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Lymphatic vessels are essential for lipid absorption
and transport. Despite increasing numbers of ob-
servations linking lymphatic vessels and lipids, lit-
tle research has been devoted to address how dys-
regulation of lipid balance in the blood, ie,
dyslipidemia, may affect the functional biology of
lymphatic vessels. Here, we show that hypercholes-
terolemia occurring in apolipoprotein E-deficient
(apoE~’7) mice is associated with tissue swelling,
lymphatic leakiness, and decreased lymphatic
transport of fluid and dendritic cells from tissue.
Lymphatic dysfunction results in part from pro-
found structural abnormalities in the lymphatic
vasculature: namely, initial lymphatic vessels were
greatly enlarged, and collecting vessels developed
notably decreased smooth muscle cell coverage and
changes in the distribution of lymphatic vessel en-
dothelial hyaluronic acid receptor-1 (LYVE-1). Our
results provide evidence that hypercholesterolemia
in adult apoE~’~ mice is associated with a degener-
ation of lymphatic vessels that leads to decreased
lymphatic drainage and provides an explanation
for why dendritic cell migration and, thus, immune
priming, are compromised in hypercholester-
olemic mice. (4m J Patbol 2009, 175:1328-1337: DOI:
10.2353/ajpath.2009.080963)

Lymphatic vessels are essential for maintaining tissue
fluid balance, facilitating immune cell trafficking from the
periphery to lymph nodes, and absorbing lipoprotein
from the gut and from tissue adipocytes.'? Although
these three functions are likely to be interconnected, their
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interdependence has not been well established. When
lymphatic vessels are malformed or dysfunctional, swell-
ing occurs, which, when chronic, can lead to dermal lipid
accumulation®* and impaired immune responses.®>® In
mice heterozygous for the homeobox gene Prox7, which
is essential for the development of lymphatic vasculature,
abnormal lymph leakage correlated with disrupted integ-
rity of the lymphatic vasculature, particularly in the valves.
This leakage leads to increased lipid storage in adipo-
cytes and adipogenesis.” Conversely, patients with li-
pedema, a vascular disease characterized by edema
and increased subcutaneous adipose tissue in the legs,
present with microlymphatic aneurysms® and functional
lymphatic alterations similar to those found in patients
with lymphedema.®

Despite these clinical data linking lipid homeostasis to
lymphatic vessels, little basic research has been devoted
to address how dysregulation of the lipid balance in the
blood, ie, dyslipidemia, may affect the functional biology
of lymphatic vessels. Dyslipidemia that includes elevated
levels of total cholesterol in the form of low-density li-
poprotein (hypercholesterolemia) with correspondingly
decreased levels of high-density lipoprotein is a major
risk factor for atherosclerosis and a common clinical fea-
ture of autoimmune diseases'® and certain cancers.'’
Dyslipidemia in mice is associated with significant sys-
temic manifestations that lead to marked inflammatory
changes in many tissues, especially skin."®'® Choles-
terol accumulation in the skin also occurs in humans with
severe familial disease,'® and it is well established that
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dyslipidemia not only promotes atherosclerotic disease
but causes a systemic dysfunction of the blood vascula-
ture in man and animal models."” Here, we show, using
mice lacking apolipoprotein E (apoE /") as a model of
dyslipidemia, that this systemic dysfunction extends to
the lymphatic vasculature as well, because lymphatic
vessel integrity and transport function declined as hyper-
cholesterolemia advanced.

Materials and Methods

Animals

Male wild-type and apoE~'~ mice fully backcrossed on
the C57BL/6 background were obtained from The Jack-
son Laboratory (Bar Harbor, ME). Both wild-type and
apoE~'~ mice were maintained on a chow diet (18%
protein and >5% fat, Harlan Teklad, Madison, WI) when
stated or otherwise switched at 6 weeks of age to a
high-fat diet (21% milk fat and 0.15% cholesterol; Harlan
Teklad) for 10 to 13 weeks or for an additional 24 to 29
weeks, corresponding to 16 to 19 and 30 to 35 weeks of
age, respectively. All studies were approved by the insti-
tutional animal care and use committees at Mt. Sinai
School of Medicine, National University of Singapore, and
the Veterinary Authorities of the Canton Vaud. Total
plasma cholesterol was measured with a commercial kit
(BioVision, Mountain View, CA).

