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Abstract

Objective—Motivated by observations of mesenteries harvested from mice treated with 

tamoxifen dissolved in oil for inducible gene mutation studies, the objective of this study was to 

demonstrate that microvascular growth can be induced in the avascular mouse mesentery tissue.

Methods—C57 BL /6 mice were administered an IP injection for five consecutive days of: saline, 

sunflower oil, tamoxifen dissolved in sunflower oil, corn oil, or peanut oil.

Results—Twenty-one days post-injection, zero tissues from saline group contained branching 

microvascular networks. In contrast, all tissues from the three oils and tamoxifen groups contained 

vascular networks with arterioles, venules, and capillaries. Smooth muscle cells and pericytes were 

present in their expected locations and wrapping morphologies. Significant increases in 

vascularized tissue area and vascular density were observed when compared to saline group, but 

sunflower oil and tamoxifen group were not significantly different. Vascularized tissues also 

contained LYVE-1-positive and Prox1-positive lymphatic networks, indicating that 

lymphangiogenesis was stimulated. When comparing the different oils, vascularized tissue area 

and vascular density of sunflower oil were significantly higher than corn and peanut oils.
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Conclusions—These results provide novel evidence supporting that induction of microvascular 

network growth into the normally avascular mouse mesentery is possible.
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1 | INTRODUCTION

The rat mesentery has been invaluable for advancing our understanding of the 

microcirculation. The thinness of the mesentery has provided unique views of the network, 

vessel, and cellular levels that remain largely unobtainable with other tissues. From vasore-

activity, immunohistochemistry, and more recently, ex vivo tissue culture studies, the use of 

the rat mesentery has provided insights into cell-cell interactions, phenotypic dynamics, 

basic network architecture, and dysfunction associated with multiple disease scenarios.1–8 

Observations made in the rat mesentery in many ways have helped define the fundamental 

areas of microvascular research focused on hemodynamics, white blood cell mechanics, red 

blood cell flow, and microvascular network remodeling.3,5,9–11 Utilizing this tissue has shed 

light on different endothelial cell and pericyte phenotypes4,7,12–16 and network responses to 

various growth factors.1,17–19 Further, the tissues’s characteristics have allowed for the 

investigation and manipulation of vessel-specific hemodynamic stresses,3,20–22 and for the 

observation of leukocyte responses to altered environments.3,5,11 The tissue has also offered 

fundamental characterization of microvascular innervation and the structure of initial 

lymphatic networks.8,23

Intriguingly, the analogous transparent, connective tissue in the mouse is avascular.24 A 

critical question remains: Can we induce microvascular growth into the mouse mesentery? 

Preliminary observations of mouse mesentery tissues treated with tamoxifen dissolved in oil 

for conditional gene mutation studies suggest that this is a possibility. Therefore, the overall 

objective of this study was to stimulate angiogenesis into the avascular mouse mesentery. 

Based on undocumented observations of vessel-like structures post intraperitoneal injections 

of tamoxifen dissolved in oil for conditional genetic mouse studies, and sparse examples 

from the literature,25,26 we specifically tested the hypothesis that tamoxifen treatment causes 

microvascular growth into the avascular mouse mesentery connective tissue. The presence of 

microvessels was quantified post-injection of tamoxifen, saline, sunflower oil, corn oil, or 

peanut oil following a typical, widely used protocol for inducible gene mutation studies. Our 

results provide evidence for the presence of branching, multicellular microvascular networks 

in the mouse mesentery. Microvascular growth was induced with tamoxifen along with the 

three different oils indicating that oil alone is sufficient for inducing microvascular network 

growth. While the mechanisms of microvascular growth remain to be determined, our results 

provide a new technical innovation for vascularizing the mouse mesentery. The stimulation 

of microvascular growth into the otherwise avascular, adult mouse mesentery tissue will 

provide a useful model that can be coupled with transgenic mice to inspire a new line of 

foundational studies for advancing our understanding of the microcirculation.
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2 | MATERIALS AND METHODS

2.1 | Inducing microvascular growth in mouse mesentery tissue

All animal experiments were approved by Tulane University’ s or University of Florida’ s 

Institutional Animal and Care Use Committee. The procedure followed is a common 

protocol for tamoxifen induction in genetically engineered mice. Briefly, adult, female 

C57BL/6 mice were given a single intraperitoneal (IP) injection daily for 5 consecutive days. 

