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Preface

Atherosclerosis and associated cardiovascular disease (CVD), most prominently manifesting
as myocardial infarction or stroke, constitute the main cause of morbidity and mortality in
industrialized countries. In spite of major advances in our understanding of the genetic,
molecular, and cellular determinants of CVD, its incidence and prevalence are expected to
increase significantly over the coming decades owing to the progressive aging of our societ-
ies (aging is the dominant cardiovascular risk factor) and the consequences of modern
unhealthy lifestyle habits, such as a high-fat diet, smoking, and lack of physical exercise.
Moreover, many manifestations of CVD are not predicted by “traditional” cardiovascular
risk factors. It is therefore of the utmost importance to increase our knowledge about the
genetic, molecular, and cellular mechanisms involved in atherosclerosis, in order to improve
the prevention, diagnosis, and treatment of the disease. In this necessary basic and preclini-
cal research, genetically modified mouse models continue to be an essential tool in many
laboratories due to their relatively short life-span, ease of handling, and low cost.

This book begins with introductory chapters that briefly review the available mouse
models of atherosclerosis, basic aspects of disease initiation and progression, and the visu-
alization of atherosclerotic lesions with invasive and noninvasive techniques that are widely
used both in basic research and in the clinic. Subsequent chapters catalogue a wide range of
in vitro and in vivo experimental methods used for atherosclerosis research, including thor-
ough protocols and valuable notes based on the authors’ personal wet lab experience. We
hope that this book will be a valuable working guide for researchers performing mouse-
based atherosclerosis studies.

Madvid, Spain Vicente Andvés, Ph.D.
Beatriz Dovado, Ph.D.
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Chapter 1

Use of Mouse Models in Atherosclerosis Research

Godfrey S. Getz and Catherine A. Reardon

Abstract

Cardiovascular disease is the major cause of death in most developed nations and the social and economic
burden of this disease is quite high. Atherosclerosis is a major underlying basis for most cardiovascular
diseases including myocardial infarction and stroke. Genetically modified mouse models, particularly mice
deficient in apoprotein E or the LDL receptor, have been widely used in preclinical atherosclerosis studies
to gain insight into the mechanisms underlying this pathology. This chapter reviews several mouse models
of atherosclerosis progression and regression as well as the role of immune cells in disease progression and
the genetics of murine atherogenesis.

Key words apoE deficient, LDL receptor deficient, Atherosclerosis, Genetics, Regression, Immune
system

Atherosclerosis is a chronic inflammatory disease of the intima of
medium and large arteries that develops over months, years, or
decades. Atherosclerotic plaques occur in susceptible regions of the
blood vessels involved, mostly attributable to the local hemody-
namics, characterized by low shear stress. Thus, for example, lesions
form in the lesser curvature of the aortic arch while the greater
curvature is relatively resistant. The evolution of atherosclerotic
lesions occurs at different rates at each of the susceptible regions
[1]. In humans, atherosclerosis underscores most of the cardiovas-
cular disease affecting the coronary, carotid, and aortic arteries.
Clinically it is complicated by the instability of the atheromatous
plaques, with superimposed thrombosis, resulting in partial or
complete occlusion of the vessel lumen and downstream ischemia,
such as in myocardial infarction and stroke. Atherosclerosis and its
pathogenesis may be studied in a variety of mammalian species [2],
as the basic mechanisms for this pathology is similar in most of
them. However, for reasons explored below, the mouse has become
the preferred species for preclinical studies.

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
vol. 1339, DOI 10.1007/978-1-4939-2929-0_1, © Springer Science+Business Media New York 2015
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1

Brief Survey of the Cellular Pathology of the Atherosclerotic Plaque

Early atheromatous lesions are made up of clusters of subendothelial
macrophages. These macrophages are loaded with cholesteryl
esters sequestered in intracytoplasmic lipid droplets, giving rise to
the canonical foam cell of the lesion. These cells arise from infiltrat-
ing circulating monocytes. In the context of hyperlipidemia,
monocytes gain access to the subintima as a result of the activation
of endothelial cells in the lesion prone regions of the aorta leading
to the expression of adhesion molecules and the production of
chemotactic molecules such as monocyte chemotactic protein-1
(MCP-1) [3, 4]. The elevated plasma low-density lipoproteins
(LDLs) also enter the subintimal space where they are subject to
modification by reactive oxygen species or enzymes expressed by
the intimal cells. The infiltrated monocytes differentiate into mac-
rophages under the influence of monocyte colony stimulating
factor (M-CSF) produced locally. These macrophages express cell
surface scavenger receptors, which are able to bind and endocytose
sufficiently modified lipoprotein. Not only do these modifications
of lipoproteins allow for the recognition by macrophage receptors,
but they also represent neoantigens that stimulate the adaptive
immune system to produce antibodies [5]. The endocytosed lipo-
proteins gain access to the endolysosomal network with the degra-
dation of the ingested lipids and proteins. The liberated cholesterol
travels to the endoplasmic reticulum, where it can either enter the
cholesterol regulatory pool leading to changes in expression of
genes in lipid metabolism [6] or serve as a substrate for the
cholesterol-esteritying enzyme acyl cholesterol acyl transterase
(ACAT) producing the cholesteryl esters that are sequestered in
the cytoplasmic lipid droplets. In the event that the activity of this
enzyme is suboptimal, the accumulation of free cholesterol in the
endoplasmic reticulum may elicit the unfolded protein response
and apoptosis [7]. These apoptotic cells may be phagocytosed by
other macrophages removing pro-inflammatory signals and also
increasing the sterol load of the efferocyte [8]. Apoptotic cells that
are not efficiently removed may undergo secondary necrosis,
contributing to necrotic core formation in lesions, thus enhancing
plaque’s inflammation and instability.