Immunohistochemistry

Cryosections (6 to 8 um) from skin were prepared as
described previously.'® For histological analysis, sec-
tions were stained with hematoxylin and eosin or oil red
Q. For immunohistochemistry, primary antibodies used
included rabbit anti-lymphatic vessel endothelial hyal-
uronic acid receptor-1 (LYVE-1) polyclonal antibody (Up-
state Biotechnology, Charlottesville, VA), hamster anti-
podoplanin (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), and biotinylated anti-CD45 antibodies. Cy3- or Al-
exa 647-conjugated anti-rabbit (Jackson ImmunoRe-
search Laboratories, West Grove, PA) and Alexa 488-
conjugated anti-hamster (Invitrogen, Carlsbad, CA)
antibodies and Cy3-conjugated streptavidin were used
for detection. Sections were counterstained with 4,6-dia-
midino-2-phenylindole for cell nuclei visualization and
mounted for analysis.

Whole-mount immunohistochemical analysis of ear
skin and intestine was performed as described previously.”
Mice were perfused with 4% paraformaldehyde, and tissue
was dissected and further fixed in 4% paraformaldehyde
overnight at 4°C. Then tissues were incubated in blocking
solution 0.5% bovine serum albumin and 0.3% Triton
X-100 in PBS overnight at 4°C and finally incubated with
anti-LYVE-1 and anti-podoplanin antibodies followed by
Cy3- or Alexa 647-conjugated anti-rabbit and Alexa 488-
conjugated anti-hamster antibodies. In some experi-
ments, whole mounts were also stained with Cy3-conju-
gated anti-smooth muscle actin (Sigma-Aldrich, St. Louis,
MO) or with anti-rat CD31 (PECAM-1; BD Biosciences,
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San Jose, CA) revealed by Cy3-conjugated anti-rat anti-
body (Jackson ImmunoResearch) to analyze smooth
muscle cell coverage and valves on collecting vessels,
respectively.'® Specimens were viewed with a fluores-
cence (Axio imager.Z1, Axiocam HRM camera; Carl
Zeiss Micro Imaging, Inc., Jena, Germany) or confocal
microscope (Leica TCS SP5; Leica Microsystems, Inc.,
Deerfield, IL) using LAS AF confocal software (version
1.8.2; Leica Microsystems, Inc.).

To determine the diameter of LYVE-1" vessels, images
of representative whole mounts stained for LYVE-1 were
acquired on a Zeiss fluorescence microscope with a Zeiss
MRm camera, and computer-assisted morphometric
analysis of initial lymphatic vessels was performed using
Metamorph 6.3 software (Molecular Devices, Toronto,
ON, Canada). Linear vessel segments were outlined us-
ing a freehand drawing tool and Wacom monitor; vessel
junctions were avoided. The average vessel diameter
was then calculated from each highlighted vessel by the
software; 10 images were used from each mouse (n = 5
to 7 for each condition).

Lymphatic Functional Analysis

Evans blue (1% w/v) dye was injected at the inner
surface of the rim of the ear from anesthetized mice
using a 10-ul Hamilton syringe, a standard method to
macroscopically visualize cutaneous lymphatic vessels
and lymphatic drainage.®® Mouse ears were photo-
graphed within 1 minute after dye injection. The func-
tional uptake of the initial lymphatic vessels in the tail was
determined by adapting the technique of fluorescence
microlymphangiography.*2"22 In brief, a 30-gauge nee-
dle catheter containing 0.9% NaCl with 1% fluorescein
isothiocyanate-conjugated dextran (70 kDa) was placed
intradermally into the tip of the tail. The catheter was
attached to a low-pressure reservoir that permitted
changes of infusion pressures of 40, 45, 50, and 55 cm
H.O. The low infusion pressure allowed uptake into the
lymphatic capillaries without deformation of the vessels
or changes in their function due to high pressure. The
fluorescent dextran, once in the tail, either travels through
the interstitial space (linearly with pressure change) or is
taken up and transported by the lymphatic capillaries.
The infusion flow rate was continually monitored; then
pressures were changed and flow rates were monitored
for 30 minutes per pressure setting. By also monitoring
the diffusive front of fluorescence at each infusion pres-
sure, using a fluorescence microscope, the hydraulic
conductivity of the matrix and than that of the lymphatic
conductance were calculated.?"??

