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PURPOSE. No lymphatic vessels have been identified in the retina. This study investigated
whether pathological VEGF-A–overexpressing diabetic retina causes lymphangiogenesis.

METHODS. Three genetic mouse models of diabetic retinopathy (DR) (Akita [Ins2+/−],
Kimba [vegfa+/+], and Akimba [Akita × Kimba] mice) were used. Retinas were examined
by fundus photography, fluorescence angiography (FA), and immunostaining to detect
lymphangiogenesis or angiogenesis. Lyve1-GFP (Lyve1EGFP/Cre) mice were used to examine
Lyve1-expressing cells by immunostaining. Lymphatic-related factors were investigated
in mouse retina and vitreous fluid from proliferative diabetic retinopathy (PDR) patients
by RT-PCR and ELISA, respectively. Aged Kimba and Akimba mice were used to examine
the retinal phenotype at the late phase of VEGF overexpression.

RESULTS. FA and immunostaining showed retinal neovascularization in Kimba and Akimba
mice but not wild-type and Akita mice. Immunohistochemistry showed that lymphangio-
genesis was not present in the retinas of Akita, Kimba, or Akimba mice despite the
significant upregulation of lymphatic-related factors (Lyve1, podoplanin, VEGF-A, VEGF-
C, VEGF-D, VEGFR2, and VEGFR3) in the retinas of Kimba and Akimba mice by RT-PCR
(P < 0.005). Furthermore, lymphangiogenesis was not present in aged Kimba or Akimba
mice. Significantly increased numbers of Lyve1-positive cells present in the retinas of
Kimba and Akimba mice, especially in the peripheral areas, were CD11b positive, indi-
cating a macrophage population (P < 0.005). VEGF-C in PDR vitreous with vitreous
hemorrhage (VH) was higher than in PDR without VH or a macular hole.

CONCLUSIONS. Retinal VEGF-A overexpression did not cause typical lymphangiogenesis
despite upregulated lymphatic-related factors and significant Lyve1-positive macrophage
infiltration.

Keywords: lymphatic, angiogenesis, diabetic retinopathy, vitrectomy, transgenic mice,
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The lymphatic system is important for the removal of
interstitial fluid and macromolecules, including proteins,

their transport to lymph nodes before entering the blood
circulation, and the transport of immune cells to the lymph
nodes, as part of the immune system.1 The discovery
of lymphatic endothelial markers including podoplanin,
lymphatic endothelial hyaluronan receptor-1 (Lyve-1), and
prospero homeobox 1 (Prox1) has promoted lymphatic
research in physiological and pathological conditions.2–4 It
is thought that lymphatics are present in most organs, with
the exception of the central nervous system, bone marrow,
and avascular tissues including the cartilage, cornea, and
epidermis.1 However, a recent study reported that the brain
contains functional lymphatic vessels that line the dural
sinuses.5 The retina and brain develop as part of the
central nervous system.6 Although the eye contains lymphat-
ics in the conjunctiva and cornea limbus,7,8 it is generally

accepted that there is no lymphatic system in the mammalian
retina.1,7

Lymphangiogenesis usually occurs in the fetal period,
as well as angiogenesis, which is separated from the
blood vessels of the venous system.9 Pathological condi-
tions such as cancer and inflammation induce angio-
genesis and lymphangiogenesis.1 The current paradigm
regards lymphangiogenesis secondary to angiogenesis.10,11

Vascular endothelial growth factor (VEGF)-A and -C are
involved in angiogenesis and lymphangiogenesis in various
diseases.12–14 We previously reported that lymphangiogene-
sis was not observed in a mouse model of choroidal neovas-
cularization.15 However, whether lymphangiogenesis occurs
in retinas with a high expression of VEGF-A has not been
reported.

