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Abstract

Background: Lymphatic and blood microvascular systems play a coordinated role in the regulation of interstitial
fluid balance and immune cell trafficking during inflammation. The objective of this study was to characterize
the temporal and spatial relationships between lymphatic and blood vessel growth in the adult rat mesentery
following an inflammatory stimulus.
Methods and Results: Mesenteric tissues were harvested from unstimulated adult male Wistar rats and at 3, 10,
and 30 days post compound 48/80 stimulation. Tissues were immunolabeled for PECAM, LYVE-1, Prox1,
podoplanin, CD11b, and class III b-tubulin. Vascular area, capillary blind end density, and vascular length
density were quantified for each vessel system per time point. Blood vascular area increased compared to
unstimulated tissues by day 10 and remained increased at day 30. Following the peak in blood capillary
sprouting at day 3, blood vascular area and density increased at day 10. The number of blind-ended lymphatic
vessels and lymphatic density did not significantly increase until day 10, and lymphatic vascular area was not
increased compared to the unstimulated level until day 30. Lymphangiogenesis correlated with the upregulation
of class III b-tubulin expression by endothelial cells along lymphatic blind-ended vessels and increased lym-
phatic/blood endothelial cell connections. In local tissue regions containing both blood and lymphatic vessels,
the presence of lymphatics attenuated blood capillary sprouting.
Conclusions: Our work suggests that lymphangiogenesis lags angiogenesis during inflammation and motivates
the need for future investigations aimed at understanding lymphatic/blood endothelial cell interactions. The
results also indicate that lymphatic endothelial cells undergo phenotypic changes during lymphangiogenesis.

Introduction

Blood and lymphatic microvascular networks play
critical roles in the trafficking of leukocytes and the

clearance of excess fluid from local tissue spaces.1 Given the
importance of these dynamics in inflammation, wound repair,
tumor metastasis, lymphedema, and other pathological con-
ditions, understanding the coordination between the lym-
phatic and blood vascular systems is critical. New insights can
be gained by elucidating the relationships between angio-
genesis, defined as the growth of new blood vessels from
existing ones, and lymphangiogenesis, defined as the analo-
gous growth of new lymphatic vessels.

During inflammation and wound healing scenarios, lym-
phangiogenesis has been reported to lag angiogenesis.2,3 In
another study, Benest et al. showed that the presence of
lymphatic vessels could influence the level of angiogenesis

post VEGF-C stimulation.4 These results identify fundamental
temporal and spatial relationships between lymphangiogen-
esis and angiogenesis and motivate similar types of studies
using alternative models. The objective of this study was to
characterize the temporal and spatial relationships between
lymphatic and blood vessel growth following an inflamma-
tory stimulus in the adult rat mesentery. The rat mesentery
was selected because it provides an en face view of an entire
microvascular network down to a single cell level. We show
that, while mast cell degranulation via compound 48/80
causes both angiogenesis and lymphangiogenesis, lymphatic
growth lags blood capillary sprouting and that the local
presence of lymphatic vessels attenuates angiogenesis. Our
results also indicate that a change in the local environment can
cause an increase in physical lymphatic/blood endothelial cell
connections. Finally, the value of characterizing growth re-
sponses over a time course is exemplified by our discovery of a
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potential phenotypic marker for lymphatic endothelial cells
during lymphangiogenesis.

Material and Methods

Mast cell degranulation model

All experiments were performed in accordance with the
guidelines of the Tulane University Institutional Animal Care
and Use Committee. Similar to previously established proto-
cols,5–7 single 2.5 mL doses of compound 48/80 (140, 280, 420,
560, and 700 lg/mL in saline) were administered by intra-
peritoneal injection over the course of 3 days (twice a day and
once on the final day) in increasing concentrations into 350–
450 g adult male Wistar rats. Mesenteric tissue windows, de-
fined as the thin translucent connective tissues attached to
small intestine, were harvested according to the following
experimental groups: Unstimulated (n = 4 animals) and 3 days
(n = 4 animals), 10 days (n = 4 animals), and 30 days (n = 4
animals) after stimulation with compound 48/80. This model
was used for the current study because it has been shown to
produce a robust angiogenic response across the hierarchy of
microvascular networks over a relatively short time course.8,9