Dendritic Cell Migration Assay

For adoptive transfer of dendritic cells (DCs), spleens
from CD45.1" wild-type or CD45.2" apoE~'~ congenic
mice, respectively, were isolated and digested with col-
lagenase D as described previously for lymph nodes.?3
Then CD11c™ DCs were isolated using a magnetic mi-
crobead-based, positive-selection kit (Miltenyi Biotech,
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Gladbach, Germany). Wild-type and apoE~'~ DCs were
mixed in a nearly equal ratio, and this “preinjection” ratio
(CD45.1* DC frequency/CD45.2" DC frequency) was
recorded by fluorescence-activated cell sorting. Mixed
DC suspensions (8 X 10° cells) were injected into each
side of the scapular skin of wild-type CD45.1 X CD45.2
F1 recipient mice, using at least four recipient mice per
experiment. After 36 hours, cell suspensions from bra-
chial lymph nodes were stained for CD11c and CD45.1 or
CD45.2. To obtain a “postinjection” ratio of DCs, total
CD11c™ cells were gated, CD45.17CD45.2" double-
positive host cells were ignored, and the frequency of
CD45.1" and CD45.2"* single-positive DCs was deter-
mined. These frequencies were used to tally the postin-
jection ratio of DCs (wild-type CD45.1* cells/apoE '~
CD45.2% cells). In other experiments (Figure 1C),
CD45.1" wild-type DCs were injected into CD45.2% wild-
type or CD45.2% apoE~'~ recipient mice, and the total
number of transferred DCs that migrated into lymph
nodes was determined by multiplying the percentage of
CD11c™ congenic DCs observed in the lymph node sus-
pension by the number of total lymph node cells.

Statistical Analysis

Statistical analysis was performed with a two-tailed non-
parametric Mann-Whitney U test for single comparisons
or analysis of variance with a post hoc test using Bonfer-
roni’'s method for multiple comparisons. P < 0.05 was
considered significant.

Results

Sign of Lymphatic Alterations in apoE ™"~ Mice

As a constituent of triglyceride-rich plasma lipoproteins,
apoE serves as an important ligand for lipoprotein rec-
ognition and clearance by lipoprotein receptors. Conse-
quently, homozygous deletion of the apoE gene in mice
results in a pronounced increase in the plasma levels of
cholesterol.2472° As reported previously,?” apoE-defi-
cient mice (apoE'") fed a standard chow diet typically
developed spontaneous hypercholesterolemia, and their
plasma cholesterol reached 600 to 900 mg/dl at and from
6 weeks of age (Figure 1A). In contrast, age-, sex-, and
diet-matched wild-type mice had cholesterol levels of
<100 mg/dl (Figure 1A). Consistent with other re-
ports,?#2® a high-cholesterol, high-fat diet significantly
accelerated and exacerbated the accumulation of blood
cholesterol in apoE~'~ mice, with levels rising to 2 to 3
times that of apoE '~ mice fed a chow diet (Figure 1A).
Previously, we demonstrated that apoE~/~ mice from 16
weeks of age exhibit leukocyte accumulation in skin and
compromised migration of endogenous skin DCs into
draining lymph nodes.'® However, in this latter report, we
did not determine whether the defect developed auton-
omously within DCs or whether and how environmental
conditions (eg, lymphatic drainage) contributed.

To address this point, we adoptively transferred
splenic CD11c™ cells, highly enriched in DCs (supple-
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Figure 1. Hypercholesterolemia and impaired dendritic cell migration in
apoE~’~ mice. A: Plasma cholesterol levels were analyzed from wild-type
(WT) and apoE~’~ mice at 4 to 6, 16 to 19, and 30 to 35 weeks of age. Some
were fed a high-fat diet at 6 week of age. B: Splenic DCs derived from
congenic CD45.1" wild-type and CD45.2" apoE™’~ mice, respectively, were
mixed in a near equal ratio (Pre-injection; CD45.1" DCs/CD45.2" DCs) and
adoptively transferred to the scapular skin of wild-type CD45.17CD45.2*
double-positive F1 recipient mice. The ratio of CD45.1 single-positive DCs to
CD45.2 single-positive DCs was determined 36 hours later in the lymph node
(Post-injection). Four experiments are shown, with no statistical difference
between Pre-injection versus Post-injection ratios. C: A constant number of
CD45.1" wild-type splenic DCs was transferred into CD45.2"% wild-type or
CD45.2™ apoE '~ recipient mice, and the total number of migrated DCs
recovered from draining lymph nodes was determined 36 hours after cell
transfer. Four to eight animals were independently analyzed in each group.