All injections were 0.1 mL in volume and warmed to 37°C. The experimental groups 

receiving injections were as follows: saline (n = 4 mice), sunflower oil (n = 4 mice), and 

tamoxifen (n = 4 mice), sterile sunflower oil (n = 4 mice), sterile corn oil (n = 3 mice), and 

sterile peanut oil (n = 3 mice). Mesentery tissues for these groups were harvested 21 days 

after the last injection. In addition to the stimulus experimental groups, there were two time 

point experimental groups for the sterile sunflower oil stimulus: 10 Days (n = 2) and 42 

Days (n = 2). Sterile saline (Baxter), autoclaved and non-autoclaved organic sunflower oil 

(Spectrum), autoclaved corn oil (Sigma-Aldrich), autoclaved organic peanut oil (Spectrum), 

and 10 mg/mL of tamoxifen T5649 (Sigma-Aldrich) were utilized. To prepare tamoxifen, 5 

mg of tamoxifen and 0.5 mL of non-sterile organic sunflower oil were added in a 1-mL 

centrifuge tube. Tamoxifen was dissolved by placing the tube on a shaker inside an oven set 

to 37°C for 2 hours.

2.2 | Harvesting and culturing mouse mesentery tissue

The mice were euthanized in a CO2 chamber by asphyxiation followed by cervical 

dislocation. Similar to a previously established protocol by Stapor et al, 2013, the mesentery 

tissues were harvested. Briefly, the abdominal fur was shaved before sterilizing the abdomen 

with 70% isopropyl alcohol followed by 3 wipes with iodine. The abdominal skin and 

muscles were cut off with sterile scissors to expose the abdominal cavity. Using sterile 

techniques, the ileum was located as a reference point, and the mesentery was carefully 

spread on a sterile drape to expose the individual windows. Sterile saline, warmed to 37°C, 

was dripped on the tissue to keep it from drying out. Utilizing microscissors and forceps, 

mesenteric windows were aseptically harvested. Once removed, most tissues were rinsed in 

phosphate-buffered saline (PBS) and immediately fixed in 100% methanol. The tissues to be 

cultured were rinsed in sterile Dulbecco’ s phosphate-buffered saline (DPBS) and transferred 

to sterile minimum essential media containing Earle’ s Salts (MEM; Gibco) and 1% 

Penicillin-Streptomycin (PenStrep; Gibco) warmed to 37°C. In a biosafety cabinet, the 

tissues were transferred to a 6-well culture plate with 4 mL of culture media in each well. 

Culture media contained sterile MEM, 1% PenStrep, and 20% fetal bovine serum (FBS). 

Tissues were then placed inside an incubator set to standard cell culture conditions (5% CO2, 

37°C) for 3 days, where the media was changed every 24 hours.

2.3 | Immunohistochemistry

Before labeling, tissues were spread on a microscope slide and fixed in 100% methanol at 

−20°C for 30 minutes. Briefly, all antibodies were diluted in an antibody buffer solution 

containing PBS, 0.1% saponin, and 2% bovine serum albumin. Tissues were incubated with 

all primary and secondary antibodies for 1 hour at room temperature; conjugated Lectin was 

incubated 30 minutes. Tissues were then rinsed for 10 minutes three times with PBS and 
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0.1% saponin cooled to 4°C. The following antibodies were used to label the tissues: 1:200 

mouse platelet endothelial cell adhesion molecule (PECAM; BD Biosciences) with 1:500 

streptavidin secondary (Strep-CY2 or Strep-CY3, Jackson Immuno Research), 1:200 CY3-

conjugated α-smooth muscle actin (αSMA, Sigma-Aldrich), 1:100 rabbit neuron-glial 

antigen 2 (NG2, Millipore) with 1:100 goat anti-rabbit secondary (GAR-594, Jackson 

