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Abstract

Objective—During autologous flap transplantation for reconstructive surgeries, plastic surgeons 

use a surgical pre-treatment strategy called “flap delay”, which entails ligating a feeding artery 

into an adipose tissue flap 10–14 days prior to transfer. It is believed that this blood flow alteration 

leads to vascular remodeling in the flap, resulting in better flap survival following transfer; 

however, the structural changes in the microvascular network are poorly understood. Here, we 

evaluate microvascular adaptations within adipose tissue in a murine model of flap delay.

Methods and Results—We used a murine flap delay model in which we ligated an artery 

supplying the inguinal fat pad. Although the extent of angiogenesis appeared minimal, significant 

diameter expansion of pre-existing collateral arterioles was observed. There was a 5-fold increase 

in recruitment of CX3CR1+ monocytes to ligated tissue, a 3-fold increase in CD68+/CD206+ 

macrophages in ligated tissue, a 40% increase in collateral vessel diameters supplying ligated 

tissue, and a 6-fold increase in the number of proliferating cells in ligated tissue.

Conclusions—Our study describes microvascular adaptations in adipose in response to altered 

blood flow and underscores the importance of macrophages. Our data supports the development of 

therapies that target macrophages in order to enhance vascular remodeling in flaps.
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INTRODUCTION

The microvasculature is a dynamic system that changes its function and structure in 

response to biochemical and biomechanical stimuli. Prolonged ischemia, (e.g. the loss of 

blood flow to a region of tissue), is a particularly potent stimulus for angiogenesis, the 

formation of new blood vessels from pre-existing blood vessels12,46,51 and arteriogenesis, 

the process by which pre-existing arteries/arterioles remodel to increase their 

diameter17,20,40. Angiogenesis and arteriogenesis are capable of restoring blood flow to 

ischemic tissue40,41, providing injured tissue with the necessary nutrients to regenerate, and 
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protecting against future ischemic damage13. While angiogenesis and arteriogenesis are 

physiological processes that occur in health (e.g. during exercise6,37 and menstruation11) 

and during disease (e.g. in response to ischemic insult17,20,40 and endometriosis36), the 

plastic surgery community has developed surgical strategies that presumably leverage these 

processes to aid in the repair of soft tissue defects through the use of autologous flaps.

Soft tissue defects commonly result from trauma, congenital disorders, or post-operative 

cancer resections5. Autologous flaps, which can be composed of fat, muscle, and/or skin, are 

surgically transferred from one region of the body to the site of the defect for reconstruction. 

Partial autologous flap loss due to inadequate blood flow can lead to multiple operations and 

a persisting defect. A pretreatment surgical technique termed “flap delay” involves the 

ligation of the main feeding vessel into the fat 10–14 days prior to tissue transfer to the 

recipient site. It is believed that this alteration in blood flow leads to growth and remodeling 

of the microcirculation, which allows for transfer of more tissue and improves autologous 

flap survival22,30. Although flap delay is performed routinely in the clinical setting and has 

been for many years, dating back to the first delayed flap for nasal reconstruction by 

Gaspare Tagliacozzi in the 16th century38, the type of vascular remodeling that occurs within 

an autologous flap (angiogenesis, arteriogenesis, or both) and the types of vessels that 

undergo remodeling within the network (i.e. arterioles, capillaries, and/or venules) remain in 

question. Although the autologous flap is a composite tissue, the majority of the volume 

comes from the adipose tissue itself, and therefore a purely “adipose flap” will be the subject 

of our studies.

Prior studies have focused on the cellular composition and protein levels within an 

autologous flap, examining metabolic changes of the adipocytes, angiogenic protein 

secretion (VEGF, bFGF)24, upregulation of hypoxia-inducible factor 1-α9, and increased 

recruitment of endothelial progenitor cells33. Other studies have examined vessel dilation 

responses following vascular delay by using non-invasive laser Doppler flowmetry3 and 

perfused tissue sections8; however, few studies to date have examined how the 

microvascular network dynamically and structurally adapts in concert with the immune cell 

compartment following ischemic ligation in a clinically relevant model of flap delay.

In this study, we investigated how the microvasculature in a purely adipose flap remodels – 

at the network level – in response to ischemic ligation of a feeding artery. By evaluating 

both angiogenesis and arteriogenesis, as well as immune cell recruitment in a published 

murine model of flap delay46, our data show that arteriogenesis predominates over 

angiogenesis and that macrophages aid in the arteriogenic response following recruitment to 

the delayed adipose flap after 1–3 days. We examine the remodeling response at early time 

points to observe the interplay between immune cell recruitment and subsequent 

differentiation with the microvascular remodeling response. Understanding how the 

microvasculature of adipose tissue structurally adapts in response to ligation can suggest 

therapeutic mechanism(s) to further enhance autologous flap survival following flap delay, 

and improve long-term volume retention which will lead to better patient outcomes, fewer 

corrective procedures, and reduced cost burden on the healthcare system.
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MATERIALS AND METHODS

Inguinal fat pad ligation surgery

All procedures were performed in accordance with the Institutional Animal Care and Use 

Committee of the University of Virginia. Eight to sixteen week old C57BL/6 mice were 

used for all studies, unless otherwise specified, with the number of mice denoted in figure 

legends. A modified, previously published inguinal fat pad ligation model46 was used. 