mental Figure S1, http://ajp.amjpathol.org), derived from
CD45.2 wild-type and CD45.1 hypercholesterolemic
apoE~'~ mice into skin of wild-type CD45.1/2 F1 recipient
mice, or, conversely, CD11c™ splenic DCs derived from
CD45.2 wild-type mice were transferred into wild-type or
apoE '~ congenic CD45.1 recipient mice fed either a
chow or high-fat diet. Migration of the transferred cells to
the skin-draining lymph node was analyzed 36 hours
later. When injected into wild-type mice with a low-cho-
lesterol environment, the migration of apoE~/~ DCs was
similar to that of wild-type DCs, as assessed by coinject-



Table 1. Tail diameters measured 4 c¢cm from the tip, in
wild-type and apoE~'~ mice at 6 and 16 weeks

of age
Tail diameter (mm)
16 weeks of 16 weeks of
6 weeks age fed a age fed a
Strain of age chow diet high-fat diet
Wild-type  2.32 =0.06 2.40 = 0.04 2.36 = 0.08
apoE '~ 223*+005 255*011* 256 =*0.08

Some mice were fed a high-fat diet from 6 weeks of age. Values are
shown as mean + SD.

*Significant differences from wild-type controls: P < 0.0001 (n = 3
to 11).

ing wild-type and apoE~'~ CD11¢™ DCs in an equal ratio
and assaying their ratio within draining lymph nodes (Fig-
ure 1B). Thus, neither the lack within DCs of the apoE
gene nor their preconditioning in a hypercholesterolemic
environment directly affected DC migration from skin into
lymphatic vessels. In contrast, wild-type DCs injected
into apoE '~ mice showed substantially decreased mi-
gration compared with their migration in wild-type recip-
ients, regardless of their diet (Figure 1C). These findings
reveal that the impaired DC migration to lymph nodes that
occurs during hypercholesterolemia results from modifi-
cations within the environment of the migrating DCs,
rather than effects on DCs themselves. Because lym-
phatic vessels are essential for trafficking of DCs,?® we
hypothesized that these environmental modifications
might include alterations in the lymphatic vasculature.
Consistent with this hypothesis, we found that apoE '~
mice exhibited tissue swelling, which can result from the
impaired lymphatic drainage of interstitial fluid. Tail diam-
eters from apoE~/~ mice were larger than those of age-,
sex-, and diet-matched wild-type controls (Table 1). At 16
weeks of age, swelling of the tail was visible macroscop-
ically in apoE~'~ mice fed a chow or high-fat diet (Figure
2A). Hematoxylin and eosin stains of tail skin sections
from apoE '~ mice and matched controls revealed the
appearance of numerous “open” areas that probably
result from the accumulation of extracellular fluid®®-3° in
the dermis of 20-week-old apoE '~ mice fed either a
chow or high-fat diet compared with wild-type mice (Fig-
ure 2B). In addition, this dermal edema in apoE '~ mice
was associated with a notably increased number of
CD45" leukocytes (Figure 2C). Swelling in the footpad of
apoE '~ mice fed a chow or high-fat diet was also evident
by 20 weeks of age (Figure 2D), and oil red O staining
revealed that this footpad swelling was, in part, associ-
ated with lipid deposition (Figure 2E). This last finding is
consistent with a previous study reporting cholesterol
accumulation in skin from atherosclerotic mice.'

Decreased Lymphatic Function in apoE ™~ Mice

We next specifically assessed the lymphatic transport of
macromolecules in apoE~'~ mice. As a first approach, we
examined the transport of Evans blue dye, which binds
interstitial proteins such as albumin and is taken up into
the lymphatic vessels, after intradermal injection into the
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ear. In 16-week-old wild-type mice fed a high-fat diet, we
could visualize fine, distinct lymphatic capillaries as the
dye was taken up into the vessels and transported toward
the base of the ear (Figure 3A). In contrast, when injected
into the ear of 16-week-old apoE '~ mice fed a high-fat
diet, dye was poorly taken up into lymphatic capillaries
and appeared to leak out into the surrounding interstitial
space such that lymphatic capillaries could not be clearly
delineated (Figure 3B). Because lymph leakage has typ-
ically been associated with dysfunctional valves,”" this
observation suggested that lymphatic vessels them-
selves were dysfunctional in the hypercholesterolemic
mice.