Diabetic retinopathy (DR) is a growing cause of visual
impairment worldwide and remains a serious problem.16
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Continuous basic research and clinical studies have shown
that overexpressed VEGF-A contributes to interstitial fluid
retention in diabetic macular edema (DME) and retinal
angiogenesis in proliferative diabetic retinopathy (PDR),
which can cause visual impairment.17 A previous study of
single nucleotide polymorphisms (SNPs) reported genetic
variation in the VEGFC gene was associated with the pres-
ence of DR and DME, suggesting the contribution of VEGF-
C to the pathogenesis of DR.18 Several clinical studies using
vitreous samples have reported that VEGF-C is not elevated
in DR.19,20 Another recent study showed PDR neovascu-
lar tissues developed Prox1-positive capillary sprouts with
lymphatic endothelial structures ex vivo,21 suggesting the
potential ability of the retina to induce lymphangiogene-
sis. However, whether lymphangiogenesis occurs in DR is
unclear.

METHODS

Animals

All animal experiments were approved by the Animal Care
Committee of Kyushu University (A19-01401). All experi-
mental procedures on the animals were performed accord-
ing to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. As a model of type 1
diabetes, heterozygous Akita (Ins2Akita) mice on a C57BL/6
background and C57BL/6JJcl mice were purchased from
Japan SLC Inc. (Hamamatsu, Shizuoka, Japan).22 Kimba mice
(trVEGF029), a model of hVEGF-induced retinal neovascu-
larization23 were kindly provided by Professor Elizabeth
Rakoczy (University of Western Australia). All mice had
access to water and standard laboratory chow as desired and
were housed in an air-conditioned room with a 12-hour light
and dark cycle according to institutional guidelines. Seven-
to eight-week-old mice were considered “young,” and six-
and 12-month-old mice were considered “aged” were used
for experiments.

Generation of the Akimba Mouse Model

Heterozygous Kimba (vegfa+/−) mice were generated as
described previously.23 Homozygous Kimba (vegfa+/+) mice
were mated with mice heterozygous for the Akita sponta-
neous mutation (Ins2Akita), to generate Kimba or Akimba
(Ins2Akita vegfa+/−) mice.24

Generation of Lyve1 Positive Kimba Mice

Homozygous Kimba (vegfa+/+) mice were mated with Lyve1-
positive mice (Lyve1EGFP/Cre) (012601; Jackson Laboratory,
Bar Harbor, ME, USA), to generate Lyve1-positive Kimba
(Lyve1EGFP/Cre vegfa+/−) mice.

Genotyping

DNA was isolated from tail clips of mice. Akita mice were
genotyped for the Ins2 gene as described (Jackson Labora-
tory). Genotyping of Kimba mice was carried out as previ-
ously described.23 Lyve1-positive mice were genotyped for
the Lyve1 gene as described (Jackson Laboratory). Akimba
mice were genotyped by using protocols for Kimba and
Akita mice.24 Lyve1-positive Kimba mice were genotyped by
using protocols for Kimba and Lyve1-positive mice.

Fluorescein Angiography

Mice were anesthetized, their pupils dilated, and 0.1 ml
2.5% fluorescein sodium (Novartis, Basel, Switzerland) was
injected intraperitoneally. Vascular leakage was evaluated
using the Optos California ultrawide-field imaging system
(Optos Inc., Marlborough, MA, USA) at the late phase (two
to three minutes). Color fundus images were also taken as
previously described.25