Briefly, mice were anesthetized with ketamine/xylazine/atropine (60/4/0.2 mg/kg) and a 1.5 

cm incision was made in the skin overlying the left inguinal fat pad using a scalpel blade 

(Figure 1). Skin and underlying connective tissue were carefully undermined using blunt 

dissection to expose the epigastric artery, which feeds the inguinal fat pad. The murine 

inguinal fat pad is a closed-network with one main feeding artery and typically three to four 

smaller collateral vessels that enter the lateral side of the fat pad from the skin (Figure 1A). 

A 10–0 nylon suture (Ethicon, Somerville, NJ) was used to ligate the epigastric artery after 

carefully separating the artery from its paired vein. The epigastric artery was severed 

following ligation, and loss of blood flow was confirmed visually using a surgical 

microscope under 3× magnification. The incision was closed with 8–0 nylon suture 

(Ethicon, Somerville, NJ). At subsequent time points (30 minutes, 12 hours, 24 hours, 72 

hours), adipose tissue was harvested from euthanized mice, as described below. Sham 

surgery was performed on the contralateral side of each mouse. For the sham surgery, a 10–

0 nylon suture was passed underneath the epigastric artery but was not tied, and the incision 

was closed with 8–0 nylon suture.

Intravascular perfusion of isolectin to visualize blood flow

The presence of flow in blood vessels was determined using intravascular perfusion of 

isolectin in Tie2-GFP reporter mice. Following ligation or sham surgery at specified time 

points (30 minutes, 12 hours, 24 hours, and 72 hours), the jugular vein was surgically 

exposed in anesthetized mice. 50 µg of Alexa Fluor 647 conjugated Isolectin GS-IB4 from 

Griffonia simplicifolia (Life Technologies, Grand Island, NY) was suspended in 150 µL of 

sterile PBS (Life Technologies, Grand Island, NY) and drawn into a 28-gauge insulin 

syringe (Smiths Medical, Dublin, OH). The needle was carefully inserted into the jugular 

vein and the isolectin solution was slowly injected to prevent vessel rupture. Isolectin was 

allowed to circulate for 10 minutes, and then the mouse was humanely euthanized via CO2 

asphyxiation. Samples of the inguinal fat pad were harvested and whole-mounted for 

confocal microscopy, as described below.

Harvest of adipose tissue

Mice were euthanized via CO2 asphyxiation. Mice were positioned supine, and all four paws 

were pinned to corkboard. A horizontal incision was made in the abdomen to expose the 

peritoneal membrane without puncturing. The skin was peeled back from the mouse to 

expose the subcutaneous inguinal fat pad. Areas of the inguinal fat pad or collateral vessels 

of interest were carefully excised. The “proximal” region was defined as the area of the 

inguinal fat pad immediately adjacent to where the epigastric artery enters the fat pad, the 

“distal” region was defined as the area adjacent to where the middle collateral vessel enters 

the inguinal fat pad, and the “distal” region was defined as the area of the adipose tissue 
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furthest from where the epigastric artery enters the fat pad (Figure 1). Adipose tissue and 

collateral vessels were immunostained for confocal microscopy or used in other assays, as 

described below.

Whole mounting and confocal imaging of excised adipose tissue

Harvested and immunostained samples of adipose tissue were allowed to adhere to gelatin 

coated microscope slides for 5 minutes. Slides were sealed with coverslips in 50:50 PBS/

glycerol (Sigma-Aldrich, St. Louis, MO) solution. All fluorescently-labeled samples were 

imaged using a Nikon TE 2000-E2 microscope (Nikon instruments, Melville, NY) equipped 

with a Melles Griot Argon Laser System (Melles Griot Carlsbad, CA) and a Nikon D-

Eclipse C1 confocal attachment. 40 µm Z-stacks with 2 µm step size were acquired of 

whole-mounted tissue to account for tissue depth. Magnification power varied from 10× 

magnification to 60× magnification and is indicated by scale bars on presented images. 

Multiple FOVs were acquired for each tissue, as listed for each study in the figure legend.

Quantification of isolectin perfusion in adipose microvessels

Separate images were taken for both the endogenous Tie2-GFP reporter (which labels blood 

vessels) and the intravascularly perfused isolectin (which labels blood vessels that have 

flow). 200× images (at least four unique FOVs per sample) were thresholded and converted 

to black and white to reduce background using ImageJ35. Images were then skeletonized so 

that each blood vessel was one pixel wide to account for differences in blood vessel caliber. 

The percent area of black pixels covering each image was calculated, and the ratio of the 

percent area of lectin perfused blood vessels to the percent area of the Tie2-GFP+ blood 

vessels was calculated. A ratio of 1.0 is indicative of complete isolectin perfusion of the 

Tie2-GFP+ blood vessels.

Microvessel network structural analysis

Samples of adipose from ligated and sham inguinal fat pads were harvested 3 days post 

surgery from the specified regions (proximal or distal) and fixed overnight in 4% PFA at 

4°C. Samples were washed three times with PBS and submerged in 100 µL of 0.3% (v/v) 

Triton X-100/PBS for 3 hours at room temperature to permeabilize the tissue. Following 

permeabilization, the tissue was submerged in 100 µL of Alexa Fluor 568 conjugated 

isolectin diluted in 0.3% Triton X-100/PBS at 1:300. Samples were incubated in antibody 

solution on a rocker at 4°C overnight protected from light. Following staining, samples were 

washed five times for five minutes per wash with 0.3% Triton X-100/PBS. Samples were 

mounted on glass slides. Images (at least four unique FOVs per sample) were acquired using 

confocal microscopy. Images were acquired of regions that included only capillaries and 

excluded larger caliber vessels (e.g. arterioles and venules) to assess the extent of 

angiogenesis within the capillary bed specifically. A previously published MATLAB GUI, 