We next quantified the functional uptake of the initial
lymphatic vessels in tail skin, which exhibit a strikingly
regular hexagonal network that is easily visualized by
fluorescence microlymphangiography after fluorescent
dextran, used as a lymphatic tracer, is introduced into the
tip of the tail at constant pressure.?? By comparing how
flow into the dermis changes with infusion pressure, and
simultaneously how tracer movement in the dermis and
into the lymphatic capillaries changes with infusion
pressure, we can derive an in situ measurement of hy-
draulic conductivity (representing how easily fluid can
move through the extracellular matrix) and lymphatic
conductance (representing how readily lymphatics drain
interstitial fluid for a given tissue fluid pressure). This
method has demonstrated utility for the detection of im-
paired lymphatic function in established models of
lymphedema.*?22

In young, 4- to 5-week-old apoE~'~ mice (Figure 3C),
we observed no difference in lymphatic conductance or
hydraulic conductivity relative to that in age-matched
wild-type controls (Figure 3C). In contrast, the capacity of
lymphatics to take up the injected fluorescent tracer in
apoE~'~ mice was reduced by approximately 50% in
apoE~'~ mice fed a high-fat diet and examined at 16-18
weeks of age (Figure 3D, left panel). This defect was not
associated with any changes in tissue structure as seen
by the hydraulic conductivity (Figure 3D, right panel).
However, apoE~'~ mice fed a chow diet did not show a
significant defect in lymphatic conductance (Figure 3D,
left panel). Because DC migration is dramatically and
similarly compromised in apoE '~ mice fed either a chow
or a high-fat diet, it was possible that other defects in
lymphatic vessels contributed to the impaired DC migra-
tion in apoE~'~ mice, in addition to decreased lymphatic
conductance within the initial lymphatic capillary plexus
measured here. Thus, we further investigated the mor-
phology and the structure of initial and collecting lym-
phatic vessels.

Enlarged Initial Lymphatic Vessels in
apoE ™"~ Mice

Because lymphedematous tissue often displays hyper-
plastic lymphatic vessels,* we investigated the morphol-
ogy of initial lymphatic vessels that lie in the subepidermal
region using immunofluorescence with LYVE-1 and podopla-
nin (supplemental Figure S2, see http://ajp.amjpathol.org). At 6
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Figure 2. Tissue swelling in hypercholesterolemic apoE ™ mice. Tail swelling was visible 4 cm from the tips in 16-week-old apoE~'~ mice fed either a chow
or high-fat diet (scale bar = 2 mm) (A) and was associated with peripheral edema (B) and CD45™" leukocyte infiltration (C). Scale bars: 2 mm (A); 50 pm (C).

——

Footpad swelling (arrowheads) was also observed in apo.

mice fed a chow or high-fat diet by 20 weeks of age (D) and resulted, at least in part, from lipid

accumulation as revealed by oil red O staining of footpad skin sections (E). Scale bars = 50 wm. WT, wild-type.

weeks of age, initial lymphatic vessels in tail skin from
wild-type and apoE '~ mice appeared similarly normal,
ie, in a partially collapsed state (Figure 4A), consistent
with the expected slow passage of fluid through resting
tissue. In contrast, in 16-week-old apoE '~ mice, the ma-
jority of initial lymphatic vessels were notably dilated with
open lumens compared with those in age-matched wild-
type mice (Figure 4, B-D). Consistent with the exacerbat-
ing effects of the high-fat diet on blood cholesterol levels,
we found that this high-fat diet furthered the enlargement
of initial lymphatic vessels in apoE '~ mice compared

with that in apoE '~ mice fed a chow diet (Figure 4, C and
D). In wild-type mice fed a high-fat diet, the size of the
initial lymphatic vessels was generally similar to that in
young or 16-week-old wild-type mice fed a chow diet with
occasional lymphatic vessels appearing slightly dilated;
overall the dilation appeared minimal compared with that
seen in apoE~'~ mice. Similarly, enlargement of initial
lymphatic vessels was observed in ear skin of apoE '~
mice fed a high-fat diet (supplemental Figure S3, http.//
ajp.amjpathol.org). These findings are consistent with the
lymphatic hyperplasia seen in skin lymphedema.*
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Figure 3. Impaired lymphatic vascular function in hypercholesterolemic
mice. A, B: Evans blue dye was injected intradermally into the ear rim of 16-
to 18-week-old wild-type (WT) and apoE~'~ mice (arrows indicate the site
of injection). After 1 minute, markedly dilated lymphatic vessels were visu-
alized in apoE~'~ mice ears, and Evans blue dye had extravasated from
these dilated lymphatic vessels (B) compared with matched wild-type control
mice, where fine lymphatic vessels were observed (arrowheads, A). C, D:
Lymphatic uptake (conductance) and ease of fluid movement through the
interstitial space (hydraulic conductivity) were analyzed by skin tail mi-
crolymphangiography in wild-type and apoE ™/~ mice at 4 to 5 weeks of age
(O) or in older wild-type and apoE~/~ mice maintained on a chow diet or fed
a high-fat diet from 6 weeks of age (D). For each group, n = 6.

