
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 

Normall  arterial responsiveness and 
remodelingg after modulation of TR3 
orphann receptor expression 

Michiell  Voskuil, Karin Arkenbout, Maaike van Bragt, Niels van Royen, 

Jingg Hua, Imo E Hoefer, Christoph Bode, Ivo R Buschmann, Martin Pfaffendorf, 

Hanss Pannekoek, Carlie JM de Vries and Jan J Piek. 

SubmittedSubmitted for publication 

37 7 



C H A P T E RR 3 

Abstrac t t 
Background Background 

Smoothh muscle cell (SMC) function is important for physiological arterial respon-

sivenesss in normal vascular function and in vascular remodeling during collateral 

arteryy formation. In addition, SMCs are pivotal in intimal thickening in athero-

sclerosiss and restenosis. We have shown that TR3-like nuclear orphan receptors 

aree expressed in human atherosclerotic lesions and that TR3 nuclear orphan 

receptorr (TR3) inhibits SMC proliferation in the murine carotid artery ligation 

modell  of restenosis. In this study we assayed the effect of TR3 on vascular con-

tractionn and relaxation as well as a potential function in arteriogenesis. 

MethodsMethods and Results 

Responsivenesss to vasoconstrictor or vasodilator agents were determined in the 

aortass of both transgenic mice overexpressing TR3 or a dominant-negative 

variantt of TR3 (ATA) and wild-type mice. No differences in arterial contraction 

andd dilation between the different mice were established. To study the effect of 

TR33 on arteriogenesis, mice that express full-length TR3 (n = 13), or ATA (n = 

15)) and their wild-type littermates (n = 14) underwent femoral artery occlusion. 

Noo significant differences in hind limb perfusion were observed one week after 

arteriall  ligation, as assessed with fluorescent microspheres. 

Immunohistochemistryy revealed no obvious differences in the proliferative activi-

tyy of medial SMCs in TR3 or DTA transgenic mice after ligation. 

Conclusions Conclusions 

Neointimaa formation caused by intimal SMC hyperplasia is reduced upon overex-

pressionn of TR3, without negative effects on arterial responsiveness and vascular 

remodelingg during collateral artery formation. These findings are important 

whenn considering TR3 as a therapeutic target to limi t neointima formation in in-

stentt restenosis and atherosclerosis. 
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Introduction n 
Percutaneouss coronary intervention may cause early thrombus deposition, cellu-

larr inflammation, and ultimately intimal SMC proliferation, leading to 

restenosis.11 The introduction of stents has reduced the incidence of restenosis.2"4 

However,, the incidence of in-stent restenosis is increasing, related to the fre-

quentt use of stents.5 We have identified three transcription factors that are diffe-

rentiallyy expressed in SMCs treated with an atherogenic stimulus; TR3 orphan 

receptorr (TR3), Mitogen-induced nuclear orphan receptor (MINOR) and Nuclear 

receptorr of T-cells (NOT), which form a sub-family of the nuclear orphan receptors 

denotedd NGFI-B or NR4A.6-7 TR3, MINOR and NOT are expressed in human athe-

roslceroticc lesions in neointimal SMCs, endothelial cells and to lesser extent in 

macrophages.. TR3 inhibits SMC proliferation, whereas a dominant-negative 

variantt of TR3 (ATA) that lacks the transactivation domain and inhibits all three 

familyy members, enhances SMC growth. Transgenic mice were generated expres-

singg TR3 or the dominant-negative variant ATA in arterial SMCs. Vascular lesion 

formationn was studied in a murine carotid artery ligation model and TR3 was 

shownn to inhibit intimal SMC hyperplasia, whereas ATA aggravated lesion forma-

tion.77 It was hypothesized that TR3-like transcription factors are potential thera-

peuticc targets to prevent (in-stent) restenosis. However, this potential new treat-

mentt modality to inhibit SMC proliferation may involve an important adverse 

effect,, since SMC proliferation plays a key role in in processes of vasoconstriction 

orr -dilatation and in arterial remodeling during collateral artery formation.8-9 

Thee purpose of this study was to evaluate the effect of modulation of TR3 expres-

sionn on in-vitro arterial responsiveness to vasoactive substances and on in-vivo 

collaterall  artery growth. 