Tissue harvesting and immunohistochemistry

At the time of harvesting, animals were anesthetized by
intramuscular injection of ketamine (80 mg/kg bw) and
xylazine (8 mg/kg bw). Following anesthesia, animals were
euthanized by intracardiac injection of Beuthanasia. The
mesentery was surgically exposed and 12 mesenteric win-
dows were harvested starting from the ileum. Tissues were
whole mounted on glass slides, fixed in methanol for 30 min at
- 20�C, and washed every 10 min for 30 min with phosphate-
buffered saline (PBS) containing 0.1% saponin. Tissues were
then labeled with combinations of antibodies to LYVE-1,
PECAM (CD31), Prox1, podoplanin, CD11b, or class III b-
tubulin. LYVE-1 and PECAM/Prox1/podoplanin/CD11b
labeling protocol: 1) 1 h incubation at room temperature with
1:100 rabbit polyclonal LYVE-1 antibody (AngioBio, Del Mar,
CA), one of the following: 1:200 mouse monoclonal biotiny-
lated CD31 antibody (BD Pharmingen, San Diego, CA), 1:100
mouse monoclonal Prox1 antibody (Novus Biologicals, Lit-
tleton, CO), 1:50 mouse monoclonal podoplanin antibody
(AngioBio), or 1:100 mouse monoclonal CD11b antibody (AbD
Serotec, Raleigh, NC), and 5% normal goat serum (NGS)
( Jackson ImmunoResearch Laboratories, West Grove, PA); 2)
1 h incubation at room temperature with 1:100 goat anti-rabbit
CY2-conjugated antibody ( Jackson ImmunoResearch Labora-
tories), CY3-conjugated streptavidin secondary (Jackson Im-
munoResearch Laboratories), and 5% NGS. Class III b-tubulin
and PECAM/LYVE-1/Prox1 labeling protocol: 1) 36 h incuba-
tion at 4�C with 1:200 mouse monoclonal class III b-tubulin
antibody (2G10, Abcam, Cambridge, MA) and 5% NGS; 2) 36 h
incubation at 4�C with 1:100 goat anti-mouse CY2-conjugated
secondary antibody and 5% NGS; 3) 1 h incubation at room
temperature with 5% normal mouse serum (Jackson Immuno-
Research Laboratories) (for PECAM); 4) 1 h incubation at room
temperature with antibodies to either PECAM or LYVE-1, as
described above, or 1:100 rabbit polyclonal Prox1 antibody
(Novus Biologicals); 5) 1 h incubation at room temperature
with CY3-conjugated streptavidin secondary or 1:100 goat anti-
rabbit CY3-conjugated antibody (Jackson ImmunoResearch

Laboratories). All antibodies were diluted in antibody buffer
(0.1% saponin in PBS + 2% bovine serum albumin). All steps
were followed by washes every 10 min for 30 min with PBS
containing 0.1% saponin. Positive antibody labeling was con-
firmed by comparisons with unstained, secondary antibody
alone, or IgG plus secondary antibody labeled control groups.

Quantification of lymphangiogenesis, angiogenesis,
and lymphatic/blood endothelial cell connections
in microvascular networks

Immunolabeled tissues were imaged on an Olympus IX70
inverted fluorescence microscope coupled with a Photo-
metrics CoolSNAP EZ camera using 4 · dry, 10 · dry, 20 ·
dry, 20 · oil, and 60 · oil objectives, an inverted Zeiss LSM
510 confocal microscopy system using a 63 · oil objective, or a
Nikon A1 confocal microscopy system using a 60 · oil ob-
jective. Tissues containing both blood and lymphatic vessels
were randomly selected for analysis per experimental group:
unstimulated (n = 7 tissues; 1–2 tissues · 4 animals), day 3 post
stimulation (n = 7 tissues; 1–2 tissues · 4 animals), day 10 post
stimulation (n = 7 tissues; 1–2 tissues · 4 animals), and day 30
post stimulation (n = 8 tissues; 2 tissues · 4 animals). Blood
and lymphatic vessels were quantified based on PECAM or
LYVE-1 labeling, respectively. The following metrics were
quantified from montages of entire tissues generated from
images captured using the 4 · objective: blood vascular area
per tissue area, lymphatic vascular area per tissue area, the
number of blood capillary blind ends per vascular area, the
number of lymphatic blind ends per vascular area, blood
vessel length per vascular area, lymphatic vessel length per
vascular area, and lymphatic/blood endothelial cell connec-
tions. Lymphatic and blood vascular area was defined as the
sum of the areas circumscribed by the perimeter of each re-
spective vessel network type. Blind ends were defined as
blind-ended blood or lymphatic capillaries extending from a
network. The effect of the lymphatic vessel presence on an-
giogenesis was investigated by quantifying the number of
blood capillary blind ends in local areas in a tissue with or
without lymphatic vessels. Lymphatic/blood endothelial cell
connections were identified based on 1) continuous PECAM
labeling across blood and lymphatic endothelial cells at con-
nection sites, and 2) a shared endothelial cell morphology.10

