Cornea

Spontaneous Lymphatic Vessel Formation
and Regression in the Murine Cornea
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Purpose. Lymphatic dysfunctions are associated with many
diseases, ranging from cancer metastasis to transplant rejec-
tion, for which there is little effective treatment. To date,
there is no natural model with which to study lymphatic
regression. This study was conducted to investigate whether
murine cornea, an extensively exploited tissue for vascular
studies, derives its lymphatic-free status from a natural re-
gression mechanism. The differential behaviors between the
lymphatic and blood vessels under normal development and
inflammation conditions are also compared.

MerHODS. Normal mouse eyeballs or whole-mount corneas
encompassing the entire course of corneal development and
maturation and adult inflamed corneas were used for immuno-
fluorescent microscopic studies.

Resurrs. The data demonstrated, for the first time, that
mouse cornea was endowed with a significant number of
lymphatic vessels that underwent spontaneous formation
and regression during a critical period after birth, which was
not observed for blood vessels. Because lymphatic growth
can be reactivated in the adult cornea after inflammatory
stimulation, the cornea thereby becomes the first tissue ever
identified to have a full range of lymphatic plasticity.

Concrusions. These novel findings not only provide a new
concept in defining the cornea and its related diseases, they
also reveal a completely natural model with which to study
both lymphatic regression and formation. It is hoped that
further studies will divulge novel and potent pro- or anti-
lymphatic factors to treat lymphatic disorders inside and out-
side the eye. (Invest Ophthalmol Vis Sci. 2011;52:334-338)
DOI:10.1167/i0vs.10-5404

ymphatic research signifies a new field of discovery and

has attracted considerable attention during the past few
years.'”> Unlike blood vasculature, lymphatic vessels are not
easily visible. The lymphatic network penetrates most tis-
sues in the body, and its dysfunctions have been found in a
broad spectrum of disorders, including transplant rejection,
cancer metastasis, delayed wound healing, inflammatory and
immune diseases, and lymphedema."*>~® To date, there is
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little effective treatment for lymphatic disorders; it is, there-
fore, a field with an urgent demand for new experimental
models and therapeutic protocols.

The cornea, the tissue in the forefront of the visual
pathway, provides a clear structure for the passage of light.
It is also one of few adult tissues in the body normally devoid
of any vessel types, blood or lymphatic. In addition, because
of its transparent nature and accessible location, the murine
cornea has been extensively exploited as a tool for vascular
studies. As estimated by Judah Folkman, the grandfather of
tumor vascular research, more than one-third of our basic
knowledge on blood vessels is derived from studies with the
cornea. More recently, the use of this unique tissue in the new
area of lymphatic research has started to generate promising
data." While most studies have focused on the prevention of
lymphatic formation, little is known about how to induce lym-
phatic regression, which bears even more clinical significance in
many diseases in which the already formed lymphatics play a
major pathologic role. However, there is no natural model with
which to study the processes of lymphatic regression to reveal
pivotal mechanisms or factors for the development of new ther-
apeutic strategies.

In this study, we investigated whether the murine cornea
is devoid of lymphatic vessels because of a primary absence
of lymphatic formation from the beginning of its embryo-
genesis or a secondary event of lymphatic regression, which
occurs naturally as the cornea matures. In addition, the
differential behavior between the blood and the lymphatic
vessels under normal development and inflaimmation condi-
tions was also examined.

METHODS

Animals

Normal male and female mice (C57BL/6; Taconic Farms, Germantown,
NY) were bred and maintained in the animal facilities of the Uni-
versity of California at Berkeley and the University of Louisville,
Kentucky, in accordance with each institution’s guidelines. All
animal protocols were approved by the Animal Care and Use Com-
mittees.

