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HIGHLIGHTS

� Neointimal hyperplasia is the major factor contributing to restenosis after angioplasty procedures.

� Multiple animal models exist to study basic and translational aspects of restenosis formation.

� Animal models differ substantially, and species-specific differences have major impact on the pathophysiology of the

model.

� Genetic, dietary, and mechanical interventions determine the translational potential of the animal model used and have to

be considered when choosing the model.

SUMMARY

The process of restenosis is based on the interplay of various mechanical and biological processes triggered by

angioplasty-induced vascular trauma. Early arterial recoil, negative vascular remodeling, and neointimal formation

therefore limit the long-term patency of interventional recanalization procedures. The most serious of these processes is

neointimal hyperplasia, which can be traced back to 4 main mechanisms: endothelial damage and activation; monocyte

accumulation in the subintimal space; fibroblast migration; and the transformation of vascular smooth muscle cells. A

wide variety of animal models exists to investigate the underlying pathophysiology. Although mouse models, with their

ease of genetic manipulation, enable cell- and molecular-focused fundamental research, and rats provide the opportunity

to use stent and balloon models with high throughput, both rodents lack a lipid metabolism comparable to humans.

Rabbits instead build a bridge to close the gap between basic and clinical research due to their human-like lipid meta-

bolism, as well as their size being accessible for clinical angioplasty procedures. Every different combination of animal,

dietary, and injury model has various advantages and disadvantages, and the decision for a proper model

requires awareness of species-specific biological properties reaching from vessel morphology to distinct cellular

and molecular features. (J Am Coll Cardiol Basic Trans Science 2021;6:900–917) © 2021 The Authors. Published by

Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ISSN 2452-302X https://doi.org/10.1016/j.jacbts.2021.06.006

From the aDepartment for Radiology, University Hospital, Ludwigs Maximilian University (LMU), Munich, Germany; bBiomedical

Center Munich, Ludwigs Maximilian University (LMU), Munich, Germany; and the cGerman Center for Neurodegenerative Dis-

eases, Ludwigs Maximilian University (LMU), Munich, Germany.

The authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’

institutions and Food and Drug Administration guidelines, including patient consent where appropriate. For more information,

visit the Author Center.

Manuscript received March 16, 2021; revised manuscript received June 17, 2021, accepted June 20, 2021.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 6 , N O . 1 1 , 2 0 2 1

ª 2 0 2 1 T H E A U T H O R S . P U B L I S H E D B Y E L S E V I E R O N B E H A L F O F T H E AM E R I C A N

C O L L E G E O F C A R D I O L O G Y F O UN DA T I O N . T H I S I S A N O P E N A C C E S S A R T I C L E U N D E R

T H E C C B Y - N C - N D L I C E N S E ( h t t p : / / c r e a t i v e c o mm o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 / ) .



C
ardiovascular diseases are currently the

leading cause of death and will continue to

be so in the near future (1).

The most frequent pathomechanism of cardiovas-

cular disease is atherosclerosis, which is considered a

chronic and progressive inflammatory disease of

multifactorial causes, with long-term loss of patency,

which primarily affects the coronary vessels, carotids,

and peripheral vasculature. Percutaneous trans-

luminal intervention, which enjoys a high success

rate accompanied by low periprocedural complica-

tions, has been established for the symptomatic

treatment of lumen-narrowing atherosclerosis.

Despite good technical success, a relapse rate of up to

20% within the first 12 months remains, differing

among vascular territories (2). Although there are

various therapeutic approaches, such as delivering

antineoplastic agents to the vessel wall during an-

gioplasty via drug-eluting balloons and/or stents,

lasting success is limited by the process of neointimal

hyperplasia, which is the leading cause of midterm

loss of patency. The formation of the neointima

shows several parallels to the formation of de novo

atherosclerosis. Vascular trauma triggers an inflam-

matory reaction with increased recruitment of im-

mune cells, especially monocytes and macrophages,

which quickly accumulate and differentiate into

foamy macrophages. Oxidative stress and an

increased release of cytokines and chemokines lead

to proliferation and migration of vascular smooth

muscle cells (VSMCs) from the media into the intima.

There, various growth factors further stimulate the

formation of a neointima (3).

Restenosis can occur after stent or balloon angio-

plasty, as well as after other revascularization pro-

cedures associated with vascular injury. Although at

reduced frequencies, restenosis has been observed

following the use of drug-eluting technologies. Dif-

ferences are primarily observed in frequency and

timing of restenosis development (2). To understand

the underlying pathomechanisms and to develop new

treatment approaches, animal models have become

an increasingly important tool. Basic pathophysiology

and novel therapy approaches can be studied in this

way. Models of neointimal hyperplasia are based

essentially on 3 different approaches: 1) surgical in-

terventions (eg, carotid artery ligation, guide-wire

injury); 2) metabolic triggers (eg, cholesterol-rich

feeding, provoked diabetes); and 3) specially bred or

genetically modified organisms (eg, Watanabe heri-

table hyperlipidemic [WHHL] rabbits, knock-out

strains). In addition, there are many different spe-

cies to choose from— rodents, rabbits, dogs, pigs,

ruminants, primates, and even birds can be used to

fathom the mechanisms of restenosis and

neointimal hyperplasia.

Because major interspecies differences

exist with regard to the pathophysiology of

restenosis but also to the effects of thera-

peutic interventions, knowledge about

atherosclerosis and neointima formation in

different animal models is required. This re-

view highlights neointimal hyperplasia as the

essential pathomechanism of restenosis, with

a focus on species-specific characteristics of

various animal models and the resulting im-

plications for translational research.

PATHOPHYSIOLOGY OF RESTENOSIS

The development of restenosis is based on

a complex interaction of various mechanical

and biological factors triggered by the revas-

cularization procedure of diseased vasculature

and the accompanying vascular trauma (Central

Illustration). The mechanism by which postangio-

plasty restenosis develops apparently depends on

whether the intervention was performed by a stent

or a balloon-only angioplasty. In case of a stent-less

procedure, early arterial recoil and negative vascular

remodeling are important factors. In contrast, reste-

nosis after stent insertion (in-stent restenosis) is

primarily mediated by neointimal formation and

neoatherosclerosis (4,5).

Early arterial or elastic recoil is an effect created by

the natural elasticity of the vascular wall caused by

elastin fibers and connected VSMCs. The expanded

vessel contracts after removing the balloon, which

leads to a renewed lumen loss of up to 50% (6). The

implantation of a stent cannot always completely

counteract this pressure (7).