Whole-mount immunofluorescence for LYVE-1 of ear
skin from wild-type and apoE '~ mice further illustrated
the dilation or hyperplasia of initial lymphatic vessels in
16-week-old apoE ™'~ mice fed a high-fat diet (Figure 5, A
and B). Indeed, the lymphatic vessel diameters were
significantly increased compared with those in wild-type
controls (Figure 5B). In contrast, the morphology of initial
lymphatic vessels from 4- to 6-week-old apoE '~ mice
with minimal hypercholesterolemia was similar to that in
young wild-type mice (Figure 5A). These lymphatic
changes in hypercholesterolemic mice were not re-
stricted to cutaneous lymphatic vessels, as vessel hyper-
plasia was also observed in the lymphatic vessels of the
intestine (Figure 5C).
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Figure 4. Morphological changes of initial lymphatics in apoE™’~ mice. (A)
At 4 to 6 weeks of age, the morphology of initial podoplanin-positive
lymphatic vessels in tail skin from apoE /= mice was similar to that in
wild-type (WT) mice. In contrast, at 16 to 18 weeks of age, initial lymphatics
in apoE""’ mice fed a chow diet were dilated with wide lumens (B). This
lymphatic enlargement was further exacerbated in apoE '~ mice fed a
high-fat, rich-cholesterol diet (C, D). For each group, 7 = 2 to 6. Scale bars =
50 pm.

Loss of Collecting Vessel Identity in apoE ™'~ Mice

As revealed by examination of Evans blue transport, lym-
phatic vessels in apoE~'~ mice were leaky, because they
were only faintly delineated and blue dye was seen in the
surrounding interstitium (Figure 3). These observations
prompted us to analyze the morphology and structure of
collecting vessels in these mice.

In 4- to 6-week-old apoE~'~ and wild-type mice, col-
lecting vessels appeared normal in whole-mount immu-
nostaining of ear skin: they expressed podoplanin but
down-regulated LYVE-1, which remains high in the initial
lymphatic vessels, and they exhibited normal smooth
muscle cell coverage and characteristic intraluminal
valves (Figure 6A and data not shown). In contrast, in
older hypercholesterolemic apoE '~ mice fed either a
chow or high-fat diet, these distinctions between initial
and collecting vessels were not evident (Figure 6, B and
C). The collecting vessels were strongly positive for
LYVE-1, and little or no smooth muscle cell coverage was
observed on these hyperplastic lymphatic vessels as
revealed by confocal microscopy (Figure 6, B and C). In
comparison with apoE '~ mice fed a high-fat diet, the
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Figure 5. Systemic lymphatic hyperplasia in hypercholesterolemic mice.
A-C: Immunostaining for LYVE-1 was examined in whole mounts of ear skin
from wild-type (WT) and apoE '~ mice at 4 to 6 weeks of age (A) or in
wild-type and 16 week-old apoE '~ mice maintained on a high-fat diet from
6 weeks of age (B, C), and the diameter of LYVE-1" vessels was quantified
(A—C, arrowheads) and expressed as mean = SD Hyperplasia of lymphatics
was not restricted to skin but was apparently systemic as lymphatic vessels in
intestine of 16-week-old apoE '~ mice fed a high-fat diet were significantly
dilated (C, arrowheads). For each group, # = 5 to 6. Scale bars = 50 pum.

dysregulation of LYVE-1 expression on collecting vessels
was only observed by 33 weeks of age in apoE~'~ mice
fed a chow diet although these mice already exhibited
the loss in smooth muscle cell coverage by 16 weeks of
age. The defect in smooth muscle cell coverage ap-
peared to be restricted to the lymphatic vasculature be-
cause blood vessels in the same hypercholesterolemic
mice were strongly positive for smooth muscle actin (Fig-
ure 6, B and C). Furthermore, although lymphatic vessels
in older, hypercholesterolemic apoE '~ mice stained
positive for CD31, they did not exhibit the normal valve
structure as observed in age- and diet-matched wild-type
mice (Figure 7) and described previously.'® These ab-
normal valves may explain the reflux of Evans blue from
lymphatic vessels observed in ear skin of hypercholes-
terolemic mice because valves normally prevent back
flow (Figure 3). Altogether, these data suggest that
chronic hypercholesterolemia in apoE '~ mice is associ-
ated with degeneration of collecting vessels by loss of
smooth muscle coverage, which in turn contributes to
poor lymphatic transport and impaired DC migration.