Methods s 
Animals Animals 

Animall  care and experimental procedures were approved by the Animal 

Experimentall  Committee at our institution. Transgenic mice expressing ATA or 

full-lengthh TR3 cDNA under the control of a specific part of the SM22alfa promo-

ter,, which directs transgene expression to SMCs of the arterial vascular wall, 

weree generated in an FVB-background, as described before.7 The animals were 

housedd in standard cages and fed water and chow ad libitum. 

Chemicals Chemicals 

Thee following drugs were used: (acetyl-b)methacholine chloride, 9a-epoxymet-

hanoprostaglandinn F2a (U46619), isoprenaline HC1, and L-phenylephrine HC1 

whichh were obtained from Sigma Chemical (St. Louis, Mo., USA). All drugs were 

dissolvedd in distilled water and kept frozen at -20°C prior to use, except for isop-

renaline,, for which solutions were freshly prepared prior to the experiments. 
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CHAPTERR 3 

Thee direct vasocontrictor and relaxant effects of phenylephrine (n = 3), throm-

boxanee (U46619) (n = 5), methacholine (n = 5) and isoprenaline (n = 3) on aorta seg-

mentss of transgenic and wild-type mice of eight weeks of age were investigated 

usingg an isometric wire myograph. After decapitation, the thoracic cavity was 

openedd and, after removal of the heart and lungs, the thoracic aorta was dissec-

tedd free from its connective tissue and transferred to physiological Tyrode's solu-

tionn of the following composition (mM) NaCl 118.5, KC1 4.7, MgC12 1.2, CaCl2 2.5, 

KH2P044 1.2, NaHC03 25, glucose 5.5 and EDTA 0.024. The organ bath contained 

Tyrode'ss that was oxygenated by carbogen (95% 02 + 5% C02) and kept at room 

temperature.. Rings of thoracic aorta were prepared and mounted between stain-

lesss steel hooks in an organ bath (5 ml). The initial resting tension was set at 10 

mNN and was readjusted throughout the experiment. The upper hook was connec-

tedd to an isometric force transducer (KyowaTM, Tokyo, Japan). The signal was 

amplifiedd (KyowaTM, Tokyo, Japan) and recorded by means of a thermal pen 

recorderr (WKKTM, Kaltbrunn, Germany).10 A contraction with Tyrode's containing 

400 mM KCl (equimolar substitution for NaCl) was generated to serve as a referen-

cee to quantify the contractions provoked by the alphal-adrenoceptor agonist, L-

phenylephrinee and the thromboxane analogue U46619. Vascular wall relaxation 

off  the aortic preparations was assessed after precontraction with phenylephrine 

(100 mM) and cumulative concentration-response curves were then made for the 

effectt of metacholine and isoprenaline. Using a computer program (GraphPad, 

Institutee for Scientific Information, San Diego, Calif., USA), concentration-respon-

see curves for the different agonists were fitted to concentration-response data for 

3-55 individual experiments. 

AA total of 20 transgenic mice expressing ATA, 18 mice expressing full-length TR3 

ass well as 19 age- and gender-matched FVB control mice were used for this study. 

Animalss weighed between 20 and 25 gram and were 10 to 12 weeks of age. 