Rapid Analysis of Vessel Elements (RAVE)42, was used to analyze blood vessel 

characteristics, specifically VLD and VVF.
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In vitro angiogenesis sprouting assay

Tissue was harvested 3 days post surgery from ligated and sham inguinal fat pads at the 

specified regions (proximal and distal) in six mice. A previously published model for 

determining angiogenic capability14 was used to assess the angiogenic capability of ligated 

and sham tissue. Briefly, six small ~1 mm3 pieces of sample tissue were embedded into 40 

µL Growth Factor Reduced BD Matrigel Matrix Phenol-Red Free (BD, Franklin Lakes, NJ). 

After Matrigel solidified, the plug was covered with 200 µL of Endothelial Cell Growth 

Medium (EGM-2, Lonza, Basel, Switzerland). Media was changed every other day. Four, 

40× brightfield images of each adipose tissue explant were acquired using a Nikon TE 2000-

E2 microscope, and the percent of explants exhibiting capillary sprouting were calculated. 

Explants were considered positive for sprouting when new capillary networks were observed 

on the periphery of the adipose tissue explant.

Quantification of collateral vessel diameter

Three days post surgery, five mice were euthanized via CO2 asphyxiation and both left and 

right inguinal fat pads were surgically exposed, as described above. The collateral vessel 

entering the fat pad was located in the distal region of the fat pad. The fascia above the 

collateral vessel was removed to expose the vessel. The collateral vessel was carefully 

removed to retain structural integrity and was placed on a gelatin-coated slide. The collateral 

vessel was allowed to adhere for five minutes and the collateral vessel was encircled with a 

hydrophobic pen. 100 µL of 18.3 µM adenosine in Ringer’s solution was superfused onto the 

vessel for five minutes to ensure vessels were maximally dilated, which allowed direct 

comparison between the collateral vessels of ligated and sham adipose tissues. Adenosine 

was aspirated, and 100 µL of 4% PFA was superfused onto the vessels. Vessels were stored 

in a hydrated petri dish overnight at 4°C.

Vessels were then immunostained to visualize the vascular smooth muscle cells, as follows. 

The PFA fixative solution was first aspirated and 100 µL of 5% (volume/volume) mouse 

serum in 0.3% Triton X-100/PBS was superfused for blocking and permeabilization of the 

vessel for 3 hours at room temperature. The blocking and permeabilization solution was 

removed, and 100 µL of monoclonal anti-actin, α-smooth muscle Cy3 (Sigma-Aldrich, St. 

Louis, MO, Clone 1A4) diluted in 5% mouse serum in 0.3% Triton X-100/PBS at 1:200 was 

added. Samples were incubated overnight at 4°C protected from light. Samples were washed 

five times with 0.3% Triton X-100/PBS for five minutes per wash. Slides were sealed with 

glass coverslips in 50:50 PBS/glycerol solution.

200× images of the collateral vessels were taken using confocal microscopy. Images 

included the feeding branch, the first branch in the adipose tissue, and the second branch in 

the adipose tissue. ImageJ was used to calculate the vessel diameters. Each individual sham 

diameter (e.g. 1st animal, 2nd branch, sham) was paired with the corresponding individual 

ligated diameter (e.g. 1st animal, 2nd branch, ligated) and a paired t-test was run.

CX3CR1-eGFP+ cell recruitment in inguinal fat

Three CX3CR1-eGFP mice crossed with NG2-DsRed mice were used for the monocyte and 

macrophage recruitment studies7. CX3CR1-eGFP cells consist mainly of monocyte-derived 
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macrophages, but dendritic cells and NK cells will also exhibit eGFP fluorescence21. 

Ligation or sham surgery was performed as described previously. 24 hours post-surgery, 

mice were anesthetized, and the jugular vein was surgically exposed. 50 µg of Alexa Fluor 

647 conjugated Isolectin GS-IB4 from Griffonia simplicifoli was injected into the jugular 

vein and was allowed to circulate for 10 minutes, as described above. Mice were euthanized 

via CO2 asphyxiation. Samples of adipose were harvested at the distal location (described 

above) and whole-mounted for confocal imaging. 200× images (four FOVs per sample) 

were acquired with the collateral vessel centrally located in each image. CX3CR1-eGFP+ 

cells located outside of the collateral vessels were quantified per field of view using ImageJ.

CD68+ and CD206+ macrophage quantification in inguinal fat

Ligation or sham surgery was performed as described above. Three days post-surgery, mice 

were humanely euthanized and samples of adipose tissue from the proximal and distal 

regions of each inguinal fat pad were harvested and fixed overnight in 4% PFA at 4°C. 

Samples were washed three times with PBS and submerged in 100 µL of 0.3% (v/v) Triton 

X-100/PBS for 3 hours at room temperature to permeabilize the tissue. Following 

permeabilization, the tissue was submerged in either (1) 100 µL of Alexa Fluor 488 

conjugated isolectin (1:300) and Alexa Fluor 647 anti-mouse CD68 (AbD Serotec, Raleigh, 

NC, Clone FA-11) (1:200) diluted in 0.3% Triton X-100/PBS, or (2) 100 µL of Alexa Fluor 

546 conjugated isolectin (1:300), Alexa Fluor 647 anti-mouse CD68 (AbD Serotec, Raleigh, 

NC, Clone FA-11) (1:200), and Alexa Fluor 488 anti-mouse CD206 (AbD Serotec, Raleigh, 

NC, Clone MR5D3) (1:200) diluted in 0.3% Triton X-100/PBS. Samples were incubated in 

antibody solution on a rocker at 4°C overnight protected from light. Following staining, 

samples were washed five times with 0.3% Triton X-100/PBS for five minutes per wash. 

