
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Experimental and clinical studies on collateral and epicardial flow in obstructive
arterial disease

Voskuil, M.

Publication date
2003

Link to publication

Citation for published version (APA):
Voskuil, M. (2003). Experimental and clinical studies on collateral and epicardial flow in
obstructive arterial disease. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/experimental-and-clinical-studies-on-collateral-and-epicardial-flow-in-obstructive-arterial-disease(8814e870-4e03-493b-a1fd-103ac0790592).html


Chapter r 

Abnormall  monocyte recruitment 
andd collateral artery formation in 
monocytee chemoattractant 
protein-11 deficient mice 

Michiell  Voskuil, Imo E Hoefer, Niels van Royen, Jing Hua, Stijn de Graaf, 

Christophh Bode, Ivo R Buschmann, and Jan J Piek 

SubmittedSubmitted for publication 



CHAPTERR 2 

Abstract t 
Background Background 

Monocytee chemoattractant protein 1 (MCP-1) has been shown effective for the 

stimulationn of collateral artery formation in small and large animal models. The 

availabilityy of a genetic knockout mouse enables the evaluation of the impor-

tancee of the role of MCP-1 in the natural course of collateral artery growth. 

MethodsMethods and results 

AA total of 21 MCP-1 -/- as well as 13 of the appropriate genetic background con-

trolss ({129Sv/J X C57B1/6}F1), a femoral artery ligation was performed. 

Subsequently,, a polyethylene catheter, connected to an osmotic minipump, was 

insertedd retrogradely in the femoral artery with the tip pointing upstream. Using 

thiss technique, PBS (MCP-1 -/-: n=13 and C57BL/6J: n=13) or MCP-1 (JE)(MCP-1 -/-: 

nn = 8) was delivered intra-arterially. Seven days after ligation, determination of 

hindd limb flow was assessed by controlled tissue perfusion using different labe-

ledd fluorescent microspheres. MCP-1 -/- mice exhibited a reduction of hind limb 

floww of % of normal, compared to % in C57BL/6J mice (p<0.01). 

MCP-11 -/- mice that underwent a subsequent "rescue" treatment with MCP-1 

showedd a restoration of flow to a level of % (p=NS compared to PBS tre-

atedd C57BL/6J). Specific immunohistochemical staining for monocytes (MOMA-2; 

MCP-11 -/- n = 5 and C57BL/6J: n = 5) showed a reduced number of monocytes 

aroundd developing collateral arteries in the MCP-1 -/- mice. 

Conclusions Conclusions 

Ourr data show that the absence of MCP-1 causes a strong reduction in flow resto-

rationn after femoral artery occlusion, coinciding with a reduced momocyte attrac-

tion,, emphasizing the central role of the chemokine in the multifactorial process 

off  collateral artery formation. 
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Introduction n 
Thee development of a collateral circulation is a natural escape mechanism to 

compensatee for the loss of perfusion capacity after obstruction of a main feeding 

artery.. It has been shown extensively that an adequate collateral response pro-

tectss against ischemic damage in case of plaque rupture and subsequent closure 

off  the vessel.1,2 Monocyte recruitment has been shown to play a central role in 

thee establishment of an inflammatory environment around pre-existing arterio-

les,, creating space for these vessels to remodel towards a mature collateral circu-

lation.3,44 Furthermore, exogenous application of several growth factors and che-

motacticc cytokines as monocyte chemoattractant protein 1 (MCP-1) can stimulate 

thee process of collateral artery formation in both small and large animal models 

off  peripheral arterial obstructive disease.5"9 Also, a decreased local monocyte 

recruitmentt has been demonstrated in the absence of MCP-1 or its primary recep-

torr CCR-2.10'11 Refinements in the hemodynamic evaluation of collateral depen-

dentt flow in the murine hind limb has enabled us to precisely examine the role of 

differentt mediators in genetically altered mice strands.12 The purpose of the pre-

sentt study was to evaluate the influence of a deficiency of MCP-1 on blood flow 

restorationn in this established murine ligation model and second, to assess the 

potencyy of a 'rescue' experiment. 