Vascular remodeling is a physiological response for

adapting the vessels to changing hemodynamic con-

ditions. As soon as an overshooting regrowth of

vascular tissue occurs at the site of previous vascular

trauma, this actual healing process turns into a

negative. Consequently, the term neointimal hyper-

plasia refers to a pathological excess of negative

vascular remodeling caused by an overgrowth of

VSMCs and associated extracellular matrix produc-

tion after intervention (8,9). During angioplasty, the

endothelium is mechanically stressed and can be

partially denudated or even ruptured. This denuda-

tion can also reach deeply into the underlying medial

layer and cause direct damage to the VSMCs (10).

The formation of the neointima is mediated by

both cellular and humoral factors. Generally, the

question whether in-stent restenosis in humans is

AB BR E V I A T I O N S

AND ACRONYM S

Apo = apolipoprotein

CETP = cholesteryl ester

transferase protein

ECM = extracellular matrix

FGF = fibroblast growth factor

HDL = high-density lipoprotein

LDL = low-density lipoprotein

LDLr = LDL receptor

PDGF = platelet-derived

growth factor

TGF = transforming growth

factor

VLDL = very low-density

lipoprotein

VSMC = vascular smooth

muscle cell
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CENTRAL ILLUSTRATION Animal Models to Generate Neointmal Hyperplasia

Ebert, M.L.A. et al. J Am Coll Cardiol Basic Trans Science. 2021;6(11):900–917.

Angioplasty and other vascularization procure cause a trauma to the vessel wall leading to neointimal hyperplasia via 4 major mechanisms: (1) Endothelial injury and

platelet aggregation; (2) Endothelial dysfunction and leukocyte adhesion; (3) smooth muscle cell migration and proliferation; (4) Formation of the neointima. LDL ¼

low-density lipoprotein; VSMC ¼ vascular smooth muscle cell.
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comparable to experimental models remains conten-

tious. Numerous cell types show the potential to

transform into a VSMC phenotype, and at least in

some animal models, each shows the capability to

partially contribute to the neointima. Thus, neo-

intimal formation is a process that is heterogeneous

between species because each animal model features

distinct cellular mechanisms rather than a common

cellular pathway. Furthermore, this complexity has

contributed to divergent results among certain ani-

mal models and prevents any single model from

revealing the complete pathogenesis of neointimal

hyperplasia (11). Regarding the major cellular players,

4 cell types and associated processes deserve atten-

tion: the endothelial cells of the intima; the mono-

cytes and/or macrophages of the blood pool

infiltrating the vascular wall; the fibroblasts of the

adventitia; and the smooth muscle cells of the media

(12).

An overview of the process of neointimal hyper-

plasia is shown in Figure 1.

ENDOTHELIAL INJURY AND ACTIVATION. The dam-

age to the vessel wall triggers the physiological

coagulation cascade by the release of tissue factor,

which leads to platelet activation and the formation

of a local thrombus layer (13,14). The rupture of the

endothelium and subendothelial space is accompa-

nied by a severe endothelial dysfunction, including

increased endothelial permeability and activation

(15). Endothelin-1 interacts with the ETA-receptors of

smooth muscle cells, encouraging them to contract

immediately, thereby counteracting the endothelial

ETB-receptor, which normally induces vessel relaxa-

tion by stimulating the endothelium to release nitric

oxide (16). Nitric oxide and prostaglandin I2 in a

normal physiological state exert vasodilative, anti-

proliferative, and antiadhesive effects on the endo-

thelium. These become impaired if the physiological

balance is affected by pathologic stressors (eg, dia-

betes and hypercholesterolemia) (3,8). Elastase,

released by neutrophils, decreases the elasticity of

blood cells and inactivates inhibiting factors of matrix

metalloproteinases, pushing the breakdown of

extracellular matrix proteins (17,18). The glycoprotein

Tenascin-C promotes the proliferation of

smooth muscle cells by interacting with many

different growth factors and adhesion molecules,

such as platelet-derived growth factor (PDGF), as well

as fibroblast growth factor (FGF) and fibro-

nectin (18,19).

MONOCYTE ACCUMULATION. Various adhesion fac-

tors like selectins and vascular cell adhesion mole-

cules are expressed by the activated endothelium,

which causes leukocytes, especially monocytes, to

roll and stick to the endothelium where a complex

cluster of integrins and cadherins leads to a trans-

migration into the subintimal space (20). These

monocytes differentiate into macrophages that exert

an inflammatory response that releases cytokines,

(eg, tumor necrosis factor-a or interleukin-1b), which

intensifies the weakening of the endothelial barrier

by chemotaxis of lymphocytes and additional mono-

nuclear phagocytes (21). It could be shown that defi-

ciency of the endogenous inhibitor interleukin-1

receptor antagonist promotes intimal hyperplasia

following arterial injury (22). This further increases

endothelial permeability, leading to an altered influx

of low-density lipoproteins (LDLs), similar to de novo

atherosclerosis, forcing the transmigrated macro-

phages to mature into foam cells (23). The perishing

foam cells accumulate, forming a necrotic center

encapsulated by a VSMC-made fibrous cap of

collagen, proteoglycans, and elastin, which acceler-

ates restenosis (24).

FIBROBLAST MIGRATION. The proliferation of fi-

broblasts is primarily stimulated by FGF and fibro-

nectin. Because of the presence of transforming

growth factor (TGF), fibroblasts differentiate into

myofibroblasts that migrate into the media, causing a

volume increase and promoting the deposition of

extracellular matrix proteins (25). The activation of

fibroblasts also increases the secretion of various

growth factors, including PDGF and FGF (26). FGFs

are composed of a 22-member family of proteins that

mediate their biological activity by binding to 4

distinct cell surface receptor tyrosine kinases, which

are referred to as FGF receptors (FGFR1-FGFR4). This

leads to assembly of a ternary complex involving FGF

receptor adaptor protein fibroblast growth factor re-

ceptor substrate 2 (FRS2), Grb2, and Sos, which re-

sults in activation of the Ras/mitogen-activated

protein kinase signaling cascade (27). The subsequent

fibroblastic migration and proliferation in combina-

tion with growth and redox factors also fosters the

stimulation of VSMCs to react in a similar way (26).