Samples were mounted on glass slides. 200× images (at least four unique FOVs for each 

sample) were acquired using confocal microscopy, and CD68+ and CD206+ cells were 

quantified using ImageJ.

Quantification of proliferating cells

Samples of adipose tissue from the proximal and distal regions were acquired as described 

above under “Macrophage recruitment”. Tissue samples were submerged in 100 µL of Alexa 

Fluor 488 anti-mouse F4/80 (AbD Serotec, Raleigh, NC, Clone A3-1) (1:100), Alexa Fluor 

546 conjugated isolectin (1:300), and Alexa Fluor 647 anti-mouse Ki-67 (Biolegend, San 

Diego, CA, Clone 16A8) (1:300) and diluted in 0.3% Triton X-100/PBS. Images were 

acquired using confocal microscopy as described above, and Ki-67+ cells, as well as F4/80+/

Ki-67+ cells, were quantified in ImageJ.

Statistical analysis

A two-way ANOVA or a Student’s t-test was performed, as indicated in each figure caption. 

Statistical significance was asserted at p-values < 0.05. All data are presented as average + 

standard deviation.
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RESULTS

Surgical ligation eliminates blood flow through the epigastric artery but perfusion is 
recovered 72 hours after ligation

The reproducible vascular anatomy of the inguinal fat pad (Figure 1A) enabled us to study 

vascular remodeling in both the collateral vessels and in the vessels downstream of the 

ligation in the epigastric artery. To study vascular growth and remodeling in different 

regions of the inguinal fat pad, we divided it into two regions, relative to where the epigastic 

artery enters the fat pad: proximal and distal (Figure 1A). A macroscopic view of the 

inguinal fat pad (Figure 1B) shows the femoral artery, as well as the ligation site within the 

epigastric artery. Immunofluorescent staining for α-smooth muscle actin was performed to 

measure the diameter of the epigastric artery, which was roughly 150 µm (Figure 1C). Loss 

of blood flow downstream of the ligation site in the epigastric artery was visually confirmed 

following ligation, and in the contralateral fat pad undisturbed blood flow was visually 

confirmed following sham surgery.

Use of the Tie2-GFP reporter mouse allowed for visualization of arterioles, capillaries, and 

venules in the inguinal fat pad. Endothelial cells in these mice express GFP under the 

control of an endothelial-specific receptor tyrosine kinase (Tie2) promoter. Confocal 

micrographs of all samples revealed the expected lacy structure of the vascular network in 

the adipose tissue (Figures 2A, 2C, 2E, 2G). Intravascular perfusion of isolectin allowed for 

visualization of perfused vessels, and comparison with Tie2 expressing vessels in the same 

FOV (Figures 2B, 2D, 2F, 2H). We hypothesized that we would see a loss in perfusion 

surrounding the ligation site (proximal) immediately following ligation, but would observe a 

gradual increase in perfusion due to vessel remodeling in the distal region of the inguinal fat 

pad. We also hypothesized that there would be little to no alteration in the perfusion of the 

distal blood vessels where the collateral vessel enters. Representative confocal micrographs 

and quantification of images such as these revealed a near complete loss of perfusion in 

ligated tissue in the proximal region 30 minutes post-surgery (Figure 2B and 2I). Gradually 

and linearly over the next 72 hours, ligated fat pads experienced full recovery of perfusion 

(Figure 2H and 2I). In contrast, the ratio of perfused isolectin to Tie2-GFP expressing 

vessels in the sham fat pad maintained a relatively constant ratio close to 1.0, indicating no 

loss of perfusion following sham surgery (Figure 2I). Additionally, examination of confocal 

micrographs within the distal regions of the sham and ligated tissues (images not shown) 

and quantification of these images (Figure 2J), showed no alteration in perfusion in the distal 

regions of either sham or ligated tissues.

Vessel length density and volume vessel fraction are not affected by arterial ligation

An increased VLD and/or an increased VVF is indicative of angiogenesis. Therefore, to 

determine the extent of angiogenesis in the inguinal fat pad following surgical ligation of the 

epigastric artery, we used an automated image analysis program, RAVE to calculate VLD 

and VVF in samples obtained from different anatomical regions of the ligated and sham 

tissues. Images were acquired from isolectin stained, whole-mounted tissue. No significant 

difference in VLD or VVF was observed between ligated and sham tissue, irrespective of 
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the anatomical region (Figure 3A). We also compared the VVF between ligated and sham 

tissue based on anatomical region and saw no significant differences (Figure 3B).

Angiogenic sprouting capability is not affected by ligation

To test whether ligated tissue has a higher angiogenic capability than sham tissue, we used a 

previously published in vitro assay of functional angiogenic capability. Small pieces of 

adipose tissue (~1–2 mm3) obtained from ligated and sham tissues were embedded into 

growth factor reduced Matrigel supplemented with endothelial growth media (Figure 3C). 

After 4–5 days endothelial sprouting and network formation were observed (Figure 3C). 