Vascular length density was measured on two 4x fields of view
randomly selected from each tissue. All measurements were
performed using ImageJ version 1.44p (ImageJ, U.S. National
Institutes of Health, Bethesda, ML).

In an additional analysis, the number of blood capillary
blind ends per vascular area was compared between tissues
with lymphatic vessels (n = 7 tissues, 1–2 tissues · 4 rats)
versus tissues without lymphatic vessels (n = 4 tissues, 2 tis-
sues · 2 rats).

Intraluminal labeling of blood vessels at locations
of lymphatic/blood endothelial cell connections

A 2 mL bolus of 40 kDa lysine-fixable FITC-dextran
(10 mg/mL, Molecular Probes, Eugene, OR) was injected via
the femoral vein of anesthetized animals. Animals were then
euthanized and the mesenteric tissue fixed by soaking the
intraperitoneal space with 4% paraformaldehyde for 1 h.
Mesenteric tissue windows were then harvested, mounted,
and labeled for PECAM as described above.
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Statistical analysis

Comparisons for angiogenic and lymphangiogenic metrics
were analyzed across the time course of the compound 48/80
mast cell degranulation model using a one-way ANOVA
followed by a Student-Newman-Keuls pairwise comparison
test (SigmaStat; Systat Software, Inc., Chicago, IL). Two group
comparisons were analyzed using a Student’s t-test. Statistical
significance was accepted for p < 0.05. Values are presented as
means – standard error of the means.

Results

Lymphatic Vessel Growth is Delayed Compared
to Blood Vessel Growth

Compound 48/80-induced mast cell degranulation re-
sulted in dramatic blood microvascular network growth
(Figs. 1 and 2). The inflammatory stimulus also caused dra-
matic lymphatic network growth (Figs. 1 and 2). Growth in
both systems was characterized by increases in capillary
sprouting associated with increases in vessel density and
network area (Fig. 2). Blood and lymphatic microvessels
across the hierarchy of microvascular networks were labeled
positively for PECAM. Lymphatic vessels were distinguished
from blood vessels based upon a decreased PECAM labeling
intensity, a discontinuous labeling pattern,3,11 and positive
LYVE-1 expression. LYVE-1 labeling co-localized with po-
doplanin and identified all Prox-1 positive lymphatic vessels
(Fig. 3E–3J). Angiogenesis was evident in blood microvascu-
lar networks at day 3 by the increased number of blind-ended
capillary sprouts (Fig. 2F). At day 10, blood capillary
sprouting remained elevated and returned to unstimulated
levels by day 30. The increase in sprouting at day 3 preceded
increases in blood vascular area and density at day 10 (Fig. 2E
and 2G). By day 30, blood vascular area remained increased
compared to unstimulated levels, yet vascular density had
decreased compared to day 10. An increase in the number of
lymphatic blind-ended vessels, indicative of lymphangio-
genesis, did not occur until day 10 (Fig. 2I). The number of
lymphatic blind ends remained elevated at day 30. Lymphatic
capillary sprouting at day 10 and day 30 was further sup-
ported by the observation of LYVE-1 positive endothelial fi-
lopodia extensions off of existing vessels (Fig. 3C and 3D).
Also, the morphology of lymphatic blind ends was commonly
more tapered and less blunt-ended than the unstimulated and
day 3 groups. As another indicator of lymphangiogenesis,
lymphatic sprouting was accompanied by an increase in ap-
parent intussusceptive loops (data not shown). Lymphatic
vessel density increased compared to the unstimulated level by
day 10 (Fig. 2J). At day 30, lymphatic vessel density remained
elevated and was associated with an increase in lymphatic
network area (Fig. 2H). At days 3, 10, and 30 post stimulation,
LYVE-1 labeling identified a subpopulation of CD11b positive
interstitial cells (Fig. 4). Based on qualitative observation,
LYVE-1 positive interstitial cells were CD11b positive, indi-
cating that these cells could be activated macrophages.