VSMC TRANSFORMATION. PDGF-BB and the matrix

glycoprotein osteopontin perform pivotal tasks dur-

ing VSMC migration from the media into the intima

(28,29). Their phenotype subsequently changes from

the predominantly contractile to an abnormal, pro-

liferative type (30). The TGF family, in particular

TGF-b1, plays a significant role in this process by

stimulating VSMC transformation via the PI3K/AKT/

ID2/mTOR pathway (31). In this context, PI3K is

downstream of TGF-b1 and strictly controls the levels

of other proteins and genes, whereas ID2 is an
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essential transcriptional regulatory factor. The sig-

nificant changes in this process include morpholog-

ical changes in the cells, such as from spindle

elongated to hypertrophic morphology, and they

exhibit “hill and valley” growth. In addition, changes

occur in the levels of protein and mRNA markers of

the respective types, that is, an increase in protein

and/or mRNA expressions of the synthetic marker

protein osteopontin and a decrease in the protein

and/or mRNA expressions of the contractile marker

proteins a-smooth muscle actin and smooth muscle

22a (SM22a). Furthermore, VSMCs show enhanced

proliferation and migration (25). Subsequently, the

altered VSMCs act in a different way than when they

are under physiologic conditions, because they are

capable of synthesizing and secreting the extracel-

lular matrix to a greater extent and can also convert

into foam-cell�like cells (28,32).

An influence of the microbiome on the develop-

ment of atherosclerosis and restenosis has also been

suggested in recent studies. A comparison of aseptic

and conventionally raised mice showed that the

latter had more advanced neointimal formation,

which was probably related to changes in the kinetics

of acute inflammation and wound healing (33). In-

testinal dysbiosis also appeared to contribute to the

development of atherosclerosis by modulating

inflammatory events caused by differences in the

production of microbial metabolites (34,35).

The development of neoatherosclerosis is primar-

ily based on postinterventional endothelial dysfunc-

tion (36). Because of insufficient endothelial

regeneration, the circulating lipids increasingly

accumulate in the subintimal space, accelerating the

formation of new atherosclerotic plaques within the

emerging neointima. This process is also shown by

the early deposition of foam cells and necrotic tissue,

as well as the emergence of a thin-capped fibroa-

theroma (37).

The detailed sequence and interplay of altered

endothelial permeability, monocyte influx, VSMC

proliferation, and migration, as well as increased

synthesis of the extracellular matrix, are still under

investigation.

MOUSE MODELS OF NEOINTIMAL HYPERPLASIA

Over the past decades, the mouse has become the

most widely used scientific model animal. Because of

its high reproduction rate, easy handling, and care, as

well as its small size, it is an ideal research subject

that enables the investigation of complex issues

within a reasonable frame of investment. In addition,

the immune system of mice is relatively comparable

FIGURE 1 Process of Neointimal Hyperplasia as the Mainstay of Restenosis

The most important aspects of neointimal hyperplasia, consisting of endothelial injury and dysfunction, increased leukocyte accumulation in

the subintimal space, smooth muscle cell proliferation, and migration to the neointima with subsequent recurrent lumen narrowing of a

atherosclerotic lesion. ECM¼ extracellular matrix.
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to that of humans, especially regarding the inflam-

matory response in vascular diseases. However, in

contrast to humans, most mouse models do not have

lumen-narrowing stenosis and plaque rupture, which

is characteristic for human atherosclerosis. There are

some crucial differences regarding the microscopic

anatomy of the cardiovascular system of mice—the

arterial intima is composed of an endothelial layer

overlying the internal elastic lamina without addi-

tional connective tissue or VSMCs compared with that

of humans. In addition, the vasa vasorum are missing

and the tunica media is thinner. Furthermore, the

morphology of atherosclerotic plaques is also distinct

because a thick fibrous cap is missing (38). The

absence of the vasa vasorum has been found to ac-

count for the lack of neoangiogenesis into the base of

the lesions and thus to the attenuation of athero-

sclerosis progression. These neovessels are derived

from the vasa vasorum, which consequently in

humans constitute a gateway for immune cells and

contribute to the chronic inflammation and develop-

ment of the necrotic core (39). Therefore, there are

different approaches to “humanize” the immunoin-

flammatory system of mice to enable more translat-

able models. Nonetheless, the most important

advantage about the mouse as a scientific model is its

ease of genetic manipulation.

Because of the different lipid metabolism and lip-

oproteome, which provides a high resistance against

cardiovascular diseases, the use of inbred or geneti-

cally modified mice is inevitable in order to study

atherosclerosis and neointimal hyperplasia. Although

humans carry most of their plasma cholesterol in

LDLs, mice do so in high-density lipoprotein (HDL).

The reason is the murine lack of cholesteryl ester

transfer protein (CETP), which passes cholesteryl es-

ters from HDL to ApoB-containing lipoproteins such

as LDL and very low-density lipoprotein (VLDL) in

humans (40). Other important differences exist in the

structure of their apolipoproteins, their homoge-

neous HDL, and the lack of a VLDL receptor on their

macrophages. Murine liver activity also opposes

atherosclerosis development: mice have high hepatic

LDL-receptor activity; a high level of hepatic lipase in

circulation; a high excretion of bile acid; and only low

hepatic synthesis of cholesterol (41,42). This is also

considered responsible for the impossibility of pro-

voking translatable atherosclerosis in wild-type-mice

only in a dietary way.

STRAINS AND MODIFICATIONS. For the aforemen-

tioned reasons, different inbred strains and geneti-

cally modified mouse models exist. The most

frequently used modifications are the ApoE and LDL

receptor (LDLr) knockout mice. Most used strains are

C57BL/6, C3H/HeJ, FVB/NJ, 129/SvJ, and BALB/C.

ApoE is a glycoprotein mainly synthesized in the

liver that plays a pivotal role in the catabolism of

chylomicrons and VLDLs. It mediates the cellular

uptake of these substances in the liver and small in-

testine by acting as a ligand for the ApoE-receptor or

LDLr. ApoE deficient (ApoE�/�) mice show higher

plasma levels of total cholesterol and develop

atherosclerosis on a normal diet, which can be

significantly enhanced by feeding a western-type,

high-fat diet. The lack of ApoE markedly affects the

course of inflammation, which affects the trans-

lational potential. Still, a combined model of ApoE�/�

mice with an artery ligation approach, as explained in

the following, leads to neointimal formation, which,

in certain aspects, is comparable to that of humans

(43).

The LDLr, found on the membranes of almost all

animal cells, mediates the endocytosis of LDLs.

LDLr�/� mice, which lack this receptor, only show

significantly increased levels of plasma cholesterol on

a western-type diet. They develop a human-like lipid

profile, whereas inflammatory responses remain un-

affected (44).

CAROTID ARTERY LIGATION MODEL. In this blood

flow cessation model, the ligation of the common

carotid artery near the distal bifurcation causes

disruption of blood flow, which leads to VSMC-rich

neointima formation with extensive vascular remod-

eling and a reduction of the vessel diameter within

2-4 weeks (45). Decreasing cellularity and increasing

extracellular matrix accumulation of the evolving

neointimal lesion can continuously be observed

within a few weeks. The contralateral carotid artery

can be used as a negative control and undergoes

compensative remodeling with an extension in

diameter, whereas changes in gene expression can be

detected on each side 3-4 weeks after ligation (46).