Immuno Research), 1:100 rabbit lymphatic vessel endothelial hyaluronan receptor-1 

(LYVE-1, AngioBio) with 1:100 GAR-CY3, 1:100 rabbit polyclonal Prox1 (Prox1, 

AngioBio) with 1:100 GAR-594, 1:100 FITC-conjugated rat CD11b (CD11b, BD 

Pharmingen), and 1:40 FITC-conjugated BSI-lectin (Lectin, Sigma-Aldrich).

2.4 | Image acquisition

Images were taken with a 4x, 10x, and 20x (oil) objectives from an inverted microscope 

Olympus IX71 paired with a Photometrics CoolSNAP EZ camera, or from an inverted 

microscope, Nikon Eclipse Ti2, paired with a Photometrics CoolSNAP DYNO camera. The 

bright field image was acquired with a Nikon dissecting microscope paired with a color 

camera. Whole tissue images of PECAM labeling were acquired with a 10× objective to be 

able to quantify microvascular growth.

2.5 | Quantification of microvascular growth

From each group, eight mesentery tissues were randomly chosen and imaged to be analyzed. 

All quantifications were performed via blind analysis. Using the Java-based NIH ImageJ27 

v.1.0 image processing software, the percentage of vascularized tissue area and vascular 

density of the mesentery tissues were determined. The vascular area of each tissue was 

measured by outlining the perimeter of the vasculature within the window. The outline 

included open-ended vascular segments and excluded vessels in the adipose border. The 

tissue area was measured by outlining the entire window excluding the adipose border. The 

areas were calculated in mm2 based on the pixel to mm ratio of the image. The vascular area 

was then divided by the tissue area and converted to a percentage to calculate the 

vascularized tissue area. For vascular density, the number of segments per vascular area of a 

distinct network in the tissue was calculated. A segment was defined as the length of blood 

vessel between two nodes, defined as the branching points in the vascular network, where 

the segments do not have blind ends. A distinct network constituted of an arteriolar and 

venular pair with its corresponding capillaries. To differentiate between arterioles and 

venules, the diameter and morphology of endothelial cells were examined as arterioles have 

smaller diameters and more elongated endothelial cells due to their higher shear stress 

compared to venules.15,28

2.6 | Statistical analysis

Data are presented as mean ± standard error of mean (SEM). Oneway analysis of variance 

(ANOVA) test followed by Tukey’ s multiple comparisons test was used to analyze 

differences between three groups. Welch’s unequal variances t test was used to analyze 

differences between sterile and non-sterile sunflower oil stimulation. GraphPad Prism 

version 7 software was used for all statistical analyses. Statistical significance was achieved 

when P-value < 0.05.
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3 | RESULTS

3.1 | Sunflower oil and tamoxifen induce vascularization in mouse mesentery

After injecting mice with saline, sunflower oil, or tamoxifen for 5 consecutive days and 

harvesting tissues 21 days post-injection, the mesenteries from the saline group were still 

avascular (Figure 1 A), while the mesenteries from the non-sterile sunflower oil and 

tamoxifen groups contained complete microvascular networks (Figure 1 B,C). Here, we 

define the “mesenteric windows” as the thin, translucent connective tissue located between 

artery/vein pairs that feed the small intestine. The PECAM-positive endothelial cells lined 

the microvascular networks which contained a distinct hierarchy with branched arterioles, 

venules, and capillaries (Figure 1 B,C). Vessel types could be identified based on their 

endothelial cell morphologies and vessel diameters.15,28 Moreover, the newly formed 