Presence of lymphatic vessels attenuates angiogenesis

In order to further investigate the local influence of lym-
phatic vessels on angiogenesis, we also analyzed blood cap-
illary sprouting outside and inside regions of overlapping

lymphatic and blood vascular networks. This allowed for the
comparison of blood capillary sprouting in local regions with
no lymphatic vessels versus regions with lymphatic vessels
(Fig. 5). In blood vessel only regions, capillary sprouting was
dramatically increased at day 3 compared to unstimulated
networks (Fig. 5A). Capillary sprouting remained increased at
day 10 and returned to unstimulated levels by day 30. In
contrast, blood capillary sprouting in regions with lymphatic
vessels did not increase over the 30 day time course (Fig. 5B).
At day 3, blood capillary sprouting in local regions with
lymphatics was attenuated versus regions without lymphat-
ics (Fig. 5C). This result is supported by the comparison of
capillary sprouting at the same time point between tissues
with and without lymphatic vessels (Fig. 5C). Both compari-
sons suggest that the presence of lymphatic vessels influences
inflammation induced angiogenesis.

Lymphatic/blood endothelial cell connections increase
during lymphatic sprouting

Previous work in our laboratory identified the presence of
nonluminal lymphatic/blood endothelial cell connections at

FIG. 1. Representative montages of mesenteric microvas-
cular networks from (A) unstimulated and (B) compound
48/80-stimulated rats. Immunolabeling for PECAM (red) and
LYVE-1 (green) identified the hierarchies of branching blood
vessel (BV) and lymphatic (L) networks. Evidence for an-
giogenesis and lymphangiogenesis by day 10 is supported
by a dramatic increase in vessel density for both blood and
lymphatic vessel networks. Scale bars = 200 lm.
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the capillary level in unstimulated rat mesenteric microvas-
cular networks.10 Apparent connections between lymphatic
and blood endothelial cells were defined by continuous PE-
CAM junctional labeling across vessel types.10 The initial
observations of lymphatic/blood endothelial cell connections
motivate two questions: 1) Can the occurrence of connections
be influenced by their local environment? and 2) Do connec-
tions become functional during remodeling scenarios? At day
10 post inflammatory stimulation, the number of connections
was significantly increased compared to unstimulated con-
trols (Fig. 6C). Continuous PECAM labeling at sites of con-

nection was confirmed with sub 0.5 lm confocal optical
sections (Fig. 6B). The original characterization of these con-
nections in unstimulated tissues demonstrated that connec-
tions were between endothelial cells distal to the lumens
along a blood capillary sprout.10 At day 10 post stimulation,
lymphatic/blood connections were also located distal to the
extent of blood capillary perfusion (Fig. 6D–6F). The injection
of FITC-conjugated fixable 40 kDa dextran via the femoral
artery identified the hierarchy of stimulated blood micro-
vascular networks including capillary sprouts, but did not
identify lymphatic capillaries.

FIG. 2. Compound 48/80-induced inflammatory angiogenesis and lymphangiogenesis in rat mesenteric microvascular
networks. (A–D) Representative images over the time course of stimulation. Immunolabeling for PECAM (red) and LYVE-1
(green) identified the hierarchies of branching blood vessel (BV) and lymphatic (L) networks. Increased blood capillary
sprouting is observed by 3 days after stimulation (arrowheads), while lymphatic sprouting is increased by 10 days after
stimulation (arrows). Scale bar = 200 lm. (E–J) Quantification of angiogenesis and lymphangiogenesis in unstimulated mes-
enteric microvascular networks (Un) and at 3, 10, and 30 days post stimulation. Blood and lymphatic networks were
quantified based on PECAM or LYVE-1 immunolabeling, respectively. (E, H) Total vascular area per tissue area. (F, I)
Number of blind-ended vessel segments per vascular area. (G, J) Total vascular length per vascular area. * represents a
significant difference compared to the unstimulated control group ( p < 0.05). + represents a significant difference compared
to the previous time point ( p < 0.05). Values are means – SEM.
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FIG. 3. Characterization of lymphatic vessels in response to compound 48/80 stimulation. (A–D) Examples of lymphatic
vessel morphologies over the time course of stimulation. LYVE-1 immunolabeling identifies filopodial extensions (arrowheads)
10 and 30 days after stimulation. (E–G) Examples of lymphatic vessels at day 10 post stimulation co-labeled for LYVE-1
(green) and podoplanin (red). (H–J) Examples of lymphatic vessels at day 10 post stimulation co-labeled for LYVE-1 (green)
and Prox1 (red). Scale bars = 50 lm.