There was no significant difference in the percent of explants that exhibited endothelial 

sprouting between ligated and sham tissues (Figure 3D) regardless of the anatomical 

location from which the explants were harvested (Figure 3E). Consistent with the en face 

visualization of the capillary network, we did not observe an increase in vessel length 

density from the sprouts observed (Figure 3F,G) during the angiogenic capability assay from 

ligated tissue when compared to sham tissue.

Collateral vessel diameters enlarge following ligation

We were able to carefully excise the distal collateral vessel and keep it structurally intact for 

diameter measurement under maximal dilation (Figure 4A). We removed the collateral 

vessel from the animal so that we could measure diameter changes in the first and second 

branch within the inguinal fat pad, something that is not possible using intravital microscopy 

due to the opacity of the adipose tissue. The measurements were taken following adenosine 

dilation at the feeding vessel entering the inguinal fat pad, at the first branch, and at the 

second branch. Relative to the distal collateral vessel on the contralateral sham side, the 

ligated distal collateral vessel experienced a statistically significant increase in the vessel 

diameter (Figure 4B). The average percent increase from sham to ligated tissue was 56.9% 

for the feeding vessel, 38.7% for the first branch, and 41.3% for the second branch.

CX3CR1-eGFP monocyte recruitment is increased 24 hours post ligation

Monocyte recruitment to remodeling arterioles is a hallmark of arteriogenesis18,39, and 

monocytes have been shown by our lab to extravasate from the venules as early as 6 hours 

post-ligation in skeletal muscle7. By using CX3CR1-eGFP mice crossed with NG2-DsRed 

mice and intravascularly perfusing isolectin, we were able to distinguish arterioles from 

venules28 and examine the time course of recruitment of monocytes (eGFP+ cells) to the 

remodeling tissue in the distal area of the inguinal fat pad. 24 hours after surgery, a 

statistically significant increase in CX3CR1-eGFP+ cells was seen in the ligated tissue when 

compared to the sham tissue (Figures 5A, 5B). Quantification revealed an average of 68 

eGFP+ cells in the ligated tissue per FOV as compared to 10 eGFP+ cells in the sham tissue 

per FOV after 24 hours (Figure 5C).

CD68+ and CD206+ cell recruitment is increased 72 hours post ligation

72 hours post-ligation, an increase in CD68+ cells (i.e. macrophages29) was seen in the distal 

region of the ligated tissue (Figure 5D) when compared to the distal region of the sham 

tissue (Figure 5E). Quantification of the number of CD68+ cells per FOV revealed that there 
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were roughly twice as many CD68+ cells per FOV in the ligated distal tissue (113 CD68+ 

cells/FOV) as compared to the sham distal tissue (66 CD68+ cells/FOV) (Figure 5F). There 

was no significant difference in the number of CD68+ cells in either the proximal region of 

the ligated tissue or the proximal region of the sham tissue (Figure 5F).

72 hours post-ligation, we observed an increase in the number of CD68+/CD206+ cells in 

the distal tissue when compared to the sham distal tissue (Figures 5G, 5H). We used CD206, 

the murine mannose receptor, coupled with the CD68 antibody to identify M2 polarized 

macrophages based on previous literature and studies7,34,45,50. Interestingly, the shape, size, 

and location of these CD68+/CD206+ cells were markedly different in ligated as compared 

to sham tissue. In ligated tissues, CD68+/CD206+ cells were much larger, as compared to 

the CD68+/CD206+ cells in sham tissue (Figure 5G, 5H). Moreover, CD68+/CD206+ cells in 

sham tissues were located on vessels, appearing to wrap around the capillaries, but in ligated 

tissues CD68+/CD206+ cells did not appear to be associated with or adjacent to blood 

vessels in this manner. Further, the CD68+/CD206+ cells in the ligated tissue were 

frequently present in pairs, which was an infrequent observation in sham tissue.

Ki-67+ cells are increased in ligated tissue

To evaluate the number of proliferating cells, a cellular marker for entry into the active 

phases, Ki-67, was used. The Ki-67 protein is absent when cells are resting (G0) and present 

when cells are in active phases (G1, S, G2, and mitosis). Seventy-two hours post-ligation, we 

observed an increase in Ki-67+ cells in the distal region of the ligated tissue (Figure 5J) 

when compared to the distal region of the sham tissue (Figure 5K). Quantification revealed 

roughly six times more Ki-67+ cells in the ligated distal tissue (average 39 Ki-67+ cells) than 

in the sham ligated tissue (average 175 Ki-67+ cells) (Figure 5L).

Co-labeling of excised ligated and sham fat pads with F4/80 and Ki-67 revealed enhanced 

co-localization of F4/80 and Ki-67 in ligated tissues compared to sham tissues, suggesting 

that macrophage proliferation is/was occurring. There were, on average, 63 F4/80+/Ki-67+ 

cells in ligated tissue per FOV with 45.4% of F4/80+ cells also staining positively for Ki-67. 

In sham tissue, there were, on average, 8 F4/80+/Ki-67+ cells per FOV with 13.1% of 

F4/80+ cells also staining positively for Ki-67. Co-localization of F4/80 and Ki-67, coupled 

with the timing of the CD68+/CD206+ recruitment to ligated tissue (72 hours), agrees with 

the notion that M2 macrophages are being recruited to ligated tissue where they are 

proliferating. Co-labeling with CD68+/CD206+ (Figure 5H) revealed enlarged, paired M2 

macrophages, which may also be indicative of active cell proliferation.

