the posterior vitreoretinal interface, provides
potential insight into the mechanism of vitreoretinal traction in
humans. First, age-related loss of collagen-II spacing molecules,
such as proteoglycans, reduces the elasticity of the vitreous.1

As the vitreous is degraded, the vitreous remains attached to
the posterior retina at sites where adhesion is stronger (e.g., at
the macula or the optic disc). This increases collagen fiber
alignment in these regions as fibers are pulled together at an
orientation transverse to the adhesive site. We speculate that
the net result of these structural changes would be an increase
in vitreoretinal traction in the affected region.

Clinical Implications

Plasmin is a nonspecific serine protease in the same class of
enzymes as trypsin, which cleaves peptide bonds after the
basic residues arginine and lysine. Because of this ubiquity,
plasmin degradation plays a role in many physiological
processes, including angiogenesis, embryogenesis, wound
healing, tumor cell invasion, and extracellular matrix remod-
eling.47 Hence, it is reasonable that plasmin caused significant
fiber remodeling throughout the vitreous (Fig. 7) and that
these changes were similar to those induced by trypsin (Figs. 5,
8). Global effects of plasmin on the vitreous body outside the
vitreoretinal interface have been reported elsewhere. Sebag et
al.48 showed enhanced nanosphere diffusion in the vitreous
after treatment with microplasmin (a shorter version of
plasmin with the same proteolytic domain; now called
ocriplasmin). Moreover, increased oxygen content in the
vitreous body and in the lens after plasmin or microplasmin
treatment has been reported by a number of investigators,49–51
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results indicative of increased vitreous liquefaction and
enhanced intravitreal transport between the retina and the
lens.39,52

Often, ocriplasmin substrates are cited as ‘‘fibronectin and
laminin, components of the vitreoretinal interface,’’27 but as
noted by Bishop,31 it is unclear whether laminin and
fibronectin are directly involved in vitreoretinal adhesion.
Our results support a nonspecific mechanism of plasmin
vitreolysis where proteoglycan digestion reduces the elasticity
of the vitreous1 and aligns remaining vitreous fibers. Due to
local differences in vitreoretinal adhesion strength53 and
sample geometry, proteoglycan degradation causes spatially
varying changes in fiber organization (Figs. 5, 7), with
alignment increased most significantly in the posterior vitreous
at an orientation transverse to the vitreoretinal interface (Fig.
8). From these data, we speculate that, in cases of persistent
vitreoretinal adhesion, vitreous shrinkage and increased fiber
alignment at the vitreoretinal interface could lead to increased
mechanical traction. Such a result may be beneficial in the
management of small tractions, where the combined effects of
the enzyme liquefying and pulling the vitreous gel away from
the retina may be sufficient to release the adhesion. However,
in stronger, larger surface area adhesions, this study predicts
that enzymatic vitreolysis could exacerbate existing symptoms
if the traction does not release after treatment.

Interest also is growing in the use of enzymes to alter the
vitreous in an attempt to treat diabetic macular edema and
neovascular AMD.54,55 Degrading and reducing the elasticity
of the vitreous body could prove useful in the case of
vitreoretinal neovascularization, as in vitro experiments have
shown that the number and length of angiogenic sprouts
decreases in softer collagen matrices.56 However, if traction
is simultaneously increased in the posterior vitreous, it is
possible that an increase in mechanical tension (similar to
that imposed by a posterior vitreomacular adhesion) could
enhance neovascular AMD progression.57–59 Similarly, in-
creased vitreomacular traction caused by increased align-
ment of collagen fibrils could increase the risk of retinal
detachment or macular hole formation. Clearly, more clinical
and basic research is warranted in this area to determine the
safety and efficacy of enzymatic vitreolysis in treating these
diseases.

In summary, we demonstrated the utility of using QPLI as a
tool to map fiber organization in the vitreous at both a global
and local level. Our results suggest that proteoglycan
degradation leads to gross remodeling of vitreous fibers,
increasing microscopic fiber alignment and reducing angular
variability throughout the sample. These results suggest that a
more general mechanism of vitreous degeneration may play an
important role in the resolution of tractional vitreoretinal
adhesions following enzymatic vitreolysis. More studies are
warranted to better understand how changes in collagen
organization and vitreous architecture correlate with changes
in stresses applied at the vitreoretinal interface.
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