Other approaches of this model apply an incom-

plete blood flow disruption by ligating either the

external or internal or both carotid arteries, while

leaving the common carotid artery untouched. This

allows decreased but consistent blood flow, which is

believed to reduce thrombus formation and endo-

thelial denudation that otherwise occurs directly at

the site where the ligature constricts the vessel

(47,48).

The advantages of these models lie in the good

surgical feasibility as well as their high reproduc-

ibility. In addition, mechanical trauma and inflam-

matory response are limited, whereas the

endothelium remains largely intact. Thus, this setup
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is not ideal to study neointimal behavior in a clini-

cally translatable way but allows investigation of the

physiological backgrounds on a molecular level (46).

CUFF INJURY MODEL. A less severe mechanical

manipulation was established to resemble the clinical

situation. The model of cuff-induced neointimal for-

mation was invented for mice to study the role of

specific endothelial mediators. In this model, a small

polyethylene cuff traumatizes the vascular wall by a

perivascular constriction that still injures the vessel,

but in a less severe way and without endothelial

denudation, while at the same time causing only

stenosis of the perfused lumen without complete

obstruction (49). The emerging neointima primarily

consists of VSMCs, which seem to be mainly induced

by the release of the PDGF family and the presence of

extracellular matrix substances (50).

Other approaches were established by placing a

cuff containing a conical inner lumen, which create a

differing vessel diameter that induced specific shear

stress, oscillation, and variations in velocity of the

blood stream, which led to atherosclerosis formation

in hyperlipidemic mice (51).

As an advantage, this technique is associated with

reduced bleeding and thrombosis rates with lower

mortality and is relatively easy to reproduce. It is also

relatively economical in time and cost. The endo-

thelium remains largely intact and its involvement in

atherosclerosis and neointimal formation can be

investigated on a molecular level (52).

WIRE INJURY MODEL. Originally carried out on the

carotid artery, this endovascular dilatation and

endothelial denudation model is now mainly used on

the femoral and iliac arteries. The mice should be

aged between 10 and 16 weeks to find a balance be-

tween technical difficulty (too small arteries) and

reproducibility (increased variability in neointimal

formation) (53). The artery must be exposed first,

followed by an incision between 2 ligatures (the

proximal to be tightened immediately to avoid blood

loss, the distal to be ligated after the endothelial

denudation) where the wire is inserted. The diameter

of the wire can be up to 3 times the diameter of the

vessel and is not moved for 1 min to ensure over-

stretching. The wire is then either rotated or moved

back and forth, so that the endothelium is almost

completely removed, and the cells of the medial layer

are also partially damaged. The vessel is subse-

quently ligated. This procedure is more complicated

if the vessel is not disconnected and blood flow is

restored, for which the incision must be closed, and

the muscular branch must be tied off. This affects the

translational potential because an impaired blood

flow also limits the transmigration of cells from the

circulation into the vessel wall (54,55).

Platelet adhesion and VSMC damage can be

detected directly afterward, and the start of neo-

intima formation can be observed within 1 week.

After constantly evolving, a concentric and homoge-

nous neointimal lesion primarily consisting of VSMCs

forms at 3-4 weeks and stagnates at approximately

8 weeks (54).

This model is ideal to mimic the trauma caused by

balloon angioplasty while a constant blood flow can

be maintained (if the vessel is not ligated). It offers a

well-established option to study postangioplasty

restenosis, such as the reaction of the VSMCs to the

denudation, with a low degree of inflammation and

thrombosis.

The problem regarding this method is primarily the

technical feasibility. To produce valid results, the

intervention should be performed by the same oper-

ator in all animals of a single trial to avoid major

variations (54).

VEIN GRAFT MODEL. This research tool was devel-

oped to investigate the pathophysiological response

that occurs during neointimal hyperplasia and reste-

nosis in bypass grafts. The jugular vein or 1 of the

vena cava of a donor animal is transplanted into the

trial animal and anastomosed with the carotid or

femoral artery—end to end (with or without an

inversion of the anastomosed vessel or use of a cuff),

end to side, or with a venous patch for a larger

vascular defect (56).

In this case, the formation of a neointima is not

necessarily negative. Because of the new re-

quirements for the graft, the thinner vein wall has to

strengthen to withstand the altered pressure and

flow. However, if this remodeling process exceeds a

certain degree, accompanied by the development of

atherosclerotic lesions, flow-limiting restenosis is

observed.

This model basically resembles mechanical char-

acteristics and complications of human vein grafts.

Genetically based questions can be investigated

specifically. For example, immunogenic responses

can be avoided by using transplants within the same

syngeneic strains, genetically modified grafts can be

used in wild-type mice to define the effects of specific

genetic changes, and particular cell types can be

tracked and studied (57-60).

In contrast, the potential for transferability to

humans is at least questionable because clinical

interventions cannot be reproduced equally in

mice for anatomical reasons. In addition, validity

fluctuates because technical application and
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reproducibility is limited. Plus, the reaction of

transplanted veins differs because of the large dif-

ference in heart rate and blood flow between mice

and humans (61).

OTHER MOUSE MODELS. The photochemical injury

model works with a chemical reactant (eg, rose bengal

red) that responds to the vessel wall through the

interference with light. This leads to severe endo-

thelial damage, followed by thrombus formation,

VSMC migration, increased extracellular matrix

synthesis, and vascular wall thickening. This model

enables endothelial denudation without mechanical

influences and is easy to reproduce (62,63).

Models of in-stent restenosis have recently been

developed using microvascular stents and balloons to

injure the aorta in mice to study the situation and

underlying mechanisms within more different phe-

notypes of metabolic backgrounds or diseases. How-

ever, the clinical relevance of this model is limited

because the tiny stents have to be specially produced,

which has been associated with major changes in

their mechanical properties (64,65).

The electric injury model is carried out using an

electric coagulator, which destroys nearly all cells

across the vascular wall. This approach, although

rather fierce, can be used to research the genetic and

molecular mechanisms of neointimal formation and

VSMC migration under severe thrombotic, inflam-

matory, and remodeling conditions (66).

Models of different chemical injury, air drying, or

allotransplantation have also been developed, but are

not widely used because of their specific approaches

and lack of physiological and translational relevance

(67).