Tissue Preparation

In all timed pregnancies, the plug date was designed as embryonic
day (E) 0.5, and the date of birth was defined as postnatal day zero
(PO). For prenatal stages, embryos were sampled at E10.5, E12.5,
E14.5, E16.5, and E18.5; and for postnatal stages, ocular tissues
were sampled at PO, P2, P6, P10, P14, P21, and 6 weeks of the adult
age. For cross-sectional studies, the specimens were immersed in
OCT compound (Tissue-Tek Compound; Sakura Finechemical, Tor-
rance, CA) and frozen at —80°C for further studies; and for whole-
mount assays, the specimens were fixed in 4% paraformaldehyde
overnight at 4°C for further studies.
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Induction of Corneal Inflammation

The suture-induced inflammation model was used as described previ-
ously.”™'" Briefly, three 11-0 nylon sutures (AROSurgical, Newport
Beach, CA) were placed in the central corneas of the adult mice at 6
weeks of age. Whole-mount corneas were sampled 7 days later for
further studies.

Antibodies

The following primary and secondary antibodies were used: rabbit
anti-mouse LYVE-1, rat anti-mouse F4/80 (Abcam, Cambridge, MA), rat
anti-mouse CD31/PECAM-1 (BD PharMingen, San Diego, CA), rat anti-
mouse LYVE-1 antibody (R&D Systems, Minneapolis, MN), rabbit anti-
mouse Prox-1 antibody (a kind gift from Michael Detmar, Institute
of Pharmaceutical Sciences, Swiss Federal Institute of Technology,
Zurich, Switzerland), Cy3-conjugated donkey anti-rabbit IgG, and
Alexa 488-conjugated donkey anti-rat I1gG (Jackson ImmunoRe-
search, West Grove, PA). The isotype controls included normal
rabbit IgG (Abcam), and purified rat IgG2a (BD PharMingen).

Immunofluorescent Microscopic Studies

Five-micrometer frozen sections or whole-mount tissues were used for
immunofluorescent staining, as described previously.”''~'# After series
of incubations with the primary and secondary antibodies, the
mounted samples were observed with a fluorescence deconvolution
microscope (Carl Zeiss, Miinchen-Hallbergmoos, Germany) and pho-
tographed with a digital camera system (Axiocam, Carl Zeiss). For each
antibody staining study, tissue samples from seven to ten mice were
examined. For cross-sectional studies, at least five sections were ana-
lyzed for each tissue sample derived from each animal.

Vascular Quantification and Statistical Analysis

Corneal vessels were graded and analyzed using the ImageJ software
(developed by Wayne Rasband, National Institutes of Health, Be-
thesda, MD; available at http://rsb.info.nih.gov/ij/index.html) as
described previously with some modifications.'’'>'¢ Basically, the
vessel area was normalized to the total corneal area to obtain a
percentage coverage score for each sample, and the total branching
points and the vessel length were divided by the total number of
lymphatic vessels to derive the average scores for each sample.
Additionally, the largest diameter of the lymphatic vessels in each
sample was also measured. Results were expressed as the mean *=
SEM. Statistical analysis was performed by one-way ANOVA with
statistical software (Prism; GraphPad Software, Inc., La Jolla, CA),
and P < 0.05 was considered significant.

FIGURE 1. LYVE-1 expression in
embryonic corneas (A-F). Repre-
sentative cross-sectional micro-
graphs demonstrate LYVE-1" sig-
nals detected in the mouse corneas
at E12.5 (B) and thereafter (C-E), as
indicated by the arrowbheads. (F)
Higher magnification view of the
boxed area in (D) showing LYVE-1
expression in the central cornea. L,
lens; Cor, cornea; EL, eyelid; E, embry-
onic. Red: LYVE-1; blue: DAPI (nuclei
staining). Scale bars, 100 pwm.
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RESULTS

LYVE-1 Expression in Embryonic Corneas

Given that corneal development in mice starts at around em-
bryonic day (E) 10,"” we first examined the expression of
lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1), a
lymphatic marker,'® in the cross-sections of the embryonic
corneas from E9.5 to E18.5. Immunofluorescence staining re-
vealed that LYVE-1 was expressed in the corneas at E12.5 and
thereafter (Figs. 1B-E). At late embryonic stages, prominent
LYVE-1 signals were observed in the central corneas (Figs.
1D-F).