4-6 week old
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Figure 6. Hypercholesterolemia in apo mice is associated with abnor-
mal collecting vessels. Immunostaining for LYVE-1, podoplanin, and smooth
muscle actin (SMA) in ear skin whole mounts was performed to identify
collecting vessels in wild-type (WT) and apoE~'~ mice at 4 to 6 (A) or 16 to
33 weeks of age maintained on a chow or high-fat diet (B, C). As observed
in age-matched wild-type mice, LYVE-1 expression remained high in initial
lymphatics of 4- to 6-week-old apoE’~ mice (A), and LYVE-1 was down-
regulated or abrogated on podoplanin-positive collecting vessels, which
were covered with smooth muscle cells (arrows). As expected, the coverage
with smooth muscle actin-expressing cells of lymphatic vessel was sparser
(arrows) than in the blood vessels (arrowheads). In contrast, podoplanin-
positive lymphatic vessels in 16- to 33-week-old apoE~’~ mice fed a chow or
high-fat diet failed to down-regulate LYVE-1 marker (B) and had a reduced
smooth muscle cell coverage (B, C). For each group, 7 = 2 to 4. Scale bars,
250 wm (A, B, C, top panel); 25 um (C, bottom panel).

Discussion

Here, we found that the morphology and function of lym-
phatic vessels in the skin of apoE~/~ mice were normal at
6 weeks of age, but beyond 16 weeks, when hypercho-
lesterolemia was marked, lymphatic vessels became hy-
perplastic and collecting vessels failed to down-regulate
the initial lymphatic capillary marker LYVE-1, lost cover-
age with smooth muscle cells, and showed abnormal
valves. Thus, lymphatic vessels develop and mature nor-
mally in apoE '~ mice, but they degenerate and lose their
function, apparently in response to hypercholesterol-
emia, although we cannot eliminate the possibility that the
primary defect is a lack of apoE that becomes manifest
late in life. However, because we show here that impaired
DC migration correlates with loss of lymphatic vessel
integrity and impaired DC migration is known to develop
in both hypercholesterolemic apoE '~ and LDLR™'~
mice,'® it is likely that hypercholesterolemia itself rather
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Figure 7. Loss of valve in collecting vessels from apoE’~ mice. Immu-
noreactivity for CD31 revealed intraluminal valves (arrow) in collecting
vessels from wild-type (WT) mice that were not apparent in hypercho-
lesterolemic apoE~’~ mice maintained on a high-fat diet. As expected,
blood vessels stained for CD31 (arrowheads). For each group, n = 2 to
4. Scale bars = 75 um.

than the absence of apoE accounts for the changes in
lymphatic structure we describe. It is known that total
cholesterol and apolipoprotein levels in human lymph
and interstitial fluid are inversely correlated with lymph
flow rates.32 However, this study is, to our knowledge, the
first report of structural and functional abnormalities of
lymphatic vasculature associated with hypercholesterol-
emia and furthermore provides evidence that remodeling
of the lymphatic vasculature is possible in adult mice
under pathological conditions.

The data raise the possibility of a two-way relationship
between lymphatic function and cholesterol homeostasis,
with the potential to set up a vicious cycle: elevated
low-density lipoprotein or associated metabolites may
decrease lymphatic function in tissues, and this loss of
function in turn may render the tissue susceptible to still
further and more profound accumulation of cholesterol.
Impaired lymphatic drainage in hypercholesterolemic
mice may favor the accumulation of not only cholesterol,
macromolecules, and fluid in tissues but also leukocytes,
especially DCs. Previously, we showed in the same hy-
percholesterolemic mouse model that the migration of
endogenous DCs from skin to draining lymph nodes was
markedly compromised and associated with poor prim-
ing.'® It was not then known whether the defect in DC
migration that developed in response to hypercholester-
olemia was linked to an autonomous change in DCs
themselves or to modifications in DC environment. Here,
we provide evidence that alterations in lymphatic vessel
structure and function can, at least in part, account for
decreased DC migration and compromised immune re-
sponses in apoE '~ mice. 33 Moreover, our findings
that the compromised DC migration in apoE '~ mice fed
a chow diet was associated with functional initial lym-
phatic vessels but degenerated collecting vessels further
support the important role of collecting vessels in con-
trolling DC migration.'®

