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Abstract
Objective—The canonical Wnt signaling pathway, heavily studied in development and cancer,
has recently been implicated in microvascular growth with the use of developmental and in vitro
models. To date, however, no study exists showing the effects of perturbing the canonical Wnt
pathway in a complete microvascular network undergoing physiological remodeling in vivo. Our
objective was to investigate the effects of canonical Wnt inhibition on the microvascular
remodeling of adult rats.

Methods—Canonical Wnt inhibitor DKK-1, Wnt inhibitor sFRP-1, BSA or saline was
superfused onto the exteriorized mesenteric windows of 300g adult female Sprague-Dawley rats
for 20 minutes. Three days following surgery, mesenteric windows were imaged intravitally and
harvested for immunofluorescence staining with smooth muscle alpha-actin and BRDU.

Results—We observed prominent differences in the response of the mesenteric microvasculature
amongst the various treatment groups. Significant increases in hemorrhage area, vascular density,
and draining vessel diameter were observed in windows treated with Wnt inhibitors as compared
to control-treated windows. Additionally, confocal imaging analysis showed significant increases
in proliferating cells as well as evidence of proliferating smooth muscle cells along venules.

Conclusions—Together, our results suggest that canonical Wnt inhibition plays an important
role in microvascular remodeling, specifically venular remodeling.
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Introduction
Microvascular remodeling and vasculogenesis are regulated by myriad signaling pathways
and growth factors, such as VEGF, Ang-1, Ang-2, and neuropilin [45]. A more recently
investigated pathway garnering increased attention for its role in these processes is the Wnt
pathway. Canonical Wnt signaling, activated by binding to Frizzled receptor/LRP co-
receptor and inhibited by Dickkopf-1 (DKK-1), results in the accumulation of constitutively
ubiquitinated beta-catenin. Subsequent translocation of beta-catenin to the nucleus results in
binding to co-factor Tcf/LEF-1, which modulates transcription of many genes such as cyclin
D1 and c-Myc [21,53,60]. Several non-canonical Wnt pathways exist that do not involve
beta-catenin, although the canonical pathway is the focus of this manuscript. Canonical Wnt
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signaling has been implicated in many aspects of biological function, including cell
proliferation, morphogenesis, cell polarity, stem cell fate, and cancer, as has been reviewed
thoroughly [16,18,30,31,36,38,43,49,58]. The past several years have seen a large increase
in the study of the role Wnt signaling plays in microvascular processes, yet there is still
much to be learned, particularly in the setting of physiological and pathological adult
microvascular growth and remodeling, including angiogenesis and arteriogenesis.

Genetic knockouts of Wnt and Wnt pathway-related genes have led to vasculogenic defects
in a wide array of tissues: mouse coelomic vessels (Wnt-4) [23], mouse pulmonary vessels
(Wnt-7b) [51], mouse placenta (Wnt-2) [37], and mouse yolk sac (Frizzled-5) [22]. In vitro
studies have also revealed much about the role of Wnt in vascular cell function. In the
vasculature, many proteins in the Wnt and Frizzled families have been shown to be secreted
and expressed, respectively, by various primary endothelial cells [34,59]. Activation of the
canonical and non-canonical Wnt pathways can lead to many alterations in endothelial cell
function, including effects on proliferation, migration, cord formation and survival
[10,34,35,59]. Related work in cancer models and other cell types have implicated Wnt
signaling in the modulation of a large number of molecules associated with microvascular
remodeling, including vascular endothelial growth factor (VEGF), fetal growth factor
(FGF), matrix metalloproteinases (MMP), interleukin-8 (IL-8), endothelin-1 (ET-1), Eph/
Ephrin, transforming growth factor beta (TGF-β), platelet-derived growth factor BB (PDGF-
BB) and the Cyr61/CTGF/NOV (CCN) family [5,6,7,9,11,14,15,25,28,32,48,59,61].

Disruption of Frizzled-4 has been directly linked to familial exudative vitreoretinopathy
(FEVR) – a hereditary disorder characterized by leaky defective retinal vascularization – in
humans [25,48]. Overexpression of Wnt modulator sFRP-1, a secreted Wnt inhibitor capable
of either binding to Frizzled receptors or directly binding to Wnt proteins [3], in
mesenchymal stem cells resulted in increased vessel density in Matrigel plugs [14]. This
molecule has been shown to increase vessel numbers in a CAM assay [13] and reduce
infarct size in a myocardial infarction model [4].