Spontaneous Lymphatic Formation after Birth

It becomes technically possible to study whole-mount flat cor-
neas from late embryonic stages on; therefore, we next exam-
ined the whole-mount corneas of E18.5 and postnatal day (P) 0
to observe two-dimensional distributions of the LYVE-1 signals.
Surprisingly, it was found that all the LYVE-1 signals at E18.5
were from single cells distributed across the entire cornea and
its neighboring tissue of the conjunctiva. These cells also ex-
pressed F4/80, indicating a macrophage lineage (Supplemen-
tary Fig. S1, http://www.iovs.org/lookup/suppl/doi:10.1167/
iovs.10-5404/-/DCSupplemental). The newly developed
lymphatic vessels were first observed in the periphery of the
corneas at PO (Fig. 2A), signifying onset of a spontaneous event
of lymphatic formation.

Spontaneous Lymphatic Regression after Birth

To understand whether this event of lymphatic formation
continues and when it surrenders to a regression event
before cornea maturation, we next examined the postnatal
corneas up to the adult stage. These studies further revealed
that the lymphatic vasculatures continue to grow into the
central corneas, reaching a peak around P10 (Fig. 2D).
Thereafter, the lymphatics started to regress and gradually
receded to the limbal or peripheral areas around P21. This
trend of lymphatic formation and regression gradually ap-
proaching the adult level (Fig. 2E) is summarized in Figure
2F. Furthermore, it was observed that the lymphatic vessels
of the early stages had larger diameters, were longer, and
had more branches (Fig. 3). We have confirmed that the
LYVE-1" vessels also expressed Prox-1, another lymphatic
specific marker (Fig. 4).
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Differential Behavior between the Lymphatic
and Blood Vessels

Because lymphatic and blood vessels accompany each other
under many circumstances, we next explored, through a
double-staining assay with antibodies against both CD31 (a
panendothelial cell marker) and LYVE-1, whether the blood
vessels also experienced similar dynamic changes during
this period. The vascular structures that were CD31" but
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FIGURE 2. Spontaneous lymphatic
vessel formation followed by re-
gression in postnatal corneas (A-F).
(A-E) Representative whole-mount
micrographs demonstrating the
gradual appearance and disappear-
ance of lymphatic vessels in the
corneas from E18.5 to the adult

> -
Q 40 age. Red: LYVE-1. Scale bars, 200
Py um. White circles: demarcation be-
5 307 (] tween the cornea and the conjunc-
% i tiva. (F) Summarized data from re-
3 204 [} petitive experiments illustrating
o = the trend of lymphatic changes
3 104 I - over the time period. Results are
c expressed as the mean = SEM. Sta-
8 ole tistical analysis was performed by
X o © '\Q ,\b‘ q',\ < one-way ANOVA (P < 0.000D). E, em-

,33‘ TR QR R 6} bryonic; P, postnatal; LV, lymphatic

Y
& vessels.

LYVE-1~ were defined as blood vessels. Results from these
studies clearly demonstrated a dissociation phenomenon
between the two vessel types: while the lymphatics under-
went dramatic changes from formation to regression, the
blood vessels constantly remained at the limbal or periph-
eral areas, as observed in the adult tissue (Figs. 5A-C). This
novel finding and the fact that the lymphatics are not as
easily visible to the naked eye as blood vessels may explain

Adult

FIGURE 3. Comparison between
early- and late-stage lymphatic ves-
sels. (A-C) Representative whole-
mount micrographs showing that
the lymphatic vessels of the early
stages had larger diameters, were
longer, and had more branches as
indicated by the arrows. (D-F)
Summarized data from repetitive
experiments. Results are expressed
as the mean * SEM. Statistical anal-
ysis was performed by one-way
ANOVA. (D) P < 0.05. (E, F) P <
0.0001. Red: LYVE-1. Scale bars,
100 um. P, postnatal.
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LYVE-1

FIGURE 4. (A-C) Lymphatic origin
of LYVE-17 vessels in developing cor-
nea. Representative whole-mount mi-
crographs showing LYVE-1"* vessels
in P6 corneas also expressed the
Prox-1, another lymphatic specific
marker. Green: LYVE-1; red: Prox-1.
Scale bars, 50 um.

our long-time unawareness of their existence in the past. As
a comparison, after the inflammatory stimulation in the adult
cornea, both vessel types could be reactivated and devel-
oped into the central corneas in parallel, as demonstrated in
Figure SD.