DISCUSSION

Microvascular growth and remodeling in response to altered blood flow is an important 

adaptive response that has been widely studied in heart39, skeletal muscle7,13,15, and brain16, 

among other organs. Far less is known about these processes in adipose tissue, despite the 

fact that the body’s response to altered blood flow in skin, fat, and muscle is currently 

exploited in the clinical use of flap delay. The goal of our study was to examine structural 

adaptations of the microvasculature – at the network level – in response to altered blood 

flow in the murine inguinal fat pad. By using a combination of in vitro and in vivo assays, 
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we found that arteriogenesis, not angiogenesis, predominates in adipose three days after 

surgical ligation of the main feeding artery. Further, we found that CX3CR1+ monocytes are 

actively recruited during collateral vessel diameter enlargement in fat. Localized 

proliferation of F4/80+ cells around remodeling collateral arterioles in the inguinal fat pad 

72 hours after ligation was synchronized with the observed increase in the number of 

CD68+/CD206+ cells, suggesting a potential role for macrophages in collateral vessel 

remodeling, as has been observed in other tissues1,7,19,20.

Mechanisms of collateral vessel remodeling have been widely studied in skeletal muscle in 

the context of peripheral artery disease48,52. Briefly, it has been suggested that obstruction in 

blood flow causes a redistribution of blood flow through collateral vessels leading to 

alterations in the wall shear stress levels experienced by the vascular endothelium, which 

increases cytokine (e.g. monocyte chemotactic protein-1) production by endothelial 

cells27,44. Hypoxia and/or ischemia may also contribute to collateral vessel enlargement, as 

epicardial collateral vessel enlargement in the coronary circulation has been shown to occur 

in the absence of pressure gradients or wall shear stress changes following partial 

embolization in coronary arterioles10. Recruitment and activation of monocytes downstream 

of ischemia and/or hypoxia is an important process in collateral vessel enlargement. Our lab 

has recently shown that in murine skeletal muscle, monocytes extravasate from venules that 

are paired with collateral arterioles following ligation. Recruitment of monocytes, followed 

by elevated levels of CD68+/CD206+ macrophages, was associated with vascular smooth 

muscle cell proliferation in collateral arterioles and collateral vessel diameter expansion by 

72 hours7. Our data collected in adipose tissue are consistent with these observations in 

skeletal muscle that implicate monocytes and monocyte-derived macrophages in collateral 

arteriole diameter expansion7. Here, we measured an increase in monocyte recruitment to 

the remodeling arteriole 24 hours post-ligation. We also observed a significant increase in 

CD68+ macrophages and in CD68+/CD206+ macrophages in the ligated tissue when 

compared to the sham tissue three days post-surgery. This was accompanied by an increase 

in Ki-67+ cells that were F4/80+. Approximately 45% of F4/80+ cells also stained for Ki-67 

in ligated tissue as compared to 13% of F4/80+ cells in sham tissue staining positive for 

Ki-67. Together, our findings suggest that monocyte-derived macrophages recruited from 

the circulation and proliferation of macrophages in the tissue play important roles in 

collateral vessel remodeling in adipose tissue. Whether or not F4/80+ macrophages 

originated from recruited, monocyte-derived CX3CR1+ cells and the extent to which these 

recruited cells overlap the CD68+/CD206+ macrophage population was not evaluated by our 

study. It is notable, however, that the observations we present here in murine adipose tissue 

mimic what has previously been observed in murine skeletal muscle7. We suggest that 

parallels in the time course of collateral vessel remodeling in muscle and fat may be related 

to the fact that the time course of the murine immune response and the diameters of the 

collateral vessels in both tissues are relatively equivalent, even though the metabolic demand 

between these tissue beds may differ substantially49.

In our study, we observed diameter increase in the collateral arterioles that were consistent 

with previous studies involving the ligation of a feeder artery4,13. Moreover, we found that 

arteriogenesis – the diameter expansion of existing collateral arterioles due to structural 

remodeling of the vessel wall – predominated over angiogenesis in adipose tissue following 

Seaman et al. Page 10

Microcirculation. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



surgical ligation of the main feeding artery to the inguinal fat pad. The initiating stimulus in 

our model is still in question; we did not determine the extent to which hypoxia vs. wall 

shear stress changes contributed to the observed collateral enlargement in this model. In 

future work, it will be informative to measure wall shear stress in the collateral arterioles 

that experienced diameter enlargements, and to evaluate whether or not the adipose tissue 

becomes hypoxic after ligation.

While the role of angiogenesis in response to skeletal muscle ischemia appears to be 

essential, both in pre-clinical models and in clinical data studies1,12,23,25, the role of 

angiogenesis in vessel adaptations to ischemia in adipose tissue remains unclear. Indeed, 

there is a dichotomy of findings from previous studies examining the role of angiogenesis 

and new blood vessel growth in adipose tissue – some studies cite an increase in 

angiogenesis, while others suggest no change or even a decrease8,32. Our studies in the 

murine inguinal fat pad agree with the latter – angiogenesis is not a major component of the 

adipose tissue’s response to arterial ligation, at least within the first three days following 

ligation. We confirmed this finding with in vitro assays as well as en face visualization of 

the vascular network within the adipose tissue. It is possible that we did not observe an 

increase in angiogenesis because the collateral vessel’s ability to rapidly remodel (three 

days) obviates the need for new capillary growth. Perhaps inducing a more severe degree of 

ischemia in the inguinal fat pad by ligating the femoral artery, similar to Suga et al.46 

(ligation of all collateral blood vessels), would provide a stimuli more inductive of 

angiogenesis. Adipose tissue has been shown to be tolerant of hypoxia (as evidenced by 

viable adipocytes in hypoxic, obese adipose tissue47) and has a lower resting metabolic 

demand when compared to skeletal muscle49. Both of these factors may mitigate the need 

for new capillary growth into adipose tissue, and may partially explain why we did not 

observe angiogenesis in our ligation model.