Materialss and methods 
Animals Animals 

AA total of 21 MCP-1-/- mice on a (129Sv/J X C57B1/6)F1 background, that were 12 

too 14 weeks of age, were used. Mice were constructed as described previously 

{kindl yy provided to us by Prof. Barrett J. Rollins, Dana-Farber Cancer Institute, 

Boston,, Massachusetts).11 Wild type (MCP + / + ; n=13) (129Sv/J X C57B1/6)F1 mice 

weree used as a control. In all experiments, sex and age matched controls were 

used.. All mice were kept in conventional housing with food and water ad libitum. 

Approvall  for the experiments was obtained from the institutional animal experi-

mentationn committee and experiments were performed according to the "Guide 

forr the Care and Use of Laboratory Animals" (NIH Publication No. 85-23, revised 

1996). . 

Animalss were anaesthetized using intraperitoneal injection of a solution of keta-

minn and xylazin. A skin incision was performed in the right upper limb to expose 

thee femoral artery. The femoral artery was then ligated using double sutures 

withh an approximate distance between the ligation sites of 3-5 mm. The accom-

panyingg femoral vein and nerve were kept intact. Osmotic minipumps (Alzet, 

Durectt Co, Cupertino, USA) were used for continuous infusion of the compound. 

Suchh an operation technique does not result in massive tissue necrosis in 
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C57BL/6JJ mice. These mice recover hind limb function within several days, lea-

dingg to practically normal physical function at day 7. Arteriogenesis is the predo-

minantt form of vessel growth in this model, due to the absence of severe ische-

miaa and the preserved architecture of the preexisting collateral circulation. 

TreatmentTreatment strategies 

Usingg the above-described technique, phosphate buffered saline (PBS) or 1 fxg 

monocytee chemoattractant protein-1 (JE) (PeproTech Ltd, London, England) was 

infusedd with a first pass effect over the collateral vascular bed over a period of 1 

week. . 

MeasurementsMeasurements of collateral perfusion 

Thee development of the collateral circulation was quantified at day 7 (MCP-1 -/-: 

nn = 8, C57BL/6J: n = 8). For this purpose, perfusion of the hind limbs was assessed 

ass described previously.12 In summary, a catheter was inserted in the abdominal 

aortaa and the isolated hind limbs were perfused using an exogenous pressure 

systemm with 4 differently coloured fluorescent microspheres (15 /xm; Molecular 

Probes,, Eugene, Oregon, USA), corresponding with a certain pressure level. These 

micropsheress were diluted in a buffer solution of NaCl 0.9%, adenosine (5 

mg/liter)) and Tween 20% (1 ml/liter). After the experiment, animals were killed 

andd tissue was harvested for further analysis. The collateral dependent tissue 

wass derived from the peripheral hind limb (m. gastrocnemius and m. peroneus). 

Afterr digestion of the tissue, microspheres were counted using FACS analysis and 

perfusionn was expressed as the percentage of micropsheres in the ligated as com-

paredd to the non-ligated leg. 

Immunohistochemistry Immunohistochemistry 

Tissuee samples were collected from the proximal hind limb (m. quadriceps and m. 

adductor),, 7 days after femoral artery ligation (MCP-1 -/- : n = 5, C57BL/6J: n = 5) 

snap-frozenn at -150 to -160 °C in methyl butane, pre-cooled with liquid nitrogen. 

Forr histological examinations 5 /xm thick sections were made. Besides standard 

HEE staining, a mouse-specific monoclonal antibody against monocytes / macrop-

hagess was used in order to detect infiltrating leukocytes around collateral arte-

riess (MOMA-2; Research Diagnostics Inc, Flanders NJ, USA; 1:1600). After incuba-

tionn with the above-mentioned primary antibodies, a peroxidase staining was 

performedd (Dako). Quantitative analyses were performed in a blinded fashion. 