While the Wnt signaling pathway and its related molecules have been studied extensively in
recent years, until now, no study has investigated the role of Wnt signaling in a whole-
mount preparation of adult microvascular remodeling. Using a whole-mount preparation, the
effects of Wnt signaling can be monitored and measured throughout an entire intact
microvascular network. In this study, a rat mesentery model was used to investigate the
effects of Dickkopf-1 (DKK-1) and sFRP-1, two inhibitors of the canonical Wnt pathway,
on microvascular remodeling.

DKK-1 is one of four members of the Dickkopf family of secreted proteins, with each
having a separate profile of Wnt modulation [17,24,42]. The DKKs are heavily implicated in
bone formation and cancer [29,39,55], as well as various aspects of development [42]. Their
general structure and function have been recently reviewed [40]. In brief, DKK-1 inhibits
Wnt signaling both by competitively binding Wnt co-recptor LRP. Conflicting theories exist
about a second mechanism where DKK-1 forms a ternary complex with both Kremen and
LRP which is then endocytosed [33,49,50]. DKK-1 has been shown to mobilize vascular
progenitor cells and increase vessel number in implanted Matrigel plugs via activation of
endosteal cells in the bone marrow niche [1]. Recently, DKK-4 has been shown to be a pro-
angiogenic regulator of both normal endothelial cells and primary cancer cells [46]. Knock-
down of DKK-3 in human cord blood-derived endothelial colony forming cells resulted in
decreased migratory and cord forming capability [57].

Based on the aforementioned in vitro and in vivo studies performed with both DKK-1 and
sFRP-1, we hypothesized that canonical Wnt inhibition would cause an increase in
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microvascular remodeling, both in capillaries and in larger vessels. We tested this
hypothesis in a whole-mount model of adult inflammation-induced microvascular growth
and remodeling in order to test the effects of Wnt inhibition on the structure of the entire
microvascular network.

Materials and Methods
Angiogenesis Model: Rat Mesentery Exteriorization and Superfusion

All animal studies were approved by the Animal Research Committee at the University of
Virginia and conformed to the American Heart Association Guidelines for the Use of
Animals in Research. During normal development, microvessel networks develop in
previously avascular mesenteric tissue via capillary sprouting from vessels in the
surrounding fat [2,19,47]. In adult animals in the absence of a stimulus, microvessel
networks are visible at the edges of the mesentery while the center is primarily avascular.
Animals were anesthetized by an intramuscular (IM) injection of ketamine (80 mg/kg bw)
and xylazine (8 mg/kg bw) and the mesentery was exposed by laparotomy under sterile
conditions. Each 300g male Sprague-Dawley rat received treatment on one mesenteric
window. A 100 µL (3.3ng/g bodyweight) bolus of recombinant DKK-1 (10µg/mL, R&D
Systems, Minneapolis, MN) sFRP-1 (10µg/mL, St. Louis, MO), BSA (10µg/mL, Jackson
ImmunoResearch, West Grove, PA), or warm saline was pipetted directly onto the window.
Ten minutes later, another bolus was pipetted onto the same window. Ten minutes following
the second bolus, the window was washed with warm Ringer’s solution for 5 minutes.
Following intervention, the abdominal wall and skin were closed with non-absorbable 5-0
and absorbable 4-0 sutures, respectively, and the animal was allowed to recover. Mesenteric
tissues were harvested from euthanized rats for immunofluorescence staining and analysis 3
days after surgery.

Acute Vasodilation Test
To test the acute vasodilatory capabilities of the treatments used in these studies, DKK-1
(10µg/mL), sFRP-1 (10µg/mL), or adenosine (100 µM, Sigma-Aldrich, St. Louis, MO) was
dripped onto an exteriorized mesentery window in the following order: adenosine, saline
wash, DKK-1/sFRP-1, saline wash, adenosine. Blood vessels in the window were examined
at 10× magnification both before and after each treatment. In all cases, adenosine treatment
resulted in immediate dilation of affected vessels, whereas DKK-1 and sFRP-1 treatments
resulted in no dilation.