FIG. 4. Identification of macrophages expressing LYVE-1 post compound 48/80 stimulation. Day 10 tissues were im-
munolabeled for LYVE-1 (green) and CD11b (red). Arrows identify LYVE-1+ /CD11b+ cells. Arrowheads identify LYVE-1-/
CD11b+ cells. Images were captured at 20 · (A–C) or 60 · (D–F) magnification. Scale Bars = 20 lm.
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Class III b-tubulin identifies lymphatic blind
ends during lymphangiogenesis

We recently reported that class III b-tubulin was transiently
upregulated by vascular pericytes during angiogenesis in rat
mesenteric microvascular networks12 and that vascular peri-
cytes are present on a subset of lymphatic capillary sprouts.10

Based on these observations, we hypothesized that class III b-
tubulin transiently identified pericytes along lymphatic
sprouts during lymphatic growth associated with inflamma-
tion. In compound 48/80 stimulated tissues, class III b-tubulin
did not identify pericytes along LYVE-1 positive lymphatic
vessels. However, class III b-tubulin positive labeling did
identify a subset of lymphatic endothelial cells at day 10 and
day 30 (Fig. 7). Labeling was prominent along distal blind-
ended vessels and became nonobservable along more proxi-
mal segments. Lymphatic endothelial cell-specific labeling
was confirmed by comparison of relative spatial localization
to PECAM positive cell junctional labeling in optical sections
obtained from confocal imaging (Fig. 7). Class III b-tubulin
positive lymphatic vessels also co-labeled with lymphatic
endothelial cell markers, LYVE-1 and Prox-1(Fig. 8). These
observations implicate a possible lymphatic endothelial cell
phenotype temporally correlated with lymphangiogenesis. At
the time points when class III b-tubulin labeling was observed
along lymphatic vessels, labeling of pericytes along blood
vessels was less frequent (Fig. 7). This observation is consis-
tent with our previous discovery of class III b-tubulin pericyte
expression.12 At day 3 post 48/80 stimulation when angio-
genesis initially peaks, class III b-tubulin is upregulated by
perivascular cells along arterioles, venules, and capillaries.12

At later time points, the percentage of vessels with positive
labeling decreases toward the unstimulated scenario.

Discussion

The primary findings of this study are that 1) lym-
phangiogenesis lags angiogenesis in adult rat mesenteric mi-
crovascular networks during inflammation, 2) the presence of
lymphatic vessels can attenuate blood capillary sprouting, 3)
the occurrence of lymphatic/blood endothelial cell connec-
tions can be influenced by their local environment, and 4)
lymphatic endothelial cells undergo phenotypic changes at
time points associated with lymphangiogenesis. These results
emphasize the need to investigate the mechanistic interrela-
tionships between lymphangiogenesis and angiogenesis over
the time course of microvascular network growth.

FIG. 5. The effect of lymphatic vessel presence on angio-
genesis in unstimulated mesenteric microvascular networks
(Un) and at 3, 10, and 30 days post stimulation. (A) The
number of blood capillary sprout blind ends in local areas
containing no lymphatic vessels (LV). (B) The number of
blood capillary sprout blind ends in local areas with lym-
phatic vessels. * represents a significant difference compared
to the unstimulated control group ( p < 0.05). + represents a
significant difference compared to the previous time point
( p < 0.05). (C) Comparison between the number of blood
capillary sprout blind ends at 3 days post stimulation in local
tissue areas with and without lymphatic vessels (left) or in
entire tissues with or without lymphatic vessels (right).
* represents a significant difference between groups ( p < 0.05).
Values are means – SEM.
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FIG. 6. Lymphatic/blood endothelial cell connections during peak lymphatic sprouting. (A) Confocal projection of endo-
thelial cell connections (arrows) between blood capillaries (BC) and lymphatic vessels (L) identified by PECAM im-
munolabeling at day 10. (B) Sub 0.5 lm confocal optical slice indicating continuous PECAM labeling along blood and
lymphatic endothelial cell junctions (arrowheads). (C) Quantification of the number of apparent lymphatic/blood endothelial
cell connections per overlapping blood and lymphatic vascular area. * represents a significant difference between groups
( p < 0.05). Values are means – SEM. (D–F) Intravenous injection of fixable FITC-dextran identified the lumens of blood vessels
and capillary sprouts. The presence of dextran terminated along capillary sprouts proximal to endothelial cell connections
(arrows). Scale bars = (A and B) 20 lm; (D–F) 50 lm.