Thee total number of positive cells, as well as the percentage of total cells, was 

determinedd in predefined squares around muscular arteries. Negative controls 

weree performed for all immunological stainings by omission of the primary anti-

body. . 
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StatisticalStatistical analysis 
Dataa are expressed as mean  SD. An independent T-test was used for comparis-

onn of differences in monocyte accumulation. A multiple comparison was made 

betweenn the control and two treatment groups, using ANOVA with a Dunnett's 

(post)) test of SPSS version 11.0 (SPSS Inc, Arlington, USA). A p-value <0.05 was 

consideredd statistically significant. 

Result s s 
InfiltratingInfiltrating monocytes around developing collateral arteries 

Afterr 7 days of femoral artery ligation, monocytes / macrophages adhere to the 

vascularr wall (Figure la) and accumulate around collateral arteries in both quadri-

cepss and adductor muscles in littermate control mice (figure ld-e). Monocyte accu-

mulationn was also present around collateral arteries in MCP-1 deficient mice 

[Figure[Figure lf-g). However, the number of monocytes / macrophages was significantly 

reduced,, compared to wild-type mice. (C57BL/6J: 36%  11% compared to 15%

9%% positive cells/square in MCP-1 -/- mice; figure 2; p<0.01). 

HindHind limb perfusion after one week of arterial ligation 

Noo evident necrosis was present in the hind limbs of the MCP-1 -/- and their lit -

termatee control mice after one week of arterial ligation. Collateral dependent 

hindd limb flow was assessed at the seven days timepoint using controlled tissue 

perfusionn of a solution containing different labeled fluorescent microspheres. 

Collaterall  flow in MCP-1 -/- mice with PBS infusion was strongly reduced 

%% of the unobstructed leg, compared to % in PBS treated 

C57BL/6JJ mice; Figure 3; p<0.01). Subsequently, MCP-1 -/- mice that underwent a 

"rescue""  treatment with intra-arterial administration of MCP-1 showed an 

increasee of hind limb flow to 47.4 % of normal (p = NS compared to PBS 

treatedd C57BL/6J and p<0.01 compared to PBS treated MCP-1 mice). 
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ImmunohistochemicalImmunohistochemical staining of hind timb muscle. Example of adhering cells to the arteriolar 

endotheliumendothelium (A) that stain positive for MOMA-2 (monocytes / macrophages). Standard HE (B, D) 

andand MOMA-2 (C, E) staining of BUS control mice before ligation and 7 days after arterial ligation, 

respectively.respectively. Panel F and C depict HE and MOMA-2 staining ofMCP-1 -/- mice, 7 days after ligation. 
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PercentagePercentage  ofMOMA-2 positive (monocyte / macrophage) perivascular cells in MCP-1 -/- mice 

andand Bl/6 control mice after 7 days of femoral artery ligation. 
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MicrosphereMicrosphere perfusion measurements 7 days after femoral artery ligation of MCP-1-/- mice treated 

withwith PBS or MCP-1 and Bl/6 control mice treated with PBS, respectively. Quantification of blood 

flowflow of the occluded leg is expressed as a percentage  the non-occluded leg. 
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Discussion n 
MouseMouse model of collateral artery formation 

Thee process of arteriogenesis has been studied extensively in the rabbit 

model.8,133 In this model, the molecular mechanisms of the natural course of col-

laterall  artery growth as well as the stimulating effects of several growth factors 

onn the process have been investigated. Furthermore, we have recently shown in a 

porcinee model of peripheral arterial ligation, that it is possible to positively modu-

latee the process of collateral artery growth using MCP-1.9-14 The latter experimen-

tall  model offers an appropriate extrapolation of the observed (dose-)effects to 

patientss with peripheral arterial obstructive disease (PAOD). However, the advan-

tagee of using mice instead of rabbits or pigs for the study of the collateral artery 

developmentt is the availability of a large variety of genetically altered mice 

strands.. This offers the opportunity to study the effects of the absence of a single 

genee on collateral arterial growth. Recently, a new model, based on a double-site 

ligationn of the femoral artery has been established.12,15 In this model the circum-

flexx and the profound femoral artery are left intact in order to serve as stem 

regionn for the collateral connections according to Longland's criteria.16 It has 

beenn shown previously, that this technique of arterial ligation does not induce 

ischemiaa leading to an increase of expression of markers of hypoxia (ADP, creati-

nee phosphate, lactate).17 Osmotic minipumps are implanted, delivering substance 

directlyy into the stem region, proximal to the occluded artery. This ensures a 

"firstt pass effect" of the compound over the pre-existing arteriolar connections, 

whichh is crucial since the effects of several growth factors rely on a concentra-

tionn gradient, particularly in the case of the cytokine MCP-1. 