Our goal was to study the microvascular remodeling responses to vessel ligation in adipose 

tissue in order to better understand why there are improved clinical surgical outcomes 

associated with flap delay. However, our use of a murine model of flap delay makes several 

assumptions and oversimplifies the clinical flap delay procedure. For example, the 

composition and size of the flap that we examined was different than most surgical flaps 

used in clinical reconstructive surgery. While some surgical flaps consist solely of adipose 

tissue, most flaps are a composite tissue consisting of adipose tissue, muscle, and skin26. 

While our murine model is a simplification of the clinical scenario, we feel that our study 

can offer valuable insight because the adipose tissue component of flaps is the most 

voluminous part of the flap and is usually the main determinant of overall volume retention. 

Specifically, breast reconstructive flaps often consist entirely of adipose tissue and only a 

small amount of skin. We analyzed the remodeling response in the flap 1–3 days post-

surgery rather than 10–14 days post-surgery as is practiced clinically and in previously 

published pre-clinical in vivo models3,8 used to investigate flap delay. We chose earlier time 

points for our studies because we were interested in observing the transient recruitment of 

monocytes and macrophage differentiation (0–3 days) during the remodeling response that 

happen much sooner than the 10–14 days, which is the clinical time frame for flap delay. 

Notably, the size of the “flap” we used in our murine model was much smaller relative to the 
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flaps that are preconditioned with flap delay procedures in humans. The smaller size of our 

murine “flap” may protect it from oxygen diffusion limitations, and this may explain why 

we did not see a potent induction of angiogenesis in our studies. Moreover, it has been 

shown that the murine immune system differs quite substantially from the human immune 

system43; therefore, the analogous macrophage subpopulations in humans may be different 

from those studied here in mice. It may be possible to address some of the limitations of our 

study by performing future work in rat or rabbit models. We chose to use a published murine 

model because we made use of cell-type specific fluorescent reporters, which is difficult in 

rats or rabbits. However duplicating our study in a larger, more complex flap, such as the 

transverse rectus abdominis muscle flap32,8, would allow for a better comparison to human 

flaps. Our study motivates future work that should examine how the enhancement and/or 

depletion of monocytes and macrophages affect collateral vessel remodeling in adipose 

tissue. Although our current studies focused on monocyte and macrophage recruitment to 

the remodeling adipose tissue, examining other cell types (T cells, B cells, dendritic cells 

and other monocyte subsets31) within the adipose tissue would be of value for future studies.

We feel that our studies add to the previous studies that examined flap delay in various pre-

clinical models. While our animal model does not equate perfectly to the human anatomy 

that a plastic surgeon encounters when performing the flap delay procedure in the clinic, we 

believe that our findings highlight the importance of collateral vessel enlargement 

(arteriogenesis) over new vessel sprouting (angiogenesis). Our studies provide evidence that 

the remodeling response may initiate much sooner (within 1–3 days) than previously 

observed in other pre-clinical models3,8 and clinically. This finding may be of potential 

interest to surgeons that are forced by clinical circumstance to perform the flap transfer 

procedure earlier than 14 days, as there may already be potential benefit from flap delay 

procedure at 1–3 days. We also provide a possible therapeutic mechanism (recruitment of 

anti-inflammatory macrophages) that may be targetable by pharmacological means2.

A surgeon will evaluate several metrics of the flap prior to deciding which artery to ligate 

for the flap delay procedure. Based on the volume of the tissue that needs to be transferred, a 

surgeon will perform a more aggressive or less aggressive flap delay procedure. For very 

large volume flaps (~600–800 grams), a surgeon will try to ligate most of the feeding 

arterioles, but for small volume flaps (~200–300 grams) a surgeon will ligate only a few 

feeding arteries into the flap. The implicit rationale for this practice is that the extent of 

microvascular remodeling will be proportional to the extent of arterial ligation, and larger 

flaps will require more microvascular remodeling and hence more extensive ligations. 

However, the dose-response relationship between number of ligations and resulting 

arteriogenesis has not been explored. Although we do not directly address this in our study, 

our study shows that ligating even a single feeding artery can cause dramatic diameter 

expansion in smaller diameter collateral arterioles (e.g. 50 to 100 microns in diameter). 