Anesthesiaa was performed using Midazolam (12.5 mg/kg body weight) and 

Hypnormm (0.01 ml/mouse). A skin incision was performed and the right A. femo-

raliss was exposed using a sterile surgical technique and ligated immediately dis-

tall  from the bifurcation with the A. femoris profunda. A double ligation was per-

formedd with a 5 mm distance in-between the two ligation sites, leaving the 

accompanyingg femoral vein and nerve intact. Because of the preserved anatomy 

off  the preexisting arteriolar connections, no ischemia or necrosis occurs and arte-

riogenesiss is shown to be the predominant form of vessel growth in this in-vivo 

murinee model.11 
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Hindd limb blood flow was quantified after 7 days of ligation (ATA: n = 15; full-

lengthh TR3: n = 13 and WT: n = 14). For this purpose, a pressure-controlled per-

fusionn of the isolated hind limbs was performed, using fluorescent 

microspheres.111 Briefly, a catheter was inserted in the abdominal aorta for perfu-

sionn of the hind limbs with 4 differently fluorescent labeled microspheres 

(Molecularr Probes, Eugene, Oregon, USA). These microspheres were put in a 

bufferr solution of NaCl 0.9%, adenosine (5 mg/liter) and Tween 20% (1 ml/liter). 

Eachh differently colored microsphere was infused at a specific pressure level (70, 

80,, 90 and 100 mm Hg) that was generated via an automated, computer driven 

exogenouss perfusion system. Hereafter, the tissue from the peripheral hind limb 

(m.. gastrocnemius and m. peroneus) was harvested for digestion of the tissue, 

andd subsequent counting of the microspheres using FACS analysis. Perfusion was 

expressedd as a percentage of the ligated compared to the non-ligated hind limb. 

uu hybridization of collateral arteries 
Proximall  hind limb muscle tissue (m. quadriceps and m. adductor) were harves-

tedd 7 days after femoral artery ligation (ATA: n = 5; full-length TR3: n = 5 and 

WT:: n = 5) and snap-frozen in methylbutane that was cooled with liquid nitr-

ogenn at -150 to -160 °C. Finally, the tissue was stored at -80°C until further pro-

cessing.. Some samples were embedded in paraffin. For all histological examina-

tionss 5 yu.m sections were used. Micrographs were taken with a Leica microscope 

(Leica,, Wetzlar, FRG) equipped with a Sony DXC-950 3CCD digital video camera. 

TR33 and ATA are expressed under control of the SM22alfa-promoter and to evalu-

atee transgene expression in this model we assessed expression of endogenous 

SM22alfaa by radioactive in situ hybridization assays that were performed as 

described.12,133 The following probe were synthesized for in situ hybridization: 

SM22alfa,, Genbank NM_011526, bp 330-582. A matching sense riboprobe was 

assayedd and was shown to give neither background nor an aspecific signal. The 

sectionss were exposed for 5 days. Antibody 1A4 (DAKO) that recognizes SM alfa-

actinn was used to detect vascular SMCs. An antibody directed against PCNA 

(DAKO)) was used to detect proliferating SMCs in the vascular wall. For pretreat-

ment,, the sections were rehydrated, incubated with 0.3% hydrogen peroxide to 

blockk endogenous peroxidase activity, and blocked with 10% vol/vol preimmune 

goatt serum (DAKO) in Tris-buffered saline (TBS; 10 mmol/L Tris (pH 8.0), 150 

mmol/LL NaCl). Subsequently, the sections were incubated with specific antibodies, 

followedd by incubation with biotinylated secondary antibodies, which were 

detectedd with streptavidin-horseradish peroxidase conjugates (DAKO). Peroxidase 

activityy was visualized with aminoethylcarbazole and hydrogen peroxide. After 

counterstainingg with hematoxylin, the sections were embedded in glycergel 

(Sigma). . 
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StatisticalStatistical analysis 

Dataa are expressed as mean  SD. Continuous variables were compared using a 

Studentt T-test using SPSS version 11.0 (SPSS Inc, Arlington, USA). A multiple com-

parisonn was made between the control and two treatment groups, using an 

ANOVA-testt with a Dunnett's (post) test. A p-value <0.05 was considered statisti-

callyy significant. 