microvessels across the hierarchy of microvascular networks in the mesenteric windows 

appear to be perfused with red blood cells (Figure 1 D). Every mesenteric window from the 

non-sterile sunflower oil (8/8) and tamoxifen (8/8) groups contained microvascular networks 

with arterioles, venules, and capillaries. In contrast, zero mesenteric windows (0/8) from the 

saline group contained a branching microvascular network. The percentages of vascularized 

tissue area for the Sunflower Oil and Tamoxifen group were dramatically increased 

compared to avascular Saline group (Figure 1 E, Saline: 0.0462 ± 0.0462%; Sunflower Oil: 

28.3 ± 8.61%, P = 0.0338; Tamoxifen: 35.6 ± 9.46%, P = 0.0073). A similar trend was 

observed when vascular density was compared. The number of segments per vascular area 

was significantly higher for the Sunflower Oil and Tamoxifen compared to Saline (Figure 1 

F, Saline: 4.19 ± 4.19 #/mm2; Sunflower Oil: 290 ± 32.0 #/mm2, P < 0.0001; Tamoxifen: 

275 ± 31.8 #/mm2, P < 0.0001). Importantly, even though the size of each microvascular 

network from the Sunflower Oil and Tamoxifen groups varied, all the microvasculature was 

connected to vessels that originated from the periphery of the tissue, suggesting ingrowth 

from the surrounding adipose border.

3.2 | Multiple cell types are present in vascularized mouse mesentery

The microvasculature that grew into the mesentery tissues also contained perivascular cells. 

Including αSMA-positive smooth muscle cells and NG2-positive pericytes (Figure 2 A–F), 

along with CD11b-positive macrophages residing in the interstitial space (Figure 2 M–O). 

The two perivascular cells displayed common wrapping morphologies and were present in 

their expected locations. Moreover, along with the vascularization of the mesentery, tissues 

also displayed the growth of LYVE-1-positive (Figure 2 G–I), Prox1-positive (Figure 2 J–L) 

lymphatics. Lymphatics were distinguished by LYVE-1-positive or Prox1-positive labeling, 

intensity of PECAM, and endothelial cell morphology.

3.3 | Vascularization is induced by 10 days and sustained after 21 days

After injecting mice with sunflower oil for 5 consecutive days, tissues were harvested after 

10 days (Figure 3 A), 21 days (Figure 3 B), or 42 days (Figure 3 C) post the last injection. 

PECAM-positive microvascular networks were present by Day 10. The vascularized tissue 

area significantly increased on Day 21 and 42 when compared to Day 10 (Figure 3 D, Day 

10: 17.7 ± 4.13%; Day 21: 61.6 ± 7.22%, P < 0.0001; Day 42: 57.6 ± 3.61%, P < 0.0001), 

but did not increase between Day 21 and 42 (P = 0.8529). In contrast, an opposite trend was 
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observed when vascular density was compared. The number of segments per vascular area 

was significantly higher for Day 10 compared to Day 21 and Day 42 (Figure 3 E, Day 10: 

428 ± 88.2 #/mm2; Day 21: 186 ± 23.1 #/mm2, P = 0.0106; Day 42: 127 ± 9.26 #/mm2, P = 

0.0017), but comparable between Day 21 and Day 42 (P = 0.7167).

3.4 | Sunflower oil induces a higher vascularization area than corn or peanut oil

Sterile sunflower oil, corn oil, or peanut oil injections for 5 consecutive days stimulated 

microvascular growth evident by the presence of PECAM-positive networks (Figure 4 A–C). 