Further study is needed to elucidate the underlying
mechanisms of initial and collecting vessel modifications
occurring in hypercholesterolemic apoE~'~ mice, which
in turn lead to dysfunctional lymphatic vessels. The leak-
iness of lymphatic vessels and the poor migration of DC
via lymphatic vessels suggest a compromised structural
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integrity of the lymphatic vessels in apoE '~ mice. Hy-
percholesterolemia may interfere with the composition
and the organization of junctions in initial and collecting
vessels by altering the expression of adhesion molecules
and/or tight junction-associated proteins including VE-
cadherin, claudin-5, and occludin.®” That oxidized low-
density lipoprotein induces tight junction disassembly in
aortic endothelia cells in vitro by decreasing occludin
expression supports this possibility.*® Reductions in nitric
oxide play a significant role in arterial dysfunction in-
duced by hypercholesterolemia.’” Decreased nitric ox-
ide may promote lymphatic dysfunction, but the mecha-
nisms pertinent to lymphatic vessels are probably more
complex than those in arteries, because lymphatic
smooth muscle behaves more like cardiac muscle than
like arterial smooth muscle,3® and the regulation of car-
diac muscle function by nitric oxide is complex and can
both positively and negatively affect contractile func-
tion.“® Although the abnormalities in lymphatic vessels
may be directly triggered by hypercholesterolemia as a
result of apoE deficiency, other mechanisms may also
apply. Besides compromised clearance of lipoprotein,
apoE~'~ mice exhibit systemic inflammatory changes in
many tissues, especially skin.'® %% Because increasing
evidence in the literature suggests that inflammation has
an impact on lymphatic vessels,'®#'~43 inflammation in
apoE~'~ mice may account for the degeneration in the
lymphatic vessels.

Normally, initial lymphatic vessels undergo intrinsic re-
modeling to mature into collecting vessels. This remod-
eling includes the down-regulation of the initial lymphatic
marker LYVE-1, the coverage of collecting vessels with
smooth muscle cells that are absent on initial lymphatics,
and the formation of valves.**~*” During development,
contact of lymphatic endothelium with smooth muscle
cells has been shown to be critical for the down-regula-
tion of LYVE-1 expression in initial lymphatic vessels dur-
ing their maturation into collecting vessels and for the
formation of intraluminal valves,*® but it is not known
whether degeneration of smooth muscle coverage can
lead to the up-regulation of LYVE-1 in collecting vessels
in adulthood or whether valve structure can degenerate.
Our findings suggest that this is indeed the case, be-
cause valves appeared to be malformed and LYVE-1
expression was high in the collecting vessels of older
apoE~'~ mice, whereas LYVE-1 expression was low in
young apoE~'~ mice with apparently normal valves and
smooth muscle coverage. This result indicates that col-
lecting vessels can in fact degenerate in the adult and
lose these features. Because collecting vessels in hyper-
cholesterolemic apoE /'~ mice have little or no coverage
with smooth muscle cells, these defects probably result
from reduced interaction of lymphatic endothelium with
smooth muscle cells. The paucity in smooth muscle cells
around collecting vessels may result from their death by
apoptosis, their detachment from lymphatic endothelium,
or, alternatively, impaired migration. Foxc2, vascular en-
dothelial growth factor receptor-3, and angiopoietin-2/
Tie-2 signaling pathways have been recently described
to control the recruitment of smooth muscle cells specif-
ically to lymphatic vessels,** and thus the environment in
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apoE~'~ mice may interfere with these factors to affect
collecting vessels.

Altogether, the results of this study provide evidence

that hypercholesterolemic mice exhibit a notably lym-
phatic vessel remodeling in adult tissue, which in turn
alters lymphatic transport of macromolecules, fluid, and
immune cells. These findings point to the need for in-
creased research on the mechanisms that link lymphatic
vessels with lipid-related disorders and raise the possi-
bility of a causative role of dyslipidemia in promoting
alterations in lymphatic vessels reported in chronic in-
flammatory disorders that are associated with dyslipide-
mia, such as rheumatoid arthritis,*® psoriasis,*® and cer-
tain cancers."’
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