Result s s 
InIn vitro vasodilation and vasoconstriction 

Thee increase in wall tension (N/m) of isolated thoracic aorta segments in respon-

see to a high potassium chloride concentration (40 mM) was similar in prepara-

tionss obtained from TR3, ATA and control groups. 

Phenylephrine Phenylephrine 

Thee maximal al-adrenoceptor-mediated response to phenylephrine was not signi-

ficantlyy different in aortas taken from TR3, DTA or wild-type mice as shown in 

Figuree la. Moreover, the sensitivity of the thoracic aorta preparations to pheny-

lephrinee was not altered in the TR3, ATA or wild-type mice. 

Thromboxane-analogueThromboxane-analogue (U46619) 

Thee increase in wall tension (N/m) after exposure to the thromboxane A2-agonist 

U466199 was not statistically significantly different for the TR3, ATA and wild-

typee mice (Figure lb). 

Methacholine Methacholine 

Endothelium-dependentt vasodilator responses of thoracic aorta preparations to 

methacholinee proved not to be significantly altered in the TR3, ATA and wild-

typee animals (Figure 1c). After precontraction with phenylephrine (10 p.M) the 

relativee relaxant responses were the same in these three groups. The methacho-

line-inducedd responses of the thoracic aorta preparations appeared not to be inf-

luencedd by TR3. 

Isoprenaline Isoprenaline 

Concentration-responsee curves for isoprenaline showed no difference in maximal 

vasodilatorr response or sensitivity of thoracic aorta of the different mice (Figure 

Id). Id). 

Ourr results indicate that TR3 or ATA do not induce major changes in the sensiti-

vityy of isolated aorta segments to different vasoactive substances. 
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Figuree 1 

TheThe relaxant and vasoconthctor effects of phenylephrine (n = 3; A), thromboxane (U46619; n = 5; 

B),B), methacholine (n = 5; C) and isoprenaline (n = 3; D) on aortas of transgenic and wild-type 

mice.mice. Cf indicates contractile force. 

illntornl illntornl yy.ry.ry dependent hind limb perfusion 

Too assess the effect of TR3 overexpression or inhibition of all three TR3-like fac-

torss by ATA overexpression, we challenged the transgenic mice with a femoral 

arteryy ligation. None of the mice showed a macroscopically visible loss of func-

tionn or overt necrosis of the foot. Microsphere measurements revealed no statisti-

call  differences of hind limb perfusion between mice expressing ATA, full-length 

TR33 and the WT mice after 7 days of femoral artery ligation (ATA: 54.6%  16%; 

full-lengthh TR3: 58.8%  17% and WT: 58.5%  14%; Figure 2; p = NS). 
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pp = NS 

TR3 3 deltaa TR3 WT T 

MicrosphereMicrosphere perfusion measurements 7 days after femoral artery ligation of mice that express the 

micemice expressing the full-length TR3 (n = 13), dominant-negative variant ofTR3 (n = 15) and wild-

typetype littermates (n = 14), respectively. Quantification of blood flow of the occluded leg is expressed 

asas a percentage  from the non-occluded leg. 

Inn the transgenic mice applied in this study the transgenes were under control of 

thee SM22alfa promoter to direct expression specifically to arterial SMCs. To exclu-

dee the possibility that the absence of significant differences in collateral forma-

tionn were observed due to downregulated expression of the transgenes in this 

ligationn model, we evaluated the expression of SM22alfa expression in collateral 

vesselss one week after ligation. Radioactive in situ hybridization showed clear 

expressionn specifically in all SMCs of the arterial vessel wall of the collateral arte-

riess (Figure 3a). Consequently, we assume that the transgenes are continuously 

expressedd during collateral artery remodeling 

Too further substantiate similarity of medial SMC proliferation in collaterals in 

responsee to ligation in the different (transgenic) mice, we assayed for prolifera-

tingg cell nuclear antigen (PCNA) in sections of ligated hind limbs. 