Immunofluorescence

Mouse eyes were enucleated and fixed with 4%
paraformaldehyde for 30 minutes at 4°C. For whole-mount
preparation, the retinas were microsurgically exposed by
removing other portions of the eye. Tissues were placed
in methanol for 20 minutes and washed with Tween
PBS (TPBS) once for 15 minutes. Tissues were incubated
overnight at 4°C with anti-mouse CD31 mAb (550274;
BD PharMingen, San Diego, CA, USA; 1:100), anti-mouse
Lyve1 Ab (11-034; AngioBio, Del Mar, CA, USA; 1:100),
anti-hamster podoplanin Ab (11-033, AngioBio; 1:200),
FITC anti-mouse CD80 (B7-1) (11-0801-81; eBioscience, San
Diego, CA, USA; 1:40) , FITC anti-mouse CD206 (141703;
BioLegend, San Diego, CA, USA; 1:100), and Alexa Fluor 647
anti-mouse F4/80 (MCA497A647; AbD Serotec, Kidlington,
UK; 1:200) diluted in PBS containing 10% goat serum and
1% Triton X-100. Tissues were washed four times for 15
minutes each in TPBS followed by incubation with Alexa
Fluor 488 goat anti-rat IgG (A-11006; Invitrogen/Thermo
Fisher Scientific, Inc., Kalamazoo, MI, USA; 1:200), Alexa
Fluor 546 goat anti-rabbit IgG (A-11035; Invitrogen/Thermo
Fisher Scientific, Inc.; 1:200), and Alexa Fluor 647 goat
anti-hamster IgG (ab173004; Abcam/Thermo Fisher Scien-
tific, Inc.; 1:200) overnight at 4°C. The flat mounts were
prepared on glass slides using mounting medium (TA-030-
FM Mountant Permafluor; Lab Vision Corporation/Thermo
Fisher Scientific, Inc.). The eyecups were embedded in OCT
compound (Tissue-Tek, Sakura, Torrance, CA, USA) and
were vertically sectioned at 10-μm thickness using a Leica
CM1900 cryostat (Leica, Wetzlar, Germany). The flat mounts
were examined by fluorescence microscopy (Leica TCS SP2
laser scanning confocal microscope; Leica Microsystems
GmbH).

Real-Time PCR Analyses

Total RNA was extracted from whole retinas at selected time
points. The MagDEA RNA kit (Precision System Science,
Pleasanton, CA, USA) was used according to the protocol
included with the kit. RNA concentrations were quantified
and cDNA was synthesized with a First Strand cDNA Synthe-
sis Kit (Roche, Mannheim, Germany). Quantitative RT-PCR
was performed and analyzed using TaqMan gene expres-
sion assays (Applied Biosystems, Foster City, CA, USA) and
a LightCycler 96 Real-time PCR System (Roche). Twenty
microliters of the PCR mixture containing 1 μL of primer
were loaded into each LightCycler well. An initial step of 10
minutes at 95°C was used to activate the HotStart DNA poly-
merase, and then a two-step cycling program including 45
cycles of 95°C for 20 seconds and 60°C for 40 seconds was
used for the TaqMan assays. The LightCycler 96 Real-time
PCR System software was used to detect the probe, calcu-
late the threshold cycles (Ct values), and perform additional
analyses. Gene expression was normalized to Gapdh mRNA
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levels. The sequences of gene-specific primers are shown in
Supplementary Table S1.

Human Vitreous Fluid Collection and
Measurements of VEGF Family Members

This study was conducted according to the principles
of the Declaration of Helsinki. After approval from the
Institutional Review Board of Kyushu University Hospital
(UMIN000014724), informed consent regarding the use of
vitreous fluid was obtained from each patient with PDR or a
macular hole (MH). PDR patients had not been treated with
anti-VEGF drugs to avoid a decrease in VEGF and had not
undergone retinal photocoagulation for at least six months.
A vitreous sample was obtained while performing pars plana
vitrectomy surgery. The sample was taken in sterile condi-
tions, using a plastic tube of 1.5 mL volume. Then, 0.5 to 1.0
mL of undiluted vitreous was aspirated before each opening
of the infusion line. The sample of vitreous was centrifuged
and stored in a refrigerator at −80°C. Levels of cytokines
in the vitreous were determined by ELISA. The quantita-
tive values of VEGF-A, -C, -D, and soluble VEGF receptor
2 concentrations in the vitreous were measured with Quan-
tikine ELISA kits (R&D Systems, Minneapolis, MN, USA; code
numbers: DVE00, DVEC00, DVED00, and DY357, respec-
tively)

RESULTS

Fundus Imaging in Akita, Kimba, and Akimba
Mice

Fundus photography and fluorescein angiography (FA)
showed no retinal angiogenesis in Akita mice or wild-
type (WT) mice, whereas retinal hemorrhage, white spots
representing exudative changes, and abnormal retinal blood
vessels by fundus photography, and retinal neovasculariza-
tion with increased permeability by FA were observed in
Kimba and Akimba mice (Fig. 1A).