Quantification revealed that sunflower oil stimulation caused a significantly higher 

vascularized tissue area compared to corn and peanut oil, but no significant difference 

between corn and peanut oil (Figure 4 E, Sunflower Oil: 61.6 ± 7.22%; Corn Oil: 16.6 ± 

4.78%, P < 0.0001; Peanut Oil: 27.0 ± 5.89%, P = 0.0016). Vascular density, quantified as 

the number of segments per vascular area, was comparable between all three oil groups 

(Figure 4 F, Sunflower Oil: 186 ± 23.1 #/mm2; Corn Oil: 144 ± 13.4 #/mm 2; Peanut Oil: 

135 ± 19.2 #/mm2, P > 0.05).

3.5 | Angiogenesis is stimulated ex vivo after stimulation

Recently, the culturing of rat mesentery was introduced as a novel ex vivo model for 

investigating real-time cell dynamics involved in angiogenesis across the hierarchy of an 

intact network.8,28 This motivated us to culture mouse mesentery tissues to observe whether 

angiogenesis can also be stimulated ex vivo, which would enable further experimental 

approaches using knockout and transgenic mice. Our results demonstrated that when mouse 

mesentery tissues from the Sunflower Oil or Tamoxifen groups were cultured for 3 days in 

MEM supplemented with 20% FBS, angiogenesis, defined as capillary sprouts, was indeed 

observed (Figure 5). When compared to Day 0 uncultured tissues, (Figure 5 A, C), Day 3 

cultured tissues (Figure 5 B, D) displayed more capillary sprouts which are blind-ended 

PECAM-positive endothelial cell segments protruding from existing microvessels.

4 | DISCUSSION

The primary finding of this study is the induction of microvascular network growth into the 

avascular mouse mesentery, thus enabling the use of genetically modified mice to address 

the signaling pathway regulating angiogenesis and lymphangiogenesis. The rat mesentery is 

a thin connective tissue that provides an essential 2-dimensional view of intact 3-

dimensional microvascular networks down to the single cell level. Mesenteries can be used 

for intravital microscopy7 are easily harvested for immunohistochemical labeling and can 

even be cultured.8 Our findings enable the combination of two fundamental tools for 

microcirculation research: the mesentery tissue and knockout/transgenic mouse strains.

The new microvascular networks in the mouse mesentery contained αSMA-positive smooth 

muscle cells and NG2-positive pericytes wrapping the capillaries. In addition, our 

observations indicated the presence of LYVE-1-positive or Prox1-positive lymphatic 

endothelial cells comprising the lymphatic system. Therefore, angiogenesis and 

lymphangiogenesis were induced in the mesentery after 21 days from the last injection. 

Twenty-one days was selected for the endpoint of this study based on typical tamoxifen 
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injection protocols for inducible knockout studies, but microvascular growth was present by 

10 days. Furthermore, growth continued out to Day 21 which was then sustained to at least 

42 days. The remodeling in the mesentery is also supported by the presence of apparent, 

activated NG2-positive, and LYVE-1-positive interstitial cells. LYVE-1-positive interstitial 

cells were nucleated but not all nucleated interstitial cells were LYVE-1-positive (Figure S1 

B–D). The LYVE-1-positive cells were also lectin-positive (Figure S1 A–D). CD11b and 

DAPI labeling suggests that a subset of interstitial cells are macrophages (Figure S1 E–H). 

Overall, the observations of these different interstitial cell populations further support the 

use of the mouse mesentery to probe multicellular dynamics during angiogenesis and 

lymphangiogenesis.

The endothelial extensions along capillary sprouts in the mouse mesentery tissues displayed 

similar morphologies to sprouts in rat mesentery tissues.29 While some sprouts displayed 

filopodia (Figure S2 C–D), they were more commonly characterized by blunt-ended 

pseudopodia extensions (Figure S2 A–B) similar to the capillary sprouts in angiogenic 

microvascular networks from rat mesentery.29 Interestingly, in the rat mesentery networks, 

VEGFR-2 and UNC5b labeling along capillary sprouts did not differ between leading tip 

cells and stack cells.29 Compared to reports from the literature characterizing tip cell identity 

and morphology,30–33 our observations in mouse and rat mesentery tissues suggest that 

capillary sprouting in adult mesentery tissue might follow an alternative paradigm.