Harvest and Epifluorescence Microscopy
For tissues used in the examination of cell proliferation, a 100µM pulse of BRDU (Santa
Cruz Biotechnology, Santa Cruz, CA) was applied for 2 hours before harvest. Harvested
tissues were placed in methanol at −20C for 30 minutes before rinsing in PBS. BRDU-
pulsed tissues were incubated twice in HCL – 1hr with 37C .1M HCl and 30 minutes with
37C 1M HCl – and rinsed in PBS with 0.1% saponin. Primary antibody (BRDU IIB5, 1:200,
Millipore, Billerica, MA) was added overnight at 4C with 5% NGS in PBS with .1%
saponin and 2% BSA. After washing for 30 minutes in PBS with 1% saponin, secondary and
conjugated antibodies were added (goat anti-mouse 647, 1:200, Invitrogen, Carlsbad, CA;
monoclonal anti-α-smooth muscle actin, Cy3 conjugate, 1:400, Sigma-Aldrich, Saint Louis,
MO) for 1 hour at room temperature. After 30 minutes of washing in PBS with 1% saponin,
slides were mounted in 1:1 glycerol:PBS for imaging.
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Imaging and Analysis
Intravital imaging was performed using a Zeiss Axioskop inverted microscope. Complete
intravital networks were captured using an air objective on a Zeiss Axioskop (×4) both
directly prior to superfusion and prior to harvest after the 3 day recovery period. Networks
were reconstructed using Autopano (Kolor, Challes-les-Eaux, France) image stitching
software and Photoshop (Adobe Systems, San Jose, CA). Confocal microscopy was
performed using a Nikon Eclipse C1si and a Nikon Eclipse TE300 with oil (×20) objectives.
Z-stack images were acquired and compressed using Nikon NIS-Elements software. The
compressed images were montaged using Autopano for analysis. Reconstructions used for
analysis consisted of 4–6 fields of view per tissue. When measuring capillary lengths, a
capillary was defined as any vessel or portion thereof with a diameter less than 10 µm.
Conversely, arterioles and venules were defined as having diameters greater than or equal to
10 µm. Hemorrhage area was defined as the sum of the area covered by leaked blood in a
given mesenteric window. Vascular density measurements were performed by first
converting all vessels in a window to black pixels, and then taking the ratio of black pixels
to total pixels in a given vascularized region. All measurements were performed using
ImageJ software (NIH, Bethesda, MD).

Statistics
All statistical comparisons were made using the statistical analysis tools provided by Sigma
Stat 3.5 (Systat Software, San Jose, CA, USA). Results are presented in the form of mean ±
standard deviation (SD) Data were analyzed using paired T-test or one-way analysis of
variance (ANOVA). In all cases, statistical significance was asserted at p < 0.05.

Results
DKK-1 and sFRP-1 treatments significantly increase mean hemorrhage area

There was a striking visual difference between the microvascular beds of mesenteric
windows treated with DKK-1 and sFRP-1 as compared to the BSA and saline control groups
(Figure 1, A–F). These differences were characterized by the presence of numerous diffuse
hemorrhages throughout the microvascular networks. In order to quantify this observation,
we measured the total area of hemorrhages in each tissue. Figure 1A–F shows representative
images of DKK-1, sFRP-1 and saline control-treated windows at Day 0 and Day 3. We
calculated the area enclosed by each hemorrhage and plotted the total hemorrhages for each
window on the dot plot in Figure 1G. While no statistical difference existed between the
mean hemorrhage area of the four treatment types at Day 0, both sFRP-1 (.58 mm2) and
DKK-1-treated windows (.60 mm2) exhibited a mean total hemorrhage area significantly
greater than that of their Day 0 counterparts (.13 mm2 and .04 mm2, respectively), as well as
the Day 3 saline control-treated windows (.12 mm2). In addition, DKK-1-treated windows
had a significantly larger mean hemorrhage area than the negative control protein-treated
windows (.15 mm2) at Day 3. Lastly, there was no significant difference between the Day 3
hemorrhage area of windows treated with saline and PBS. These results indicate that the
addition of Wnt inhibitors, but not saline or a negative control protein, creates abundant
hemorrhaging.

DKK-1 treatment significantly increases draining vessel diameter
We qualitatively observed changes in draining venule diameters as opposed to feeding
arterioles in the remodeling microvascular networks. To quantify DKK-1’s effects on
remodeling in these larger vessels, intravital images from treated windows were evaluated
by measuring the diameter of the largest draining venule in each window. Figure 2 shows
the change in draining vessel diameter as a percent change from Day 0 to Day 3. DKK-1
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(119 +/− 31% increase) treated windows experienced a significantly larger change in
draining vessel diameter than the draining vessel diameters of either saline control (40 +/−
20% increase) or negative control protein-treated (41 +/− 22% increase) windows. The
draining vessels of sFRP-1 (69 +/− 34% increase) treated windows, however, did not show
significant increases in diameter as compared to either of the control groups. These data
indicate that aspects of Wnt inhibitor DKK-1's activities in this model that differ from those
of Wnt inhibitor sFRP-1 result in changes in how major draining vessels remodel in the rat
mesentery.