MCP-1MCP-1 in col la: 

Inn case of an arterial obstruction, collateral arteries are formed, bypassing the 

narrowingg or occlusion in order to provide the distal muscle tissue with oxy-

gen.188 Due to the development of an arterial pressure gradient (low pressure dis-

tall  from the arterial stenosis), a redistribution of blood flow occurs via pre-exis-

tingg arterioles that interconnect the different vascular territories. The enhance-

mentt in blood flow in these arterioles causes a local increase in shear stress, acti-

vatingg the endothelial cell line. These activated endothelial cells start expressing 

intercellularr and vascular cell adhesion molecules and chemotactic cytokines like 

monocytee chemoattractant protein 1 (MCP-1).19,20 MCP-1 is a potent agonist for 

thee IS-chemokine receptors CCR-4 and in particular CCR-2 that are expressed on 

monocytes.111 This cascade regulates the local attraction, adhesion and subse-

quentt diapedesis of monocytes into the perivascular space. After transformation 

intoo macrophages, these cells create a (local) inflammatory environment, produ-

cingg metalloproteinases, pro-inflammatory cytokines like tumor necrosis factor 

alfa,, monocyte survival factors like granulocyte macrophage-colony stimulating 

factorr and pro-mitogenic factors like basic fibroblast growth factor and transfor-
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mingg growth factor Is l.4-7 The exogenous administration of several of the invol-

vedd factors has shown to be effective for the stimulation of the arteriogenesis 

processs in the peripheral circulation.5"9 In the present study, we have shown for 

thee first time that the absence of MCP-1 expression causes a reduced flow resto-

rationn after arterial obstruction in the murine hind limb. Moreover, the subse-

quentt intra-arterial administration of MCP-1 as a protein infusion in this femoral 

arteryy ligation model leads to a recovery of perfusion to levels not significantly 

differentt from (MCP-1+ / + ) littermate controls. This finding confirms that in 

thesee mice a targeted disruption of the genomic DNA fragment containing only 

SCYA22 (the gene encoding for MCP-1) has been performed, leaving the remaining 

genotypee intact.11 Furthermore, it has been shown previously that there is no 

compensatoryy upregulation of MCP-2, MCP-3, or MCP-5 in challenged MCP-1-/-

mice.211 Most likely, there is also no change in the expression of the (CCR-4 and/or 

CCR-2)) receptors and for these reasons, administration of the MCP-1 protein in 

thesee mice is sufficient to accomplish a (near to) normal phenotype. Similar to 

thee findings from the group of Rollins in their inflammation models, the obser-

vedd phenotype in the present study most likely can be explained by the shown 

decreasee of monocyte infiltration to the site of interest.11 

Conclusions Conclusions 

Thee course of arteriogenesis in the peripheral circulation can be studied approp-

riatelyy using the described murine hind limb ligation model. It is conceivable 

thatt intervening with this natural escape mechanism for arterial obstruction can 

resultt in new therapeutic strategies for atherosclerotic vascular disease in the 

nearr future. We have shown in the present study that the absence of expression 

off  the c-c-chemokine MCP-1 leads to a reduced collateral artery formation, sugge-

stingg an essential role of this protein in the cascade of events. Moreover, the 

observedd diminished recovery of hind limb perfusion could be restored as shown 

byy the approach of "rescue" treatment. Together with the previously obtained 

resultss of stimulation of arteriogenesis in small and large animal models, MCP-1 

appearss to be one of the preeminent candidates for a potential new therapeutic 

modalityy using growth factors.7"9 However, we need to bear in mind the recently 

demonstratedd potential deleterious effects of MCP-1 on atherosclerosis, if we 

wantt to consider this compound for future therapeutic purposes.22 
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