Further, our data suggest that it is important to consider the remodeling responsiveness of 

smaller diameter arterioles that are capable of undergoing diameter enlargement. This is a 

particularly important finding, given the fact that in the clinical setting, these vessels are 

invisible to the surgeon and too small to be ligated but may be important contributors to the 

clinical benefit of flap delay.
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In summary, our study closely examined the microvascular adaptations that occur in adipose 

tissue following ligation of a major feeding artery and provides potential cell targets (i.e. 

monocytes and macrophages) to enhance blood flow within delayed flaps. Understanding 

how the microvasculature of adipose tissue structurally adapts in response to surgically-

induced ligation can suggest therapeutic mechanisms to further enhance flap survival 

following flap delay and may even eliminate the need for this pre-reconstructive surgical 

technique leading to fewer corrective procedures and reduced cost burden on the healthcare 

system.
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PERSPECTIVES

Autologous adipose tissue grafting is being increasingly used to correct soft tissue trauma 

defects, congenital disorders, and disease resections, but resorption of grafted adipose 

tissue is high and unpredictable due to supposed improper vascularization. This study 

examines microvascular remodeling and macrophage recruitment in adipose tissue 

following ligation of the epigastric artery feeding the inguinal fat pad. We show that 

macrophage recruitment and synchronized arteriogenesis are responsible for 

microvascular changes within the adipose tissue. While macrophage polarization and 

collateral diameter expansion/arteriogenesis following induced ischemia have been 

studied extensively in skeletal muscle, we are the first to study these processes in 

adipose. We hope that this paper will serve as a platform for new studies examining 

microvascular remodeling within adipose tissue and ultimately improve grafted adipose 

tissue retention rates.
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Figure 1. 
In vivo murine model of flap delay. A.) Schematic of inguinal fat pad including epigastric 

artery (ligation site), femoral artery, collateral vessel, and areas of interest. B.) Macroscopic 

view of inguinal fat pad (outlined in blue) and ligation site. Scale bar = 5 mm. C.) Confocal 

micrograph of epigastric artery stained with α-smooth muscle actin. Scale bar = 100 µm.
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Figure 2. 
Confocal micrographs reveal nearly complete flow recovery 72 hours post-ligation in the 

distal area. All vessels (A,C,E,G) are visualized using the Tie2-GFP mouse, while perfused 

vessels are visualized using isolectin intravascularly perfused (B,D,F,H). A,B.) All vessels 

and perfused vessels 30 minutes post-ligation. C,D.) Endogenous and perfused vessels 12 

hours post-ligation. E,F.) Endogenous vessels and perfused vessels 24 hours post-ligation. 

G,H.) Endogenous and perfused vessels 72 hours post-ligation. I.) Quantification of 

perfusion to all vessels in the proximal region reveals a significant decrease in perfusion in 

ligated tissue 30 minutes, 12 hours, and 24 hours post-surgery (p-value < 0.05, Two-way 

ANOVA. J.) Quantification of perfusion to all vessels in the distal region reveals no 

significant decrease in perfusion in ligated tissue 30 minutes, 12 hours, and 24 hours post-

surgery (p-value < 0.05, Two-way ANOVA. Three mice were used for each time point and 
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four FOVs were quantified. Scale bar = 100 µm. Data presented are mean + standard 

deviation for graphs.

Seaman et al. Page 20

Microcirculation. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
No difference in angiogenic capability between sham and ligated tissue. En face 

visualization of adipose tissue and quantification using RAVE reveals no difference in VLD 

(A) or VVF (B). Three mice with four FOVs were used for calculation of VLD and VVF. 

Schematic of angiogenic capability assay (C) to assess sprouting prevalence (D,E) and 

vessel length density of sprouting events (F,G) in sham and ligated tissue by region of 

interest. Six mice were used and six samples were taken from each for use in the angiogenic 
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capability assay. Scale bar = 100 µm. p-value < 0.05, Two-way ANOVA. Data presented are 

mean + standard deviation for all graphs.
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Figure 4. 
Confocal micrographs of excised, structurally conserved collateral vessels reveal an increase 

in vessel diameter in ligated tissue when compared to paired sham tissue. A.) Excised 

collateral vessel stained with α-smooth muscle actin with feeding vessel, 1st branch, and 2nd 

branch identified. B.) Individual diameter measurements for sham tissues were paired with 

corresponding diameter measurements for ligated tissues (in the same mouse) and a paired t-

test was run (p-value < 0.01). Five mice were used to quantify collateral vessel diameters. 

Scale bar = 50 µm.
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Figure 5. 
Immunofluorescence staining reveals an increase in monocyte and macrophage recruitment 

to ligated tissue and an increase in proliferating cells in ligated tissue. A,B.) Confocal 

micrographs show an increase in CX3CR1-eGFP+ cells (green) in ligated tissue when 

compared to sham tissue. C.) Quantification of eGFP+ cells per FOV reveals an increase in 

eGFP+ cells in ligated tissue (p-value < 0.001, Student’s t-test). Three mice were used and 

four FOVs were quantified. D,E.) Confocal micrographs show an increase in CD68+ cells 

(blue) in ligated tissue when compared to sham tissue. F.) Quantification of CD68+ cells per 
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FOV reveals an increase in CD68+ cells in ligated tissue in the distal region (p-value<0.01, 

Two-way ANOVA). Three mice were used and four FOVs were quantified. G,H.) Confocal 

micrographs show an increase in CD206+ cells (green) in ligated tissue when compared to 

sham tissue. I.) Quantification of CD206+ cells per FOV reveals an increase in CD206+ cells 

in ligated tissue in the distal region (p-value<0.001, Student’s t-test). Three mice were used 

and four FOVs were quantified. J,K.) Confocal micrographs show an increase in Ki-67+ 

cells (blue) in ligated tissue when compared to sham tissue. L.) Quantification of Ki-67+ 

cells per FOV reveals an increase in Ki-67+ cells in ligated tissue in the distal region (p-

value<0.001, Student’s t-test). Three mice were used and four FOVs were quantified. Scale 

bars = 50 µm. Data presented are mean + standard deviation for all graphs.
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