Immunohistochemistryy showed no differences in PCNA expression in TR3, ATA or 

wild-typee mice after femoral artery ligation [Figure 3b and 3c). 
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Inn situ hybridization 

Si-Si-
Figuree 3 

InIn situ hybridization of 

SM22alfaSM22alfa (a). 

ImmunohistochemistryImmunohistochemistry of 

PCNAPCNA expression in collateral 

arteriesarteries obtained from ATA 

(b)(b) and TR3 (cj mice after 

femoralfemoral artery ligation. 

Discussion n 
Inn the present study we have shown that vascular responsiveness, as assessed in 

vitroo using different vasoactive substances, was normal in aorta rings derived 

fromm transgenic mice in which the nuclear receptor TR3 was either overexpressed 

orr fully inhibited by overexpression of its dominant-negative variant ATA, compa-

redd to aorta rings of wild-type mice. Furthermore, modulation of TR3 activity did 

nott cause a (pathological) effect on vascular remodeling in the process of collater-

all  artery formation. 

ponses ponses 

Inn several physiological (vasoconstriction, vasodilation) as well as pathological 

processess (e.g. atherosclerosis, (in-stent) restenosis, vein-graft disease, transplan-

tationn arteriosclerosis) SMCs play a key role. In previous studies we have shown 

thatt TR3 (and possibly also MINOR and NOT) inhibit SMC proliferation in vitro as 

welll  as in an in vivo restenosis model and proposed that TR3-like transcription 

factorss exhibit an inhibitory role in atherogenesis. More specifically, it was 

shownn that TR3 affects protein expression levels of the cyclin-dependent kinase 

inhibitorr p27KipI and thus promotes arrest of the cell cycle at Gl.7-14 However, 

sincee SMCs are pivotal in the process of physiological vasoconstriction and vaso-

dilationn as well as in arteriogenesis, the inhibition of SMC proliferation may 

theoreticallyy influence the functionality of these cells. This may create significant 

adversee effects, when considering the stimulation of TR3 expression as a novel 

Immunohistochemistry y 
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therapeuticc modality for the treatment of neointima formation, in-stent resteno-

siss and/or atherosclerosis. For this reason, the influence of changes of TR3 expres-

sionn on the vasoconstrictor and vasodilator arterial activity was evaluated in an 

in-vitroo setup. The vasoconstrictor responses to high potassium concentrations 

(400 mM) as well as phenylepinephrine and thromboxane and the vasodilator 

responsess to metacholine and isoprenaline appeared to be uninfluenced by TR3 

overexpressionn or inhibition of all three endogenous TR3-like factors. 

CollateralCollateral artery formation after modulation of TR3 expression 

Arteriogenesiss is the process of remodeling of pre-existing arterioles to mature 

collaterall  arteries. This natural compensatory mechanism has been shown to 

limi tt the damage in patients with an acute myocardial infarction.15 In case of 

arteriall  obstruction, these collateral arteries are recruited, bypassing the vessel 

narrowingg or occlusion.16 The redistribution of blood flow via arterioles that 

interconnectt the different vascular territories causes a local increase of shear 

stress,, initiating an activation of the endothelium. Subsequently, the endothelium 

startss the production of adhesion molecules and chemotactic cytokines like 

monocytee chemoattractant protein 1, regulating the local attraction, adhesion 

andd subsequent transendothelial migration of monocytes.1 7'19 After  transforma-

tionn into macrophages, these cells create an inflammatory environment (invol-

vingg metalloproteinases and pro-inflammatory cytokines like tumor necrosis fac-

torr alfa) enabling the expansion of these pre-existing arterioles. Subsequently, 

perivascularr macrophages generate mitogenic factors like basic fibroblast growth 

factorr and transforming growth factor fsl that stimulate proliferation of SMCs 

aroundd the remodeling arterioles.20,21 Ultimately, this results in an increase in 

lumenn size of the arterioles and an increased number of perivascular SMC 

layers.166 As already discussed, the intracellular transcription factor TR3 inhibits 