The novelty of our findings is highlighted by the discovery of a robust method to induce 

microvascular network growth (angiogenesis and lymphangiogenesis) in the mouse 

mesentery, which is considered to be avascular.24 This discovery establishes a platform for 

follow-up studies aimed at both using the model and better understanding it. While we do 

not yet know whether the new microvascular networks are more pathological or 

physiological, trial experiments indicate that vessel growth in the avascular mouse 

mesentery might be stimulus specific. For example, injections of compound 48–80 (a mast 

cell degranulator) did not cause vessel growth after 10 days (Figure 6 A). There were no 

PECAM-positive microvasculature networks in any of the 17 mesenteric windows that were 

harvested. In contrast, IP injection of ovarian cancer cells did induce angiogenesis (Figure 6 

B). Together, these results suggest that microvascular growth effect in mouse mesentery 

tissues is stimulus dependent, yet not oil specific. While the unknown mechanisms remain a 

limitation, the mouse mesentery model enables the investigation of cell dynamics during 

angiogenesis and lymphangiogenesis across the hierarchy of an intact adult microvascular 

network with arterioles, capillaries, and venules in a tissue that can be whole mounted for 

immunolabeling and used for intravital microscopy. We believe this advantage of the mouse 

mesentery model is unique and offers a valuable tool for future research.

Searching “mouse mesentery” and “angiogenesis” in the literature using PubMed, only 29 

results appear. Of these, there are fewer examples that suggest microvascular vessels can 

exist within the thin connective tissue and further support that microvascular growth is not 

oil specific. Norrby et al34 report that compound 48–80 IP injections in mice led to a 

significant increase in angiogenesis within the mesenteric windows compared to its control. 

Anghelina et al35 describe the stimulation of capillary sprouts into the mesentery tissue via 

VEGF injection or mechanical irritation. Studies by Van Steenkiste et al and Calderone et 
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al36,37 use the partial portal vein ligation model to research angiogenesis in mouse 

mesentery. Similar to our trial results, Dvorak and colleagues identify the extension of blood 

vessels toward tumors within mouse mesenteric windows 5 days after injecting cancer cells.
38 Also, Jeon et al39 showed that the IP injection of ovarian cancer cells induces 

lymphangiogenesis.

The current study was in part inspired by undocumented light microscopy observations of 

apparent vessel structures in mesenteries from tamoxifen-treated mice for conditional gene 

knockout studies. Together with examples from the literature suggesting that tamoxifen can 

upregulate pro-angiogenic factors,25,26 these preliminary observations motivated the 

hypothesis that injecting tamoxifen into the peritoneal cavity of mice would be the cause for 

stimulating angiogenesis in the mesentery. However, our results reject this hypothesis and 

support that oil alone is sufficient to induce angiogenic growth. Sunflower oil was used as a 

control since it is a common solvent for tamoxifen. All 16 tissues, 8 from non-sterile 

sunflower oil and tamoxifen groups, contained at least one microvascular network comprised 

of a distinct arteriole, venule, and associated capillaries that extended from the adipose 

border to the thin connective tissue. In contrast, none of the saline tissues contained a 

microvascular network. Since saline-stimulated tissues remained avascular, our results 

clearly demonstrate that the induction of microvascular growth is associated with an oil-

mediated response.