In models of arteriovenous fistula, an anastomosis

is created between the aorta and vena cava or be-

tween the carotid artery and jugular vein to resemble

human arteriovenous fistula. This model is well

established (also in different species and different

target vessels) to study restenosis and neointimal

formation, especially in terms of venous remodeling.

It is distinguished by rapid lesion development and

can be performed as required with or without a renal

disease background (68,69).

RAT MODELS OF NEOINTIMAL HYPERPLASIA

The first unintentional inbred strains of the rat can be

dated back to the 19th century. Their genome has

been fully deciphered, and their genetic manipula-

bility has been increased but is still not on the same

level as in mice. Rats offer a good compromise

because they are large enough for balloon or stent

models and simultaneously allow for high-

throughput research by having a high reproductive

rate. They also require little effort because of their

use of small space and expense.

Rats show similar metabolic features as mice.

Hence, the rat has naturally low cholesterol levels

and lacks CETP; cholesterol is transported by HDLs

instead of LDLs. Therefore, rats are highly resistant to

atherosclerosis development in a dietary way and

need long periods to develop moderate atheroscle-

rosis (70).

STRAINS AND MODIFICATIONS. Sprague-Dawley

and Wistar rats are frequently used strains for

atherosclerosis and neointimal hyperplasia research.

Rats that mimic certain aspects of cardiovascular

pathophysiology, such as the spontaneously hyper-

tensive rat (71) or the obese rat versus the lean Zucker

rat [diabetes type 2 (72)], can be used to study the

specific influence of key cardiovascular risk factors on

neointimal hyperplasia. These models, combined

with angioplasty procedures (eg, stenting), allow for a

more translational investigation of cellular and mo-

lecular processes of restenosis compared with mere

dietary or mechanical injury models (73). ApoE- and

LDLr-deficient rats have been established recently

and offer a good opportunity for high-throughput

restenosis research in a combined injury þ diet

model (65). ApoE�/� and LDL�/� rats develop athero-

sclerosis on a natural diet within 1 year (74).

BALLOON INJURY MODEL. Because of their greater

size compared with mice, restenosis development

after balloon angioplasty can be simulated in rat

aortas. To gain access to the vascular system, the

carotid artery is most frequently used. To avoid

bleeding, a cuff or ligature is placed. A balloon is then

inserted (using a 2-F Fogarty catheter) and expanded

at the selected position to cause hyperextension.

Complete denudation of the vascular wall can be

caused by forward and/or backward movement of the

inflated balloon (75,76).

Initial VSMC-rich neointimal formation can be

detected within a few days after endothelial denu-

dation and can be observed reliably within 2 weeks,

reaching its plateau at 21 days. It is possible to mimic

the previously mentioned scenarios in high quantities

of model animals at relatively low costs and outlay.

This model is well established, relatively easy to use,

and provides high reproducibility (77,78).

IN-STENT RESTENOSIS MODEL. This experimental

setup was established in the rat to evaluate standard

human-sized stents in a model with higher

throughput. In combination with high-atherogenic

phenotypes such as ApoE deficiency, this model can
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reliably serve to study clinically relevant in-

stent restenosis.

The procedure is comparable to the balloon injury

model but upgraded by placing a stent in the injured

vessel. The standard artery for this is the aorta, which

can be reached through the carotid, transabdominal,

or transiliac vessels. Using the iliac artery as an access

point for aortic stenting provides higher survival

rates because of reduced thrombosis rates (79). After

28 days, distinct in-stent neointimal formation

primarily composed of VSMCs and extracellular ma-

trix can be observed. The use of ApoE�/� rats can

intensify restenosis development by more than 30%-

40% (65).

OTHER RAT MODELS. Other models of atheroscle-

rosis and restenosis have also been established and

have been commonly used similarly to mice consid-

ering the aforementioned advantages. For example,

the formation of neointimal lesions can be repro-

ducibly provoked in western diet wild-type and in

ApoE-deficient rats in models of carotid artery liga-

tion or cuff placement (80-82).

OTHER RODENTS

Hamsters and guinea pigs are also occasionally used

for research on neointimal hyperplasia. The lipid

metabolism of these other rodents is different from

mice and rats and closely resembles human meta-

bolism (83).

RABBIT MODELS OF NEOINTIMAL HYPERPLASIA

Despite the high genetic match between humans and

mice or rats, murine metabolism differs significantly

from humans, limiting the translational potential. In

contrast, rabbits offer a high translational capability

for research on new drugs and diagnostic methods, as

well as build a bridge between basic research in ro-

dents and more translational research in larger

animals.

Laboratory rabbits are large compared with their

wild ancestors, whereas they take up much more

space than a mouse or rat. Effort and costs are

increased accordingly, whereas high throughput is

not possible as with rodents. In addition, rabbits are

social animals that depend on a certain degree of

interaction with their comrades and claim higher

demands of husbandry and enrichment.

The great advantage of rabbits is their lipid

metabolism, which is similar to that of humans,

providing a better opportunity to examine the con-

sequences of revascularization under atherosclerotic

preconditions. Like humans and unlike murinae,

rabbits have high CETP activity, which is why they

transport most cholesterol via LDL and VLDL (84).

The rabbit ApoB is similar to the human isoform, as

are the receptors for LDL and VLDL in the liver and on

the surface of macrophages. The excretion of bile

acid, which is synthesized from cholesterol, is

significantly lower in rabbits and humans compared

with that of rats and mice (42).

Because of these similarities, even wild-type rab-

bits are susceptible to a cholesterol-rich diet. An in-

crease of only 2% in dietary cholesterol leads to a

significant elevation of plasma cholesterol levels, and

therefore, to the development of atherosclerotic le-

sions within weeks to a few months. However,

because of the extremely high plasma cholesterol

levels (1,500 to 3,000 mg/dL) and the associated

development of atherosclerotic lesions that are rich

with foamy macrophages, it is recommended to feed

levels of only 0.3%-0.5% cholesterol to resemble hu-

man plaque formation (85-87). It is also important

that a lack of other lipids within a high cholesterol

diet leads to an increasing severity of atherosclerotic

lesions. This is based on the mobilization of stored

fats, which are more saturated than dietary ones, and

thereby promote atherosclerosis development and

bias results (88).

Important differences from humans exist in the

amount of hepatic lipase synthesis and ApoA-II,

which the rabbit is missing completely (89, 90). In

addition, atherosclerotic lesions in rabbits are

primarily characterized by foam cell-rich lesions (91).

For reproducibility, only male rabbits of similar age

should be used because females are likely to have less

stable cholesterol levels, which substantially affects

plaque growth rate and composition.