DKK-1 and sFRP-1 treatments significantly increase vascular density
To examine DKK-1’s effects on the vascular density of mesenteric windows, intravital
images from DKK-1, sFRP-1, negative control protein and saline control-treated windows
were evaluated. Figure 3 shows the percent change in vessel density from Day 0 to Day 3
for each treatment group, indicating the portion of a given vascularized area that contains
vessels. Both DKK-1 (186 +/− 53% increase) and sFRP-1 (177 +/− 76% increase) treated
windows experienced a significantly larger change in vascular density than either saline (50
+/− 40% increase) or BSA-treated (34 +/− 22%) windows. In addition, the negative control
protein-treated group was statistically similar to the saline-treated group. Changes in this
metric most likely reflect diameter changes (i.e. increased thickness) described in the
previous section, as opposed to new vessel formation via angiogenic sprouting. Further
measurements examining changes in vessel branch point density, capillary length density,
and large (> 10µm diameter) vessel length density were all not significant between DKK-1,
sFRP-1 and control groups (Supplementary Figure 1).

DKK-1 treatment increases cellular proliferation
Finally, to determine if DKK-1 influenced proliferation in this model, we immunostained
harvested mesentery windows for the proliferative marker BRDU. We observed a significant
increase in proliferating cell density in DKK-1-treated windows (.45 ± .1 cells/1000 µm2)
compared to saline–treated controls (.25 ± .08 cells/1000 µm2) (Figure 4A). In DKK-1-
treated windows immunostained for both smooth muscle alpha-actin and BRDU,
proliferating smooth muscle cells were observed along venules (Figure 4B). Proliferating
endothelial cells, as indicated by lectin-positive cells on a vessel co-staining for BRDU,
however, were rare (not shown). These results suggest DKK-1 causes an increase in
proliferation in venular smooth muscles cells, as well as possibly other non-vascular,
interstitial cells.

Discussion
The purpose of our study was to test the hypothesis that interfering with Wnt signaling
would alter the microvascular remodeling response in the setting of normal mesenteric
exteriorization. The striking hemorrhages in the DKK-1 and sFRP-1-treated windows
confirm that significant changes in the local microvasculature are taking place. This
hemorrhagic response is typically attributed to VEGF overexpression [54]. Therefore we
first speculated that DKK-1 may cause increased expression of VEGF. However, the lack of
significant changes in capillary length density, which would also be an outcome of increased
VEGF signaling, leads us to believe that VEGF is not being overexpressed due to the
addition of Wnt inhibitors. The most plausible scenario is that both sFRP-1 and DKK-1 –
and therefore canonical Wnt signaling – are upstream of some signaling pathway
responsible for maintaining homotypic and heterotypic cell-cell interactions and/or
regulating endothelial cell permeability. This hemorrhaging vessel phenotype is also a
characteristic of tumor vascular beds, and it is obvious to speculate that DKK-1 regulation of
Wnt signaling may play an important role in generating tumor vessel hemorrhages.
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However, the current literature is inconclusive with regards to DKK-1’s effects on various
cancers [26,52,62].

Another interesting observation from our data is that venules appear to be the vessel subset
whose diameters are most impacted by Wnt-regulation in microvascular remodeling.
Venules exhibitied diameter enlargement, which was further reflected in the vascular density
metric, and supported by the observation of abundant proliferating smooth muscle cells
along venules. Moreover, we confirmed that measured diameter enlargement was not merely
the result of vasodilation by application of an acute vasodilator, strengthening the conclusion
that structural changes to the venular walls were taking place. In addition, the increase in
vascular density was shown to not be a function of capillary growth and remodeling, as there
was a lack proliferating endothelial cells along capillaries (data not shown). Venular
remodeling has been investigated with regard to remodeling during venous arterialization
after graft implantation and to treat vascular access dysfunction in hemodialysis patients
[8,27], giving the idea ample precedent. The idea of a Wnt-inhibitor-induced shift towards
venular remodeling leads to myriad follow-up studies, including investigation of the
possible connection between venular remodeling and hemorrhaging as well as the other
molecular mediators of smooth muscle cell proliferation, such as PDGF-BB, in the context
of Wnt signaling.

