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CHAPTER 3 

Abst rac t 
Background: Arteriogenesis serves as an efficient mechanism for flow restoration 
after arterial occlusion. This process is associated with inflammatory mediators such 
as tumor necrosis factor-alpha (TNF-a). although their role in arteriogenesis 
remains unclear. We hypothesized that arteriogenesis is reduced in mice lacking 
functional TNF-a or p55 receptor. To test this hypothesis, we developed a novel 
microsphere based murine model of hindlimb perfusion measurement. 
Methods and Results: Unilateral femoral arteries of nude (n=9), TNF-a -/- (n=9), 
TNF-a receptor p55 -/- (n=8) and p75 -/- (n=8) mice as well as their appropriate 
genetic background controls were occluded. The nude mice underwent laser 
Doppler hindlimb tlux measurements preoperatively. post-operatively, and after 7 
days. Seven days after ligation, all animals underwent tissue perfusion 
determinations using fluorescent microspheres. Laser Doppler findings confirmed 
acute decrease in flux with falsely normal values after one week. Microsphere 
results from control mice showed perfusion restoration to values - 5 0 % of normal 
within 7 days. TNF-a-/- mice demonstrated a significant reduction (45.1%) in 
collateral artery perfusion compared to controls (TNF-a -/- 22.4% ± 5 .1% vs 
B6xl29 49.7% ± 9.3%; p<0.01). p55-/- mice exhibited an almost identical 45.8% 
reduction in collateral artery formation (p55 -/- 28.3% ± 4 .3% vs C57BL/6J 61.8 % 
± 9 .1%; p<0.01), whereas p75 -/- mice were equivalent to controls (p75 -/- 54.5% ± 
5.5%; p=0.13). 

Conclusions: Microsphere techniques in mice offer a tool for the molecular 
dissection of arteriogenesis mechanisms. These results suggest that TNF-a 
positively modulates arteriogenesis probably via signaling through its p55 receptor. 
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Introduction 

Arteriogenesis (remodeling of pre-existent arteriolar collateral networks into large 
collateral conductance arteries) serves as the most efficient mechanism to restore 
flow after arterial occlusion . Perivascular inflammation and monocyte/macrophage 
accumulation accompany this process2 . 

Tumor necrosis factor-alpha (TNF-a) is an important proximal mediator of 
inflammation. Most prototypical inflammatory TNF-a signaling occurs by TNF-a 
binding to its p55 receptor . Previous studies have associated TNF-a with 
arteriogenesis . We hypothesized that arteriogenesis proceeds by way of TNF-a 
signaling via the p55 receptor. Specifically, we hypothesized that arteriogenesis is 
reduced in mice lacking functional TNF-a or p55 receptor. We developed and 
validated a novel model of perfusion measurement in the mouse hindlimb to test this 
hypothesis. 

Methods 
Animal model 

This study conforms to the Guide for the Care and Use of Laboratory Animals (NIH 
Publication No. 85-23, revised 1996). Nine athymic nude, 9 TNF-a -/-5 (on B6xl29 
Fl background, maintained by sister/brother matings), 8 TNF-a receptor p55- / - 3 4 

(N5 backcross onto C57BL/6J, and then maintained by brother sister matings) (both 
provided by Dr. Carl K. Edwards, III, (Amgen, Inc., Thousand Oaks, CA)), 8 TNF-
oc receptor p75-/-, 7 B6xl29, and 9 C57BL/6J (Jackson Laboratory, Bar Harbor, 
ME) mice underwent unilateral femoral artery ligation. The right femoral artery was 
ligated immediately distal to the inguinal ligament. Since collateral arteries develop 
from pre-existing arteriolar connections spanning from the profunda femoris and 
circumflexa femoris to the genualis and saphena parva arteries 4, the femoral artery 
was not excised in order to leave these vessels intact. In rabbits, this technique does 
not lead to ischemia in the region of collateral artery growth or distal to the site of 
ligation . Wounds were closed and animals recovered. 

Laser Doppler technique 

Nude mice, lacking pigmentation and fur that obscure signal transmission, were 
anesthetized and flux was evaluated using a laser Doppler (LD) device (Moor 
Instruments, Devon, UK). Fur removal of normal mice only leads to slight 
improvement because of changes in skin circulation due to mechanical and/or 
chemical irritation. Hindlimbs were divided into 3 zones: complete hindlimb, 
femoral artery tract, and region of collateral artery growth in the thigh. Flux was 
measured directly before, acutely after ligation, and 7 days later. 