Lymphatic-Related Factors in the Retinas of Akita,
Kimba, and Akimba Mice

RT-PCR was performed to investigate the expressions of
lymphatic-related factors (Lyve1, Podoplanin, Prox1, VEGF-
A, VEGF-C, VEGF-D, VEGFR2, VEGFR3, and PECAM-1) in the
retinas of WT, Akita, Kimba, and Akimba mice. All genes
except for Prox1 were upregulated in Kimba and Akimba
mice compared with WT mice, whereas Prox1 was signifi-
cantly upregulated in Akimba mice only. Akita mice showed
a significant upregulation of Lyve1 and VEGF-A compared
with WT mice (Fig. 1B).

Retinal Lyve1 Expression in Akita, Kimba, and
Akimba Mice

To investigate the presence of lymphangiogenesis in reti-
nas of Akita, Kimba, and Akimba mice, Lyve1 immunostain-
ing was performed using the whole mount. The conjunctiva
and cornea from WT mice were used as positive controls.
We confirmed lymphatic vessels were stained for CD31,
Lyve1, and podoplanin as previously reported10 (Supple-
mentary Fig. S1). These lymphatic vessels could be distin-
guished from vascular vessels (Lyve1−CD31+Podoplanin−)

(Supplementary Fig. S1). Furthermore, Lyve1-positive cells
observed in the conjunctiva were previously reported to be
macrophages26,27 (Supplementary Fig. S1). Next, we used the
same antibodies to examine 110 mouse retinas (23 retinas
= WT, 15 retinas = Akita, 46 retinas = Kimba, 26 retinas =
Akimba). CD31+ vasculature, but not Lyve1-positive luminal
structures, was observed in all retinas except for the retina
of one Kimba mouse (Fig. 2A and Supplementary Fig. S2).
However, Lyve1-positive dendriform cells were observed in
all mouse models (Fig. 2A). Quantitative analysis showed the
number of Lyve1-positive cells was significantly increased
in Kimba and Akimba mice compared with WT and Akita
mice (Fig. 2B). Furthermore, there was no difference in the
number of Lyve1-positive cells in WT and Akita mice regard-
less of the localization, whereas Kimba and Akimba mice
had significantly more Lyve1-positive cells in the middle
or periphery compared with the center of the retina (Figs.
2C, 2D, 2E). These results suggested that Lyve1-positive cells
are increased in mouse retinas (especially in the periphery)
with VEGF overexpression but not with diabetic status.

Lyve1-Positive Cells in the Retina Express CD11b

To investigate the characteristics of Lyve1-positive cells,
Lyve1-GFP mice were crossed with Kimba mice to gener-
ate Lyve1-GFP–expressing Kimba mice. A previous study by
Xu et al.27 showed Lyve1-positive cells were macrophages
in normal C57BL/6 murine retinas. Immunostaining of reti-
nas from Kimba mice showed that all Lyve1-positive cells
expressed CD11b, indicating the increased Lyve1-postive
cells in VEGF-overexpressing retina are a macrophage popu-
lation (Fig. 3).

Phenotype of Lyve1-Positive Macrophages in the
Retinas of Akita and Kimba Mice

To investigate whether phenotypic differences in Lyve1-
positive macrophages affected the retinal pathology
between Akita and Kimba mice, we examined macrophage
markers. Immunohistochemistry with antibodies to CD80
and CD206 (representative markers of M1- and M2-
like macrophages, respectively28) showed Lyve1-positive
macrophages expressed CD206 but not CD80 in both
models, although CD80+ F4/80+ macrophages were present
in the retinas as a positive control (Supplementary Fig.
S3A and S3B). These data suggest that Lyve1-positive
macrophages have an M2-like phenotype in both models.