The effect of sunflower oil also prompted additional experiments to discover if angiogenesis 

and lymphangiogenesis were oil type specific. After following the same injection protocols, 

the effects of sterile sunflower, corn, and peanut oils were compared. These findings reveal 

that corn and peanut oil also induce microvascular growth into the avascular mouse 

mesentery with branching microvascular networks, perivascular cells, and lymphatic vessels 

being present for the three different oil types. The angiogenic property of oils is supported 

by previous experiments showing an increase in angiogenesis in wound healing of the skin 

when oils were applied.40,41 Oil also seemed to stimulate adipogenesis in the mesentery 

since adipose cell clusters in the window area were observed in tissues from all three 

different oils but not in the saline tissues. We speculate that the oil stimulation of 

angiogenesis was not tissue specific as the mesometrium within the peritoneal cavity 

displayed examples of increased microvascular density and sprouting (data not shown) when 

compared to unstimulated mesometrium.42 Our findings show that corn and peanut oil also 

induced microvascular growth into the avascular mouse mesentery tissue (Figure 4); yet 

interestingly, there is a significant decrease in the vascularized tissue area of corn and peanut 

oils when compared to sunflower oil. The differences highlight the unknown mechanisms 

with the oil types and motivate future experiments aimed at understanding what is sufficient 

to cause microvascular growth.

As microvascular growth and remodeling are common denominators for multiple 

pathologies such as diabetic retinopathy, myocardial ischemia, and tumor growth,43 a need 

still exists to fully comprehend the multicellular dynamics during angiogenesis, which is 

defined as the growth of new blood vessels from existing ones. Ideal experimental models 

enable the observation and tracking of specific cell types at different temporal stages of 

growth at certain locations across a microvascular network. Our results also support the 
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culturing of mouse mesentery tissues for the future real-time tracking cell dynamics. In the 

context of tool development, ex vivo biomimetic models have emerged as powerful 

experimental platforms for basic science discovery and pre-clinical drug testing. A challenge 

for microvascular research, however, is recapitulating the complexity associated with intact 

networks in real tissue scenarios. To meet this challenge, our laboratory has recently 

introduced the rat mesentery culture model, which has the following advantages: (a) 

investigation of multicellular interactions, including endothelial cells, smooth muscle cells, 

pericytes, and macrophages,8,44,45 (b) similar to in vivo, angiogenesis most commonly 

occurs along venules and capillaries versus arterioles,8 (c) perivascular cells such as smooth 

muscle cells and pericytes remain functional during culture,8,46,47 and (d) the ability to 

capture time-lapse images during angiogenesis and lymphangiogenesis at the same time.
44,48 Relevant to the contribution of the current study, the most common question motivated 

by the presentation of the rat mesentery culture model is—Can mouse mesentery be used? 

Similar to the rat mesentery tissue, the mouse mesentery is a self-contained tissue that can 

easily be cultured without the need of a 3-dimensional matrix gel platform, yet it is 

avascular. Thus, in order to use mouse mesentery tissue for culture applications, it must first 

be vascularized and our results provide a protocol to do so.

5 | CONCLUSIONS AND PERSPECTIVE

In summary, these results introduce a technical innovation that motivates the use of mouse 

mesentery connective tissue for investigating the microvascular growth and remodeling. The 

vascularized mouse mesentery can be viewed as an alternative platform to the rat mesentery 

for studying angiogenesis. Since the rat mesentery has shown to be invaluable for a myriad 

of microcirculation experiments, we foresee that this mouse mesentery model can offer 

similar impactful discoveries for researchers by enabling real-time cell fate and mechanistic 

studies of intact microvascular networks from genetically manipulated strains.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ANOVA analysis of variance

DAPI 4’,6-Diamidino-2-Phenylindole

DPBS Dulbecco’ s phosphate-buffered saline
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FBS fetal bovine serum

GAR goat anti-rabbit

IP Intraperitoneal

LYVE-1 lymphatic vessel endothelial hyaluronan receptor-1

MEM minimum essential media

NG2 neuron-glial antigen 2

PBS phosphate-buffered solution

PECAM platelet endothelial cell adhesion molecule

PenStrep Penicillin-Streptomycin

SEM standard error of mean

αSMA smooth muscle actin-α
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FIGURE 1. 
Growth of microvascular networks in mouse mesentery. PECAM labeling identified 

endothelial cells along microvascular networks. Mouse mesentery tissue from 21 d post-

injection with saline (A), non-sterile sunflower oil (B), and tamoxifen (C); scale bars = 200 