SMCC proliferation.7 Therefore, it was postulated that overexpression of TR3 or 

inhibitionn of all three TR3-like transcription factors in arterial SMCs may poten-

tiallyy influence the natural course of remodeling of arterioles in the process of 

arteriogenesis.. However, in the present study no effects were observed in our 

establishedd murine ligation model of arterial obstructive disease. These data cle-

arlyy demonstrate that neointimal SMC hyperplasia as observed in restenosis is an 

intrinsicallyy different process as the medial SMC expansion during arteriogenesis. 

Inn this respect it is of interest to mention that even though substantial functional 

involvementt of FGF-2 in neointimal SMC hyperplasia as well as in arteriogenesis 

hass been proposed, it has recently been shown that targeted disruption of FGF-2 

genee does not affect collateral remodeling.22 

TR3TR3 activity in the vascular wall 

Sincee no effects were observed on the contractile and vasodilator responses of 

thee normal arterial wall neither as on the natural course of the arteriogenesis 
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processs in response to modulation of TR3 activity, it seems likely that these pro-

cessess do not utilize the transcription factor TR3. The rationale behind these fin-

dingss remains speculative. One explanation may be the fact that the driving force 

off  the process of intimal thickening is caused by a combination of thrombus 

deposition,, cellular inflammation, and ultimately intimal SMC proliferation and 

migration.. Moreover, progression of atherosclerotic lesion formation is sustained 

byy the local transition of macrophages into lipid laden foam cells that are trap-

pedd in the vessel wall.1 This is substantially different from the driving force in 

vasoconstrictionn and vasodilation in our in-vitro setup (pharmacologically indu-

ced)) and in the model of arteriogenesis (enhanced shear forces and lack of the 

presencee of foam cells).8 The transcriptional activity of TR3-like factors is modu-

latedd by co-activators and co-repressors, as well as by the extent of hetero-dime-

rizationn with rexinoid receptors (RXR). The expression of each of these regulating 

proteinss may be modulated distinct in the different processes involving SMC 

hyperplasia.. Consequently, differences in gene expression profiles downstream of 

TR3-likee factors may vary between these processes and experimental models. 

Second,, no expression of TR3 is observed in the normal arterial wall. We have 

previouslyy shown that TR3 (and MINOR and NOT) mRNA was exclusively expres-

sedd in neointimal SMCs and not in normal medial SMCs.7 Although the modified 

TR33 construct was also embedded in the medial layer of the arterial wall of the 

createdd mice, the site specific expression of TR3 in case of pathological condi-

tionss like intimal thickening may explain the ineffectivity of modulation of TR3 

expressionn in the in-vitro and in-vivo experimental procedures. In both condi-

tions,, SMC activation takes place in the (normal) medial layer of the vascular wall 

ratherr than in the subendothelial compartment where intimal hyperplasia takes 

place.. Furthermore, it is conceivable that the extent and spatio-temporal expres-

sionn of multiple other genes, of which the exact function in vascular wall func-

tionn may still be unknown, are involved in the development and progression of 

atherosclerosis,, restenosis and also in arteriogenesis. Consequently, a compensa-

toryy mechanism of other (unknown) genes may disguise the alteration of TR3 

expressionn in the presented models. 

Conclusion s s 
Inn conclusion, the efficacy of the inhibition of SMC-rich lesion formation using 

over-expressionn of the TR3 receptor is associated with normal arterial responsive-

nesss and vascular remodeling. TR3-like factors are members of the Nuclear 

Receptorr superfamily, which comprises proteins of which the transcriptional acti-

vityy in general is regulated by small, non-protein ligands. At present, traditional 

ligand(s)) of the orphan TR3-like receptors are still unidentified. Our current fin-

dingss are important when considering TR3-like factors as therapeutic targets in 

thee treatment of atherosclerosis and/or restenosis. 
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