FIG. 7. Class III b-tubulin expression by lymphatic blind ends during peak lymphatic sprouting. Immunolabeling of PECAM (red)
and class III b-tubulin (green) identified distal ends of lymphatic capillaries, resembling lymphatic sprouts. (A) A representative
microvascular network 30 days post-stimulation labeled for PECAM (red) and class III b-tubulin (green). Class III b-tubulin identified
distal lymphatic segments (white arrows). Blood vessels and proximal lymphatic vessels (open arrows) did not label positively for class
III b-tubulin. (B–D) Confocal projection from the outlined box in (A) confirming the co-localization of PECAM and class III b-tubulin
labeling on endothelial cells of lymphatic vessels (L), but not blood capillaries (BC). Lymphatic capillaries expressing class III b-
tubulin commonly contained filopodia extensions (arrowheads). Scale bars = (A) 200 lm; (B–D) 20 lm.
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The compound 48/80 stimulus used for this study has been
previously shown to cause histamine release by mast cells and
produces a robust microvascular network growth response in
the rat mesentery characterized by increases in vascularized
area, capillary sprouting, and vascular length density.8,9 Our
current results demonstrate this response and additionally
show that compound 48/80 stimulation causes lymphangio-
genesis marked by analogous increases in lymphatic network
size, sprouting, intussusceptive loop formation, and vessel
length density over a similar time course. Evidence for lym-
phangiogenesis lagging angiogenesis is supported by lym-
phatic capillary sprouting increasing at day 10 versus day 3
for blood vessels. This delay in sprouting results in a delay in
lymphatic versus blood vascular network area enlargement.
This temporal relationship between angiogenesis and lym-
phangiogenesis is supported by similar descriptions in other
models.2,13,14 Baluk et al. demonstrated that increases in
lymphatic area density followed blood vessel remodeling in
chronic airway inflammation.13 They also observed that the
lymphatic network persists compared to blood microvascular
networks after the inflammation resolved. This is consistent
with our observations of a sustained increase in lymphatic
vessel density versus a regression in blood vessel density at
day 30.

Our quantification of angiogenesis and lymphangiogenesis
utilized previously established angiogenic metrics.7,12,15 Ca-
pillary sprouting was evaluated by quantifying the number of
blind-ended capillary segments per vessel type. For the blood
microvasculature in the mesentery, such blind-ended vessels
are associated with endothelial cell proliferation.5 While we
cannot rule out that some blind-ended vessels might be un-
dergoing regression, the overall effect of an increase in their
number leads increases in blood microvascular network area
and length density. Thus, blood capillary blind ends can be
assumed to be indicative of sprouting and angiogenesis. Since
lymphatic networks are open loop systems, the number of
lymphatic blind-ended vessels is not necessarily indicative of
lymphangiogenesis. Rather lymphangiogenesis is indicated

by an increase in the number of lymphatic blind ends from
one time point to another. The increase in the number of
lymphatic blind ends from day 3 to day 10 post stimulation
provides evidence for lymphangiogenesis. Lymphangiogen-
esis at day 10 is further supported by the presence of lym-
phatic endothelial filopodia extensions, which have been
previously documented as an indicator of lymphatic
growth.13,16 The lack of change in lymphatic blind ends from
day 10 to day 30 suggests that the increase in lymphatic
sprouting observed from day 3 to day 10 may not persist.