Di1scUSSION

These results clearly demonstrate, for the first time, that the
murine cornea is not born without lymphatic vessels. Instead,
two dramatic and spontaneous events occur in this tissue
before it finally develops into an immune-privileged site devoid
of any vascular supply. Given that the lymphatics can reinvade
the adult cornea after inflammatory stimulation, the cornea
becomes the first tissue ever identified to have a full-range of
plasticity in lymphatic vessels, whether this pertains to their
physiologic growth and regression or to their pathologic rede-
velopment. The full range of lymphatic plasticity of the cornea
is schematically illustrated in Figure 6 (phases A-D). Although
it is yet to be determined how to induce pathologic lymphatic
regression (phase D), further studies on the mechanisms un-
derlying the natural regression processes (phase B) may yield
important endogenous anti-lymphatic factors or insights into
the development of novel therapeutic strategies. Allied to this
anticipation is the accumulating evidence showing that molec-
ular blockade of several pro-lymphatic factors critical for the
embryonic lymphatic formation (phase A) also suppresses
pathologic lymphatic growth (phase C). It is also speculated
that the lymphatic status of the cornea is orchestrated and
maintained by a group of pro- and anti-lymphatic factors al-
ready known or to be discovered; certain physiologic or patho-
logic stimulations will tip the balance in favor of lymphatic
formation or regression. Further studies are required to reveal
these important factors and the possible interactions between
them.

P10

FIGURE 5.
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Merged

Prox-1

Our data also show that lymphatic coverage of the devel-
oping corneas peaks around P10, coinciding with the time of
eyelid opening in mice.'” Eyelid opening is a critical event
during the development of the eyeball and is associated with
significant morphologic and molecular changes in the cornea,
especially in rodents (such as the mouse), which are born with
closed eyelids.'”?° Interestingly, it was also reported previ-
ously that lymphatic vessels were not detected in developing
human corneas, in which eyelids are open with birth.*" Al-
though lymphatic absence in human corneas requires further
confirmation given that not all developmental stages were
covered in that studyj, it is plausible to hypothesize that corneal
lymphatic processes are associated with eyelid opening, war-
ranting further investigation.

Furthermore, this study also bears two other broad impli-
cations. One is that the cornea is a representative of several
alymphatic tissues. Our results indicate that other tissues tra-
ditionally believed to be alymphatic, such as brain and carti-
lage, may also be endowed with lymphatic vessels during their
development. Further investigation on these tissues may yield
a new concept for their physiology and pathogenesis. The
other is that strong evidence supports that the lymphatic ves-
sels can behave independently or differently from blood ves-
sels under certain circumstances. Unlike blood vessels, which
have been studied extensively in the past, lymphatic research is
still at its pioneering phase, with many questions yet to be an-
swered. It is still being debated whether and how the lymphatic
vessels depend on blood vessels. Our results thus provide a new
conceptual framework for future investigations on this topic.

In summary, this study not only reveals a completely
natural model to study the processes of lymphatic formation
and regression, it also opens the possibility of carrying out
further investigations in broad disciplines. It is hopeful that
future studies using this natural model will reveal potent

Adult Iﬂamed

Differential behavior of lymphatic and blood vessels in the cornea. (A-C) Representative whole-mount micrographs demonstrating that

though lymphatic vessels underwent dramatic changes from natural formation to regression, the blood vessels constantly remained at the
peripheral or limbal areas. (D) However, at the adult age after inflammatory stimulation, both vessel types were reactivated and introduced into
the cornea in parallel. Green: CD31; red: LYVE-1. Scale bars, 200 um. Arrows: limbal peripheral vessels. P, postnatal.



338

Physiologic

Pathologic
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endogenous pro-lymphatic or anti-lymphatic therapeutic fac-
tors to treat lymphatic diseases, both inside and outside the eye.
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