Microsphere technique 

Seven days after ligation mice were anesthetized for microsphere based flow 
calculations. To ensure perfusion of both hindlimbs and optimal distribution of the 
fluorescent microspheres, the abdominal aorta was cannulated with a polyethylene 
catheter (inner diameter: 0.58mm; outer diameter: 0.96mm). After stabilization of 
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systemic pressure, both legs were perfused at four different pressures (70, 80, 90 
and 100 mmHg) with saline and continuous infusion of adenosine (1.0 mg/kg/min; 
Sigma, St. Louis, MO) to achieve maximal vasodilatation. At each pressure level, 
microspheres with a different fluorescent dye (red, blue-green, orange, yellow-
green; diameter 15 urn; Molecular Probes, Eugene, OR) were thoroughly mixed and 
injected into the perfusion system. At the distal end of the perfusion system a 
reference sample was withdrawn for 2 minutes at a rate of 0.2 ml/min for each 
microsphere dye. By placing the catheter in the proximal descending aorta, using the 
described technique renal perfusion did not show any significant difference between 
right and left kidneys. This is consistent with our data from mice that did not 
undergo femoral ligation, showing no difference in tissue perfusion between both 
hindlimbs. 

Quantification of microspheres in muscle was performed as previously described in 
rabbits 4. The muscles were dissected from the leg and divided into groups: anterior 
thigh, posterior thigh, and calf muscles. Each muscle sample was weighed, 
homogenized, and digested with SDS/proteinase solution for FACS-analysis and 
microsphere counting . 

Histology 
An additional 4 TNF-a -/-, 4 B6xl29, 4 p55-/-, and 4 C57BL/6J mice underwent 
unilateral femoral ligation. Seven days later, muscles from both hindlimbs were 
harvested and grouped: anterior thigh, posterior thigh, and calf. Samples then 
underwent formalin fixation and hematoxylin/eosin staining. 

Statistical Analysis 
Differences between genotypes were assessed using unpaired Student's t-test. 

Results 
No animal suffered gangrene or gross impairment of hindlimb function. 

LD versus microsphere techniques 
Using LD, immediately before femoral ligation there was no significant difference 
between the right and the left hindlimb in any of the regions (Figure 1). Acutely 
after ligation, flux decreased in the occluded hindlimb when measured over either 
the femoral artery tract distal to the ligation site or the complete hindlimb (p<0.05). 
In contrast, flow in the collateral artery region showed no significant difference as 
compared to the non-occluded hindlimb. Acutely after ligation, perfusion distal to 
the ligation fell to 20.2% of baseline. Seven days after femoral occlusion, the LD 
measurements suggested complete flux restoration in the whole hindlimb and in the 
distal femoral artery relative to values of non-occluded hindlimbs. These results are 
in contrast to the findings using the microsphere technique, which showed only 
58.9%±7.3% (occluded/non-occluded) hindlimb flow restoration. 
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a Whole hmb 
• Femoral artery 
O Thigh 

Pre-Ligation ( ID) Acutely after ligation (LD) 7 days after ligation (ID) 7 days after ligation 
(microspheres) 

Figure I: LD measurements in mice hindlimbs before, acutely after and 7 days after femoral 
artery ligation. Flux was evaluated in three different regions: whole hindlimb, femoral artery 
tract and the thigh—the region of collateral artery growth. 

B6xt29 TNF-/- C57BI6 p55 •/- p75-/- nude mice 

Figure 2: Microsphere perfusion measurements. Collateral artery flow was evaluated with 
fluorescent microspheres 7 days after femoral artery ligation. TNF-/- mice as well as p55-/-
mice show a significant reduction, whereas p75-/- mice do not show any significant difference 
as compared to their matching controls (*:p<0.05; ns:non-significant). 
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Flux in the collateral artery region at 7 days showed a significant increase as 
compared to the non-occluded hindlimbs (p<0.05). 