μm. The solid lines denote the border between the connective tissue and the adipose tissue 

(+). Bright field image shows perfused microvasculature (D) from sterile sunflower oil 

within the mesenteric window (dashed lines); scale bar = 1 mm. The quantification of 

vascularized tissue area (E) and vascular density (F) from each group is shown. A = 

arteriole, V = venule, and C = capillary. Data are shown as the mean + SEM, n = 8. The * 

and *** represent P < 0.05 and P < 0.0001, respectively
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FIGURE 2. 
Multiple cell types are present in the vascularized mouse mesentery tissues 21 d post 

sunflower oil stimulation. Mouse mesentery tissues have PECAM-positive endothelial cells 

comprising microvascular networks (A-O), along with supporting cells including αSMA-

positive smooth muscle cells (A-C), NG 2-positive pericytes (D-F), and CD 11b-positive 

macrophages (M-O). In addition to blood vessels, LYVE-1-positive (G-I) and Prox1-positive 

(J-L) lymphatic vessels are also present. A = arteriole, V = venule, and L = lymphatic. 

Arrows identify wrapping pericytes. Arrowheads identify interstitial macrophages. Scale 

bars = 100 μm
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FIGURE 3. 
Growth of microvascular networks in mouse mesentery after 10, 21, and 42 d post sterile 

sunflower oil stimulation. PECAM labeling identified endothelial cells along microvascular 

networks Day 10 (A), Day 21 (B), and Day 42 (C) post-injection with sunflower oil. The 

quantification of vascularized tissue area (D) and vascular density (E) from the different 

days is shown. A = arteriole, V = venule, and C = capillary. Data are shown as the mean + 

SEM, n = 8. The * and *** represent P < 0.05 and P < 0.0001, respectively. Scale bars = 200 

μm
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FIGURE 4. 
Various sterile oil stimulations induce growth of microvasculature in the mouse mesentery. 

PECAM labeling identified endothelial cells along microvascular networks. Mouse 

mesentery tissue from 21 d post-injection with Sunflower Oil (A), Corn Oil (B), and Peanut 

Oil (C). The quantification of vascularized tissue area (D) and vascular density (E) from the 

different oils is shown. A = arteriole, V = venule, and C = capillary. Data are shown as the 

mean + SEM, n = 8. The * and *** represent P < 0.05 and P < 0.0001, respectively. Scale 

bars = 200 μm
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FIGURE 5. 
Angiogenesis can be stimulated during culture in microvascular networks from mouse 

mesentery tissues after 21 d post sterile sunflower oil stimulation. Tissues cultured with 

MEM supplemented with 20% FBS for 3 d (B, D) had an obvious angiogenic response 

indicated by the capillary sprouts (arrows) when compared to tissues which had not been 

cultured (A, C). Images C and D are higher magnification of the images in A and B 

demarcated by the dashed rectangles. Scale bars = 100 μm
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FIGURE 6. 
Different stimuli have different effects on microvascular growth in the mouse mesentery. 

After giving an IP injection of 0.5 mL doses of compound 48–80 (40, 80, 120, 160, and 200 

μg/mL in sterile saline) over the time course of 3 d (twice a day and once on the last day) in 

increasing concentrations to adult, female C57 BL /6 mice (n = 2), PECAM-positive 

microvessels were not identified after 10 d post-injection (A). PECAM-positive endothelial 

cells comprising microvessels were observed after 4 wk of injected transformed mouse 

ovarian epithelial cells (3 × 106 cells in 0.2 mL of PBS ), where spheroid tumors contained 

microvasculature into the mesenteric window (B). Arrows identify spheroid tumors which 

are comprised of TARS-positive cells. The solid lines denote the border between the 

connective tissue and the adipose tissue (+). Scale bars = 100 μm
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