STRAINS AND MODIFICATIONS. Over time, 3 major

breeding lines of rabbits have prevailed for cardio-

vascular research: New Zealand White, Japanese

White, and Watanabe heritable hyperlipidemic.

While New Zealand White and Japanese white

require a high cholesterol diet to develop athero-

sclerotic diseases, Watanabe heritable hyperlipidemic

rabbits already do so on a normal diet because of an

inherited defect in the LDLr similar to human familial

hypercholesterolemia. This is the major disadvantage

of rabbits: all of these are outbred strains, which

naturally leads to a high degree of interindividual

variation. Although inbred strains exist, they are still

problematic and not widely used. In addition, the use

of transgenic rabbits is well established but still not

common because of the increased costs and difficulty

of genetic manipulability compared with that of ro-

dents. Knock-out/-in animals are also possible. For
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example, ApoE-deficient knock-out rabbits, which

show a higher susceptibility to hyperlipidemia, were

recently created (92).

INJURY MODELS. Although rabbits on a high-fat diet

will sooner or later develop spontaneous atheroscle-

rosis by themselves, an inductive intervention is

frequently performed to accelerate restenosis and the

formation of neointimal lesions.

The surgical execution of the vascular damage

differs hardly from that in rats and mice, but the point

of interest is more on the methods of angioplasty that

are similar to the procedures performed in humans.

This makes the balloon and stent injury models

particularly interesting in rabbits, because the focus

is on translatability, and thus, the simulation of

realistic clinical scenarios for testing new therapeutic

and diagnostic approaches. An elegant way to enter a

rabbit’s cardiovascular system is to gain access either

through the central auricular artery or the lateral

auricular vein by using Seldinger’s technique in

combination with a microcatheter (93,94).

In a model of balloon injury combined with an

atherogenic diet, atherosclerotic plaque development

can be observed beginning at 7-10 days, whereas after

6-10 weeks, lumen-narrowing stenotic lesions are

present. The substantial composition closely re-

sembles those of humans, and neointima formation

can be detected on histologic and molecular levels

(95). In models of stent injury combined with a high

cholesterol diet, in-stent restenosis with neointimal

formation develops within 1 month (96,97).

Examination of restenosis within endarterectomy

can also be performed in rabbits. In a model of rabbit

carotid endarterectomy, neointimal formation

occurred after 7 days, and inflammatory cytokines

were directly correlated to vascular restenosis (98).

An example of the transcarotid endothelial denu-

dation model of the iliac artery is shown in Figure 2.

LARGE ANIMAL MODELS OF

NEOINTIMAL HYPERPLASIA

Because of the technically simpler feasibility and the

fairly good clinical translatability, many large animal

models have been established. This includes, besides

small ruminants, mainly pigs, dogs, and nonhuman

primates. The translational potential of these models

is particularly important. However, the use of such

animals is also associated with significantly increased

effort, costs, and (ethical) hurdles in the approval

process, whereas high throughput and genetic

manipulation are hardly possible.

DOGS. Dogs were used early in models because of

their size, availability, relatively low cost, and ease of

handling and care. They are naturally comparatively

resistant to the development of atherosclerosis and

neointimal hyperplasia, which leads to the dog being

a rather unsuitable model in terms of translatability.

Dietary induction of atherosclerosis is nearly impos-

sible unless hypothyroidism is made simultaneously

present (99). The main reasons for that are the canine

lack of CETP and their coagulation system, which

provides high fibrinolytic activity (100). Furthermore,

dogs undergo thickening of the media and generally

only develop a thin neointimal layer without sub-

stantial lumen narrowing, whereas the primarily

affected vessels are predominantly smaller ar-

teries (101,102).

Neointimal formation was observed in different

injury models [eg, coronary artery (102), vein graft

(103), carotid artery (104)] within time frames of

2 weeks, but its intensity remained moderate and was

hardly affected by the level of vascular damage.

PIGS. Pigs have proven to be efficient in preclinical

research. They have a comparable body size and/or

weight (depending on the breed), a similar natural

diet, and thus, have a metabolism and lipid profile

comparable to humans. Also, the cardiovascular sys-

tem of pigs is anatomically and physiologically

similar to that of humans (105). Even on a normal

diet, pigs can develop atherosclerotic plaques com-

parable to those of humans within 4 to 8 years (106).

In addition, they are not only morphologically similar

but are also similar in terms of lesion distribution

along the arterial tree (107,108).

Important differences are the absence of

lipoprotein(a) and the varying CETP activity in the pig

(109,110). Hence, high cholesterol levels and the

addition of cholic acid to the diet are necessary to

induce accelerated atherosclerosis and other cardio-

vascular diseases. Furthermore, without additional

treatment, atherosclerosis in swine usually stops at

the stage of foam cell agglomeration (111). These le-

sions primarily consist of smooth muscle cells with

minimal macrophage involvement and VSMC prolif-

eration, peaking at 7 days and declining at 28 days

(112). Also, pigs show a remarkably higher thrombo-

genicity than humans (113). Using special breeding

lines, diseases or an injury model, rapid lesion

development, and neointimal formation can be pro-

voked reliably. Pigs have become a dependable tool to

mimic and investigate atherosclerosis development

under pathologic preconditions like diabetes or fa-

milial hypercholesterolemia (114, 115).
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With the Rapacz or inherited hyperlow-density li-

poprotein and hypercholesterolemia pig, a porcine

strain was selectively bred for naturally mutated

ApoB and LDL genes, which led to high levels of LDL

even on a normal diet, with the pig developing

human-like atherosclerotic lesions within 2-4 years

(115). This allowed researchers to follow the kinetics

of a type of atherosclerosis, which in many aspects

resembles that of humans, over a slower and more

realistic course.

In addition, the possibility of genetic manipulation

in minipigs is steadily improving. For example, there

have already been LDL�/� minipigs developed and

used for hypercholesteremia and atherosclerosis

research. These minipigs develop human-like

atherosclerosis on a high-fat/high-cholesterol diet in

a shorter time (116). Swine offer good translational

potential in both balloon and stent models, as well as

vein graft and others (117). They enable the use of

standardized equipment from human catheterization

and develop postinterventional restenosis without

further manipulation and even under natural feeding.

NONHUMAN PRIMATES. As the closest relatives of

humans, monkeys are a logical choice of an animal

model. Anatomy and metabolism are similar to that

of humans.

However, the greatest problem comes with this

close relationship: The use of monkeys, especially

humanoid primates, as experimental animals is ethi-

cally questionable and highly controversial. As a

result, the hurdles to approve experiments on these

animals are extremely difficult in most countries.