Another point of note regarding the proliferation results is that while there were numerous
proliferating venular smooth muscle cells, there were also many proliferating cells in the
interstitial space in DKK-1-treated mesentery windows. The identity and function of these
cells is unknown, although several possibilities exist. One possibility for the proliferating
interstitial cell pool is inflammatory cells. DKK-1 has been shown to be present in several
models of inflammation [12,56], and the mesenteric exteriorization is generally considered
to be an inflammatory stimulus [41]. A second potential pool for these proliferating
interstitial cells is bone marrow-derived cells. Recent work in a mouse model of hypoxia-
induced angiogenesis has shown that bone marrow cells are frequently present in
perivascular positions, as well as in the interstitial space [44]. Those two locations are where
the majority of BRDU-positive cells were observed in the DKK-1-treated mesentery
windows, indicating that bone marrow cells could be proliferating in our model. A final,
related potential pool of cells is the mesenchymally-derived stem cells present in the
mesentery [20]. These primordial mesoderm cells could have been recruited by DKK-1
treatment towards any number of lineages relevant to microvascular remodeling. It is worth
pointing out that all three of these cell types would be thought to provide paracrine support
to the remodeling process. This would mean that DKK-1 is capable of modulating the
production of support cells related to microvascular remodeling, as well as directly
amplifying the production of vascular cells.

Finally, we were intrigued by the differences between DKK-1 and sFRP-1 treatments in the
rat mesentery microvasculature. Notably, the DKK-1 treatment caused significant changes
in draining vessel diameter while the sFRP-1 treatment did not. One explanation for the
differences is simply that DKK-1 is more potent than sFRP-1, as the same concentration of
drug was examined for the two molecules.

Alternatively, if DKK-1 has a more powerful effect on draining vessel diameter changes
than sFRP-1, the manners in which the two molecules respectively act on Wnt signaling are
likely causes. DKK-1 is mainly a canonical Wnt inhibitor, as it binds to the Fzd receptor,
preventing Wnt molecules from binding. SFRP-1, on the other hand, is a complete Wnt
inhibitor, as it acts directly on Wnt molecules. Given these differences, non-canonical Wnt
signaling could play an important role in the microvascular response of the rat mesenteric
networks.
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In conclusion, our results show that the addition of Wnt inhibitors onto a rat mesentery
microvasculature clearly impacts the remodeling process in terms of main draining vessel
diameters, vascular density, and hemorrhaging. The microvascular changes induced by Wnt
inhibitors appear to be borne out at least partially by an increase in proliferating venular
smooth muscle cells. Overall, this descriptive study lays the ground work for future studies
to further investigate the impact of this exciting, far-reaching signaling pathway on the
microvasculature. Future studies could uncover exactly which molecules and signaling
pathways are being influenced by the addition of Wnt inhibitors, as well as delving further
into the role of venules and vessel-specific markers in Wnt-regulated microvascular
remodeling. The addition of a mouse model would greatly aid in visual reporting of Wnt
signaling parameters, and alternative models of microvascular remodeling could shed new
light on length density and other quantitative metrics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A–F: Representative intravital microscopy images (4×) of a rat mesentery window. A
(DKK-1), C (sFRP-1), E (Saline): Vasculature of an entire network at the time of surgery. B
(DKK-1), D (sFRP-1), F (Saline) Vasculature of the same network three days following
surgery. Arrows indicate venules measured for diameter changes. Scale bar = 1mm. G:
Hemorrhage area in mesenteric windows for DKK-1 (n=7), sFRP-1 (n=5), saline (n=6) and
BSA (n=4) treatments. Each data point represents a window, and each column represents a
particular treatment and day. Rectangular bars indicate the mean for each column. * -
Significant compared to respective Day 0 treatment mean with p < .05. † - Significant
compared to Saline at Day 3 with p < .05.
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Figure 2.
Changes in draining venule diameters. Each column represents the mean change +/− SD
over three days of the largest draining vessel in the mesentery windows of the DKK-1 (n=7),
sFRP-1 (n=5), saline (n=6) and BSA (n=4) treatments, respectively. * - Significant
compared to both saline and BSA with p < .05.
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Figure 3.
Changes in vascular density. Each column represents the mean change +/− SD over three
days of vascular density in the mesentery windows of the DKK-1 (n=7), sFRP-1 (n=5),
saline (n=6) and BSA (n=4) treatments, respectively. The vascular density measurement was
described in the Materials and Methods. * - Significant compared to both saline and BSA
with p < .05.
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Figure 4.
A: Quantification of BRDU+ cells three days after saline (n=3) or DKK-1 treatment (n=4). *
- Significant compared with saline with p < .05. B: Representative confocal image (20×) of
mesenteric vascular networks. Image shows smooth muscle alpha-actin (red) and BRDU
(blue) three days following DKK-1 treatment. Purple cells (arrowheads) co-localizing actin
and BRDU along vessels indicate proliferating smooth muscle cells. Scale bar = 100 µm.
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