Long-Term Observation of VEGF Overexpression
in Mice

Lymphangiogenesis occurs after angiogenesis in certain
conditions such as VEGF-A-overexpressing cornea.11 To
investigate whether lymphangiogenesis was induced in the
late phase of angiogenesis, we used aged Kimba mice (n =
11, six 6-month-old retinas and five 12-month-old retinas)
with the potential long-term presence of retinal angiogen-
esis. First, fundus photographs and FA images confirmed
the presence of neovascularization in all 6-month-old
Kimba mice (Fig. 4A). Interestingly, two retinas (40%) from
12-month-old Kimba mice showed entire retinal vessel
occlusion, whereas three retinas showed apparent angio-
genesis (Fig. 4A). Next, RT-PCR was performed to investi-
gate lymphatic-related factors using the retinas of six- and
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FIGURE 1. Characteristics of mouse models of diabetic retinopathy. (A) Representative fundus images and fluorescein angiography (late
phase; 2–3 minutes after dye injection) of C57BL/6 WT mice and three different mouse models of diabetic retinopathy (DR) (seven to eight
weeks old). These were imaged using an Optos California ultrawide-field imaging system. The three mouse models were heterozygous
Akita (Ins2Akita) as a model of type 1 diabetes, and Kimba (vegfa+/+), and Akimba (Ins2Akita vegfa+/−) mice. Blue, pink, and yellow arrows
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indicate retinal hemorrhage, exudates, and retinal angiogenesis, respectively. (B) Expressions of the mRNAs of various cytokines related
to lymphogenesis and angiogenesis in WT, Akita, Kimba, and Kimba retinas (n = 20). Values are the means ± SD. *P < 0.05, **P < 0.01,
Student’s t-test.

FIGURE 2. Lyve1 expression in mouse models of diabetic retinopathy. (A) Representative images of flat-mounted retinas from WT, Akita
(Ins2Akita), Kimba (vegfa+/+), and Akimba (Ins2Akita vegfa+/−) mice (7- to 8-week-old) with staining for Lyve1 (red) and CD31 (green).White
arrows indicate intraretinal Lyve1-positive cells. Scale bar: 50 μm. (B) Quantitation of the number of Lyve1-positive cells per whole retina
from WT, Akita, Kimba, and Akimba mice (n = 8). Values are the means ± SD. **P < 0.01, Student’s t-test. (C) A representative image of
flat-mounted retinas from Kimba mice with staining for CD31 (green) shows areas that were quantified in Figure 2D (white squares). (D)
Representative images in the center, middle, and periphery of flat-mounted retinas from WT, Akita, Kimba, and Akimba mice with staining
for CD31 (green) and F4/80 (red). Scale bar: 50 μm. (E) Quantitation of the number of Lyve1-positive cells per indicated area of WT, Akita,
Kimba, and Akimba mice (n = 12). Values are the means ± SD. *P < 0.05, **P < 0.005, Student’s t-test.
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FIGURE 2. Continued



Lymphatic-Related Factors in Diabetic Retinopathy IOVS | October 2021 | Vol. 62 | No. 13 | Article 17 | 7

FIGURE 3. Population of Lyve1-positive Cells in Kimba Mice. Representative images of flat-mounted retinas of Lyve1-GFP (green) × Kimba
mice (vegfa+/+) (Lyve1EGFP/Cre vegfa+/−, 7- to 8-week-old) with staining for CD11b (red). The image shows CD11b cells with GFP expressed
in the nucleus. Scale bar: 50 μm.

12-month-old Kimba mice. All lymphatic-related factors
in the retina were significantly decreased in aged mice
compared with young Kimba mice (Fig. 4B). Furthermore,
immunostaining showed that the retinas of aged Kimba mice
did not show obvious lymphangiogenesis. Lyve1-positive
cells accumulated in perivascular areas that did not express
podoplanin (Fig. 4C and Supplementary Fig. S4).