FIGURE 2 Exemplary Induction of Restenosis in a Rabbit Model

Neointimal hyperplasia can be induced by a combined dietary and mechanical injury approach. Therefore, the carotid artery is (A) surgically

exposed, (B) ligated, punctured and subsequently a 5-F sheath is inserted. Catheterization of the iliac artery is subsequently performed, and

endothelial denudation can be either performed using a (C) Fogarty catheter (arrow) or a (D) stent retriever (dotted arrow).
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Furthermore, there are high demands on effort and

budget. The need for special facilities, equipment,

personnel, space, enrichment, and financial expen-

diture are important factors.

Nevertheless, due to this relationship, monkeys

also offer a high translation potential. The course of

cardiovascular diseases as well as lesion development

and topography are generally similar to humans (118).

Especially within the realms of long-term studies,

apes (superfamily hominoidea) are particularly

suitable because of their longevity (119). For example,

rhesus monkeys (Macaca mulatta) reliably develop

complex human-like atherosclerotic lesions on a

cholesterol-rich atherogenic diet within a few years

(120,121). For research with accelerated atheroscle-

rosis, balloon injury models have been used primarily

in cynomolgus monkeys (Macaca fascicularis) on an

atherogenic diet. M. fascicularis is much more sensi-

tive to a high-fat diet, with a faster development of

foam cell�rich plaques compared with other primates

(119).

A summary of the most important features of each

major species is provided in Table 1.

HUMANIZED MODELS FOR RESTENOSIS

An increasingly important method for studying reste-

nosis and neointimal hyperplasia is the use of hu-

manized animal models. This is possible in various

ways. On one hand, research can be performed

through the previously discussed genetic modifica-

tion. Here, for instance, the immune system of amodel

organism is adapted to that of humans. An example of

this is the BRGSF-HIS mouse, in which all important

immune cells have been replaced by their human

equivalents through genetic manipulation (122).

On the other hand, various models using human

vessel grafts have been successfully established in

recent years. For example, a human mammary artery

was denuded or stented ex vivo and then trans-

planted to the site of the abdominal aorta of a Rowett

nude rat (123). Proliferating cells of the neointima

were found after approximately 7 days (124), whereas

a substantial narrowing of the lumen was reached

after approximately 28 days (125).

With this method, the reaction of real human ves-

sels and cells to trauma can be examined in vivo,

although the impact of immunosuppressive medica-

tion must be considered.

SEX DIFFERENCES REGARDING

ATHEROSCLEROTIC DISEASES

Female sexual hormones offer distinct atheropro-

tective properties, which are retained in most

mammal species. Estrogens influence the lipid pro-

file, the fibrinogen levels, and the nitric oxide levels,

and thus, the reactivity of the vessel walls (126). The

latest studies suggest that sex differences, especially

female sexual hormones, primarily matter as long as

the subject is young and/or healthy. In a study of

LDLr�/� mice, females developed more severe

hyperlipidemia and atherosclerosis compared with

males (127). In ETB-receptor deficient, balloon-injured

rats, neointimal formation rose to the same high

levels in males and in females, which was also not

affected by hormones (128). Furthermore, a meta-

analysis of pooled data of >200 catheter-injured

Yucatan minipigs revealed no mentionable sex dif-

ferences in thrombosis, neointimal formation, or

luminal occlusion, but found significant differences

in histomorphological indicators of resolution of

fibrin deposition after drug delivery and the degree of

inflammation (129).

Sex as a biological impact factor in animal models

must be included in research considerations; how-

ever, differences are distinct, and no clear conclu-

sions can be currently drawn.

SPECIES-SPECIFIC BIOLOGICAL DIFFERENCES

REGARDING PLAQUE FORMATION

For a proper understanding and the selection of a

particular animal model for a specific research ques-

tion, it is important to be aware of the biological

differences associated with neointimal hyperplasia

across various species. Although there is not only

distinct variance in physiological and biological

characteristics of different species, even different

subspecies and breeding lines can have profound

variation in the process of neointimal formation. A

general problem, which particularly affects the realm

of translational research, is the fact that those exact

differences have been insufficiently investigated.

This also applies to the interspecific biological

differences of the key players involved in the devel-

opment of atherosclerosis and neointimal hyperpla-

sia. Acquainted species-specific features concerning

neointimal formation are summarized in the

following.

VESSEL WALL STRUCTURE. First, there are signifi-

cant structural variations along the vascular tree of a

single individual, which must be considered when

investigating neointimal hyperplasia. Different

vascular territories have distinct hemodynamics and

have differently composed arterial walls. An example

of this is the change within the arteries from the

elastic type close to the heart to the muscular type

distant from the heart. It is also known that the
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arteries of various animals are different in their

wall structure. However, this applies less to the

composition of basic structures than much more to

layer thickness and transition zones.

In addition, some species-specific features should

be carefully considered. The internal elastic lamina

(in coronary arteries) is only slightly expressed and

strongly fenestrated in humans, whereas it is pro-

nounced and continuous in small animals and has

only minor weaknesses and/or fenestrations in larger

animals (130). This understanding is essential, espe-

cially when working with a mechanical injury model,

where the internal elastic lamina is damaged by an-

gioplasty. Another structural difference is the content

of elastin in the media, which is comparable in

humans, baboons, pigs, and dogs, whereas it is hardly

present in smaller species (130).

ENDOTHELIAL CELLS. Endothelial cells of different

species display clear phenotypic differences. This

concerns morphological issues, like the prominence

of the basal lamina, as well as cell metabolism and

signaling mechanisms (131). Furthermore, there can

be significant microstructural differences both on the

cell membrane and content—cells of different species

differ in receptors, MHC antigens, or other proteins

and enzymes (132).

VSMCs. Little is known about species-specific differ-

ences in VSMC biology. While murine and porcine

VSMCs start proliferating and migrating right after

mechanical endothelial denudation, which proceeds

for 2-3 weeks, VSMCs in humans and rabbits only

start migrate after 5-7 days and continue to proceed

for another 3-4 weeks (133-137). Hence, the mitotic

rates also differ from porcine (highest) rates to

murine to rabbit rates and at last human (lowest)

rates (138).

MONOCYTES AND MACROPHAGES. It is known

that there are different subsets of monocytes in

TABLE 1 Overview of Most Common Species Used for Animal Models of Restenosis

Mouse (Mus musculus

dom.)

Rat (Rattus norvegicus

dom.)

Rabbit (Oryctolagus

cuniculus dom.)