TNF-a-/- and TNF-cc receptor -/- mice 

Seven days after femoral ligation, B6xl29 wild-type mice showed a 49.6%± 9.3% 

flow restoration in the occluded hindlimbs as compared to the non-occluded (Figure 
2). TNF-a-/- mice, in contrast, showed only a 22.4%± 5 .1% flow restoration. Thus. 

the arteriogenic response of the TNF-a-/- mice was only 45 .1% (p<0.01) of control 

animals. 
C57BL/6J mice demonstrated a 61.8%± 9 .1% flow restoration 7 days after femoral 

ligation. In the p55-/- mice this restoration was 28.3%± 4.3%. Thus, the 
arteriogenic response of p55-/- mice was only 45.8% (p<0.01) of controls. p75-/-

mice (54.5%±5.5%), however, did not show any significant difference as compared 

to the C57BL/6J controls (p =0.13). 

Histology 
There was no observed difference in the baseline vascular architecture between 

genotypes (unligated hindlimb). There was no evidence for increased tissue 
destruction in the transgenic mice compared to their WT controls (ligated hindlimb). 

Discussion 
We report a novel murine model of arteriogenesis using hindlimb perfusion 
measurements after femoral artery ligation. In addition, we show the limitations of 
LD to survey arteriogenesis as compared to the presented model. Most prior murine 
studies relied on LD approaches6 '. Blood flow evaluation using LD offers the 
advantage of serial measurements. We used LD to evaluate flux and thus estimate 
arteriogenesis after femoral ligation. Acutely after femoral occlusion, flux decreased 
in the complete hindlimb and in the femoral artery distal to the ligation. Seven days 
after femoral ligation, LD measurements in these regions were restored to values not 
significantly different from normal values. However, based on the results using 
microspheres, these were probably false normal values. With microspheres, flow 
was only restored to about 60% of normal after one week. Radioactive and 
fluorescent microspheres have been widely used to investigate blood flow and tissue 
perfusion in various models and constitute the "gold-standard" of perfusion 
measurements . 

LD results primarily reflect superficial blood flow, i.e. skin circulation. Blood 
supply of the skin however does not necessarily parallel the situation in deeper 
structures such as muscle. Collateral arteries lie within these deeper tissues. When 
examining arteriogenesis in vivo, low penetration devices are thus of limited value. 
A final critical limitation of LD also applies to high penetration systems. In order to 
estimate changes in collateral artery flow the vasculature has to be "challenged" 
with high flow under conditions of maximal vasodilation. Such hemodynamic 
conditions cannot be reached without animal instrumentation. In our microsphere 
system, we give large doses of adenosine to insure maximal vasodilation. There is 
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no reason to suspect that any of the strains would have differential vasodilatory 
responses to such large doses of adenosine. 
The remodeling of pre-existent arteriolar collateral networks into large collateral 
conductance arteries that we observed after acute femoral ligation is distinctly 
different than angiogenesis, and our methods are designed to quantify the former 
specifically. After femoral ligation, we utilize 15 urn microspheres, not able to pass 
into the distal thigh and calf muscles through newly formed 7 urn capillaries in the 
thigh. Passage of the 15 urn microspheres from the aorta to the distal thigh and calf 
requires larger conductance >30 urn collateral vessels. Capillary sprouting does not 
translate into improved flow, which depends on the growth of larger collateral 
vessels '. 
TNF-a has been localized to the macrophages of growing collateral arteries . Using 
RT-PCR we find TNF-a mRNA in the region of collateral artery growth two days 
after femoral artery occlusion in the mouse (C. Keith Ozaki. M.D., unpublished 
data, 2000). However, the role of TNF-a in arteriogenesis is uncertain—does it 
serve as a pivotal modulator or innocent bystander? Our in vivo results suggest that 
the role of TNF-a is probably that of a positive modulator for arteriogenesis. A 
recent in vivo report demonstrated that TNF-a positively modulates occlusive 
arterial lesions that form in response to low shear stress 9. Anti-TNF-a approaches 
attenuate intimal thickening after balloon angioplasty l0, but unfortunately such 
approaches may also abrogate host arteriogenic responses. As it becomes apparent 
that multiple vascular processes proceed by way of inflammatory mediators ", 
further research must explore the mechanisms for specificity (occlusive vs. 
enlargement) in these pathways. 

In summary, this study suggests superiority of fluorescent microsphere perfusion 
studies over current LD techniques to survey arteriogenesis in mice. This novel 
method provided direct in vivo evidence that TNF-a positively modulates 
arteriogenesis probably signaling via the p55 receptor. 
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