Vitreous Lymphatic-Related Factors in Diabetic
Retinopathy Patients

Finally, the levels of lymphatic-related factors (VEGF-A, -
C, -D, and sVEGFR2) in vitreous fluid from PDR patients
were examined by ELISA. VEGF-A was significantly higher
in vitreous fluid from PDR patients with and without vitre-
ous hemorrhage compared with those with macular holes
(Fig. 5A). Interestingly, the level of VEGF-C in the vitreous
fluid was similar to that of MH in PDR without vitreous
hemorrhage, but significantly higher in PDR with vitreous
hemorrhage compared with other patients (Fig. 5B). The
levels of VEGF-D and sVEGFR2 in the vitreous fluid were
similar in PDR and MH patients (Figs. 5C and 5D).

DISCUSSION

Lymphatic vessels are widely accepted to be absent in the
retina and have not been identified.7 In general, lymphan-
giogenesis was observed to occur in association with angio-
genesis under various pathological conditions.1 In this study,
we investigated whether lymphangiogenesis occurred in
DR with retinal angiogenesis. We investigated three animal
models of DR and did not detect lymphangiogenesis except
in one eye. However, we found the increased expression of
the lymphangiogenic factors VEGF-A, VEGF-C, and VEGF-D,
as well as the increased expression of the lymphangiogenic
markers Lyve1, podoplanin, and VEGFR3. We also found
increased Lyve1-positive cells in Kimba and Akimba mice,
which represent a macrophage population and a potential
precursor of lymphangiogenesis, as previously reported.27,29

To investigate further the possibility of lymphangiogenesis
in the late stage of VEGF-A expression, the same study was

conducted in six- and 12-month-old mice, but no lymphan-
giogenesis was observed. In the vitreous of patients with
PDR with vitreous hemorrhage, we observed a significant
increase in VEGF-C expression. This study suggests that,
unlike in cancer and the cornea, increased VEGF-A expres-
sion is not sufficient to induce lymphangiogenesis regard-
less of increased VEGF-C expression and Lyve1-positive
macrophage infiltration.

VEGF-A is a known inducer of angiogenesis as well
as lymphangiogenesis, and Cursiefen et al.13 previously
reported that VEGF-A induced lymphangiogenesis in the
cornea by upregulating VEGF-C and -D expressions
via macrophage recruitment. Recently, we reported that
macrophage fractional infiltration occurred in Kimba and
Akimba mice.30 In this study, we also found that VEGF-C
and -D were significantly elevated in the retinas of these
mice. However, lymphangiogenesis was not observed in
most mouse retinas, which is consistent with a previous
report of VEGF-C expression in uveal melanoma.31 This may
be because of the lack of pre-existing lymphatic vessels
in the retina. In addition, unlike other tissues such as
the cornea, factors that inhibit lymphangiogenesis, such as
thrombospondin-1 may be involved.32