Pig (Sus scrofa dom.) Dog (Canis lupus

familiaris)

Non-human Primates

Estimated median

time since last

common

ancestor with

human

(million years)

w89 w89 w89 w94 w94 w30 (Macaque)

w6 (Chimpanzee)

Knockout/-in

availability

þþþ þþ þ � (minipig) � � (Cynomolgus,

Rhesus)

Target vessels and

average

diameter in

adult animal

(mm)

Carotid artery: 0.6

Aorta: 0.8

Iliac artery: 0.3

Femoral artery: 0.2

Carotid artery: 1.0

Aorta: 2.0

Iliac artery: 1.0

Femoral artery: 0.5

Carotid artery: 2.0

Aorta: 2.8

Iliac artery: 2.2

Femoral artery: 1.3

Carotid artery: 5.5

Aorta: 16.5

Iliac artery: 6.0

Femoral artery: 4.0

(minipig)

Carotid artery: 5.0

Aorta: 8.0

Iliac artery: 4.0

Femoral artery: 2.0

(mid-sized race/

mongrel)

Carotid artery: 4.5

Aorta: 6.6

Iliac artery: 4.5

Femoral artery: 1.5

(Cynomolgus)

Advantages Uncomplicated

Husbandry;

High-throughput

possible;

High genetic

manipulability;

Many different strains

available;

Immuno-inflammatory

system similar to

humans;

Pathologic preconditions

available

Uncomplicated

Husbandry;

High-throughput

possible;

Large enough for stent

and balloon

interventions;

Pathologic

preconditions

available

Lipid metabolism

similar to human;

Plaque formation with

luminal stenosis

similar to human;

Large enough for

human instruments

and similar types of

intervention

Large enough for human

instruments and

interventions;

Metabolism similar to

human

immunoinflammatory

and cardiovascular

system similar to

human

lesion morphology and

distribution similar to

humans;

Pathologic preconditions

available

Large enough for human

instruments and

interventions;

Easy handling

Relationship to human

metabolism similar

to human

Immunoinflammatory

and cardiovascular

system close to

humans;

Large enough for

human instruments

and interventions

Disadvantages Different lipid

metabolism to human;

Lumen-narrowing

stenoses or high-risk

plaques hardly

possible to develop;

Too small for human-like

interventions

Different lipid

metabolism to

human;

Different plaque

formation

compared to

humans

Elevated demands on

space and care;

Only moderate

throughput

possible;

Lesions primarily

consist of foam

cells

High demands on space

and care;

Only low-throughput

possible;

Atherosclerosis usually

stops in stage of foam

cell agglomeration

High demands on space

and care;

Only low-throughput

possible;

Different metabolism and

different

immunoinflammatory

response compared to

humans;

No lumen-narrowing

plaques

Very high demands on

husbandry;

Only very low

throughput

possible;

High ethical hurdles
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different species, which can be distinguished by a

distinct surface marker expression and which exert

divergent function in atherosclerosis and neointimal

hyperplasia. The human CD14þCD16þþ monocyte re-

sembles the murine Ly-C6low and the porcine

CD14low-CD163high populations, whereas the human

CD14þCD16- monocyte is more similar to the murine

Ly-C6high and the porcine CD14highCD163low subset.

Studies showed that monocyte subsets are diverse

between different breeds of swine, and that at least in

mice and humans, an additional intermediate type of

monocytes has been described (139). Many similar-

ities have been discovered among these species-

specific monocytes, but the differences have still not

been adequately explored, which also applies to the

macrophages arising from these monocytes (139). The

murine Ly-C6high rises significantly in hypercholes-

terolemia, as studies in ApoE�/� mice suggest (140).

Macrophages of the Mox type with proatherogenic

properties have been found only in mice (141).

Although it is known that human intermediate

monocytes rise in atherosclerosis and restenosis, the

actual functions of the different subsets are unknown

in humans (142-144).

NEUTROPHILS. Although humans have 40%-70%

neutrophilic granulocytes in their blood, the latest

studies suggest that their contribution to atheroscle-

rosis is clearly less than it is in mice, which only have

10%-25% neutrophils (145). Although there are only

low numbers within murine atherosclerotic plaques,

neutrophils can secrete high amounts of the extra-

cellular matrix-degrading elastase (146). This fact still

has to be explored in larger animals and humans.

Furthermore, healthy ruminants, pigs, rabbits, and

rodents have a physiologically lymphocytic blood

count, whereas it is granulocytic in primates and

carnivores (feline and canine superfamilies). Unlike

most other mammals, rabbits, hamsters, and guinea

pigs do not have neutrophils at all. Instead, they have

heterophilic (also called pseudoeosinophilic) gran-

ulocytes like birds (and many other nonmammals),

which generally function the same way as neutrophils

but contain acidophilic granules in their cyto-

plasm (147).

THROMBOCYTES. Thrombocytes show profound

differences between various species, starting with

size and shape toward different biophysical behavior.

The size of platelets does not correlate with species

size. With a volume of approximately 3.2-5.4 fL, mice,

rats, and guinea pigs have the smallest thrombocytes.

Dogs and pigs have intermediate-sized platelets, with

approximately 7.6-8.3 fL, whereas cats have the

largest, at approximately 15.1 fL (148). In contrast,

human thrombocytes vary from 7-12 fL in mean

platelet volume. In different species, platelets react

differently to various aggregation factors. In this re-

gard, interspecific variability exists in adhesive

properties (149), in activation and intensity of ag-

gregation response, as well as in reversibility and

secretion behavior (150,151). Furthermore, platelets in

various species differ in some of their structural

components. The open canalicular system, which

serves for spreading and granule fusion, is not pre-

sent in every species. Studies suggest that open-

canalicular-system-deficient species have delayed

thrombocyte responses (152).

Aggregation behavior plays a huge role in pushing

neointimal formation and restenosis due to the

intense secretion of chemokines and growth factors

such as PDGF. The thrombotic and fibrinolytic re-

sponses similarly differ through species. Although

rabbits and swine develop significant thrombus for-

mation, rats and dogs hardly do so (113,153). Within

the primate family, the hemostatic systems are

similar to each other, with low levels of clotting as

well as intermediate lytic activity (154).

CONCLUSIONS

Although animal models provide detailed knowledge

about restenosis, large variability in the neointimal

hyperplasia response impairs clinical translatability.

The sequence and weighting of the different factors,

such as mechanical stressors, endothelial perme-

ability, monocyte influx, VSMC proliferation, and

migration, as well as synthesis of extracellular matrix,

need to be further investigated. For this purpose, it is

necessary to be aware of the specific characteristics

and distinct differences among the corresponding

animal models.

To provide valid and reproducible results and

to avoid fallacy and translational failure, it

is necessary to know the biological differences

among species to tailor the experimental setup

properly.
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