Recently, lymphatic and blood endothelial cells have been
shown to share multiple growth mechanisms.17 The common
expression of growth factor receptors18 suggests that lym-
phatic and blood endothelial cells might compete for the same
local growth factors. Benest et al. demonstrated that the
presence lymphatic networks attenuated VEGF-C induced
angiogenesis.4 Our results further demonstrate this relation-
ship in a multi-factorial inflammatory scenario and motivate
future investigations aimed at elucidating the mechanistic
interplay between lymphatic and blood endothelial cells.

The importance of interactions between lymphatic and
blood endothelial cells was recently highlighted by our labo-
ratories description of nonluminal lymphatic/blood endo-
thelial cell connections in unstimulated adult rat mesenteric
microvascular networks. This finding challenged the classical
view that blood and lymphatic microvascular networks are
distinct systems without direct interaction.2,19,20 The possi-
bility of mispatterning between systems is supported by the
presence of blood-filled lymphatic vessels in Prox1 condi-
tional mutant mice.21 Johnson et al. observed that Prox1 in-
hibition via siRNA in vitro resulted in a change from
lymphatic to blood endothelial cell phenotype.21 Their work
suggests that local epigenetic environments are sufficient to
modulate lymphatic/blood endothelial cell interactions. In
our study, we provide evidence that a local change in the
environment associated with our inflammatory model can
cause an increase in lymphatic/blood endothelial cell con-
nections. The increase in connections was observed 10 days

FIG. 8. Representative lymphatic vessels at day 10 post stimulation co-labeled for class III b-tubulin (green) and lymphatic
markers (red), LYVE-1 (A–C) and Prox1 (D–F). Scale bars = 50 lm.

LYMPHANGIOGENESIS/ANGIOGENESIS RELATIONSHIPS 205



after stimulation with compound 48/80. The majority of
these connections were blind-ended blood capillary sprouts
interacting with lymphatic vessels (data not shown). Since
capillary sprout density in areas vascularized by blood
and lymphatic vessels remained unchanged over the time
course of inflammation, we speculate that the increase in
lymphatic/blood connections is a result of environmental
changes rather than an increased probability associated with
angiogenesis. The function of the physical interactions re-
mains unclear, yet our results do indicate that they are dy-
namic and implicate the rat mesentery as a model for
investigating signaling molecules involved in lymphatic/
blood system mispatterning.

The characterization of the cellular dynamics across the
time course of angiogenesis in the rat mesentery has iden-
tified specific endothelial cell and pericyte phenotypes tem-
porally linked to capillary sprouting.7,12,22 Here we
demonstrate the usefulness of this approach to identify no-
vel lymphatic endothelial cell phenotypes associated with
lymphangiogenesis. Class III b-tubulin is a cytoskeletal
protein that forms heterodimers with a-tubulins during mi-
crotubule assembly.23 In normal tissues, it is expressed al-
most exclusively in glial and neural progenitor cells in the
central nervous system and nerves in the peripheral nervous
system.23,24 Class III b-tubulin expression has also been re-
ported in lymphatic and venous valves.25 Recently, transient
class III b-tubulin expression was documented in perivas-
cular cells during angiogenesis.12 In this study, we observed
class III b-tubulin expression along distal ends of terminal
blind-ended lymphatic capillaries during lymphangiogen-
esis. Positive labeling by lymphatic endothelial cells was
confirmed based on a relative labeling pattern compared to
PECAM and co-labeling with Prox1. Additionally, in our
laboratory co-labeling of remodeling mesenteric tissues with
PECAM and NG2 confirms that the initial lymphatic vessels
with similar morphologies to those expressing class III b-
tubulin lack perivascular cell wrapping. While the function
of this marker is unclear, our observations motivate a future
area of research focused on understanding how lymphatic
endothelial cells differ at different locations along a lym-
phatic network during lymphangiogenesis. Lymphatic en-
dothelial cell expression of class III b-tubulin also serves as
an example of phenotypic overlap across neural, blood, and
lymphatic cell types.

In summary, our study shows that lymphangiogenesis lags
angiogenesis over the time course of microvascular network
growth in adult mesenteric microvascular networks in re-
sponse to an inflammatory stimulation and that the presence
of lymphatic vessels can attenuate capillary sprouting. These
results, coupled with the observations of increased lymphatic/
blood endothelial cell connections and class III b-tubulin up-
regulation during lymphatic growth, highlight the impor-
tance for future investigations to be aimed at understanding
how angiogenesis and lymphangiogenesis are mechanisti-
cally interrelated.
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