Previously, Maruyama et al.29 showed that lymphatic
vessels were formed by Lyve1-positive CD11b-positive
macrophages. In the present study, we also observed
an increase in Lyve1-positive macrophages, which were
CD11b positive. However, no tube-like structures with
Lyve1-positive cells were observed in the retina. Further-
more, it was reported that Lyve1-positive cells are a
fraction of perivascular cells.33 Perivascular Lyve1-positive
macrophages prevent arterial stiffness by controlling the
expression of collagen in vascular smooth muscle cells,
a process dependent on the engagement of Lyve1 with
hyaluronan on smooth muscle cells. In the present study,
perivascular Lyve1-positive cells were also observed, espe-
cially in aged mice with VEGF-A overexpression. Although
Lyve1-positive cells might maintain retinal homeostasis
instead of lymphatic vessels, it remains to be seen what
role they play in retinas with high VEGF-A levels. The
choroid is also reported to contain abundant Lyve1-positive
macrophages without the presence of classic lymphatics.34
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FIGURE 4. Characteristics of aged Kimba mice. (A) Representative fundus images and fluorescein angiography (late phase; two to three
minutes after dye injection) of C57BL/6 WT mice and three different mouse models of diabetic retinopathy (DR) (6- or 12-month-old).
These were imaged using an Optos California ultrawide-field imaging system. Yellow arrows indicate retinal angiogenesis. (B) Expressions
of the mRNAs of various cytokines related to lymphogenesis and angiogenesis in retinas from seven- to eight-week-old, six-month-old, and
12-month-old Kimba mice (n = 6). Values are the means ± SD. **P < 0.01, Student’s t-test. (C) Representative images of flat-mounted retinas
from 12-month-old Kimba mice with staining for Lyve1 (red), CD31 (green), and podoplanin (blue). Scale bar: 50 μm.
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FIGURE 5. Measurement of lymphatic-related factors in the vitreous fluid of proliferative diabetic retinopathy with and without vitreous
hemorrhage. VEGF-A (A), VEGF-C (B), VEGF-D (C), and VEGFR2 expression in vitreous fluids from patients with a macular hole (MH)
(n = 15), proliferative diabetic retinopathy (PDR) without vitreous hemorrhage (VH) (n = 15), and PDR with VH (n = 9). All cytokines were
measured by ELISA. Values are the means ± SD. *P < 0.05, **P < 0.005, Student’s t-test.

These Lyve1-positive macrophages in the posterior segment
may be involved in the metabolism of hyaluronan, a major
constituent of the vitreous.35

In this study, angiogenesis was observed in Kimba,
but not Akita, mice. Although we previously observed the
involvement of M2-like macrophages in retinal angiogene-
sis,36 Lyve1-positive macrophages expressed M2-like mark-
ers in both mouse models. The difference in retinal pathol-
ogy between the two models may depend on the number
of Lyve1-positive macrophages rather than their phenotype.
The origin of Lyve1-positive macrophages and their involve-
ment in pathogenesis require further investigation.

Surprisingly, we observed lymphatic vessel invasion into
the retina in only one eye of a Kimba mouse (Supplementary
Fig. S2). However, this phenomenon was not observed in any
other mice. This eye might have suffered trauma or have
been infected because lymphatic vessels can invade into
the eye in cases of open globe injuries caused by trauma.37

Therefore lymphatic vessels might invade the retina under
certain conditions such as potent inflammation.

In this study, VEGF-A was significantly upregulated in
PDR compared with MH, whereas VEGF-C and VEGF-D

expressions were similar between PDR and MH. Previous
studies reported that VEGF-C was not upregulated in the
vitreous of PDR and that VEGF-C levels did not corre-
late with PDR progression.19,20 However, we found that
when PDR cases were differentiated by the presence or
absence of vitreous hemorrhage, VEGF-C expression was
significantly increased in the vitreous hemorrhage group
compared with those without vitreous hemorrhage. This
suggests that VEGF-C is elevated in PDR with higher disease
activity or that VEGF-C in the blood accumulates in the vitre-
ous. An ex vivo study with fibrovascular membranes from
patients with PDR reported that lymphovascular-like struc-
tures in conjunction with inflammation were present under
conditions containing VEGF-A and VEGF-C.21 This suggests
that a complex ischemic and inflammatory microenviron-
ment, rather than a single factor, may promote the formation
of lymph-like vessels.

Recently, the presence of lymphatic vessels was reported
in normal mouse and human brain,5 although retinal
lymphatic vessels were not identified in this study using
animals. In DR, the vascular permeability is increased.38

Generally, these exudates are absorbed by the pump
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function of retinal pigment epithelial cells, and it is thought
that a decrease in this pump function might contribute to
macular edema in DR.39 However, the lack of lymphatic
vessels in the retina may also be a cause of chronic DME.
Although anti-VEGF therapy is the first choice for DME treat-
ment,40,41 recent clinical data reported that approximately
40% of DME is resistant to anti-VEGF therapy.42 In the future,
the development of therapies that enhance the lymphatic
function of the retina may be useful in these types of cases.
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