The accumulation of lesional macrophages is the resultant of
several processes: recruitment from the blood stream, active reten-
tion and local proliferation [4]. The macrophages present in the
lesion are a source of a variety of mediator molecules, such as cyto-
kines and chemokines and may present neoantigens to the adaptive
immune system. Collectively these processes lead to the recruit-
ment to the plaque or aortic adventitia of other inflammatory cells,
such as T and B cells and their respective subsets, all of which
contribute to the local plaque inflammatory environment [9, 10].
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As the lesion progresses, smooth muscle cells from the media
migrate into the intima, where they may adopt a synthetic rather than
contractile phenotype. “Synthetic” smooth muscle cells produce
high levels of collagen, proteoglycans and other matrix molecules,
accounting for the formation of the fibrous cap, which, if intact,
protects the lesion from rupture and the activation of the pro-
thrombotic system.

From the above brief survey of the nature of the atherosclerotic
plaque, it is clear that it is a complex network of cells and molecules
that may vary as a function of the evolution of the plaque. A good
deal of the understanding of the mechanisms of the evolution of the
plaque derives from the study of mouse models.

2 Mouse Models

Animal models used for the investigation of atherosclerosis have
included rabbits, pigs, and nonhuman primates, each of which has
its advantages and disadvantages, as has been reviewed recently [2].
The current favored species is the mouse, which is small, has a
relatively short life span, is relatively inexpensive to maintain for
longer term experiments, and by far most important are the relative
ease of introducing a wide range of genetic manipulations, includ-
ing transgenesis, gene knockout and knock-in and the temporal or
tissue specific manipulation of gene expression and the simultane-
ous modification of more than one gene in a single animal model
due to the relative ease of breeding (Table 1).

Table 1
Some advantages and limitations to the use of mouse models of atherosclerosis

Advantages

Atherosclerosis develops over a period of months

Relative ease of genetic manipulation to allow for investigation of multiple cell types or proteins,
including temporal or cell specific expression, on atherogenic process

Relatively short gestation time

Lower amounts of drugs/reagents needed due to small size

Limitations

Does not develop unstable plaques characteristic of human lesions

Does not readily develop coronary artery atherosclerosis

Develops significant atherosclerosis in the aortic sinus, which is not a common site of lesion formation
in humans

Lipoprotein profile is not identical to humans: need to significantly increase apoB-containing
lipoproteins and plasma cholesterol levels to develop atherosclerosis; does not express CETP; HDL
subclass profiles are different

Amount of tissue obtainable for analysis is limited by small size

Immune system is not identical to humans
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2.1 The ApoE
Deficient Model

It is reassuring that mechanisms of atherogenesis appear to
have much in common between humans and mice, including those
driven by hemodynamic stresses. This said, the murine models and
their analysis have important limitations (Table 1). First, the
currently intrinsic limitation is that murine lesions seldom develop
the instability characteristic of the advanced human lesions that
account for much of clinically significant atherosclerotic cardiovas-
cular disease. Also the precise distribution of lesions is not identical
for murine and human lesions. Mice seldom develop atherosclero-
sis in the coronary artery, a major site of lesion development in
humans. In addition, the aortic root is one of the earliest sites for
the development of lesions in the mouse and is seldom involved in
humans. This is likely due to the more rapid heartbeat in the
mouse. The aortic root has been the most frequently analyzed site
of lesion development, but fortunately investigators are examining
now more than one arterial site and often at multiple experimental
time points. This allows for a better understanding of the impact of
the genetic manipulation or therapeutic treatment at different
stages of plaque evolution and if there are site-specific effects. Mice
also differ in lipoprotein metabolism, with wild-type mice predom-
inantly accumulating cholesterol in HDL particles, not expressing
cholesteryl ester transfer protein (CETP), and producing apoB48,
the edited version of apoB100, in the liver as well as the intestine,
unlike humans where only the intestine is involved in the editing of
the apoB transcript.

The initial study of vascular lesions in rodents began more than
60 years ago with the feeding of cholesterol and cholate containing
diets to rats [ 11]. However, the use of mice for such investigations
really took off after Jan Breslow’s laboratory [12] and Nabuyo
Maeda’s laboratory [13] independently described the apolipopro-
tein E (apoE) deficient mouse (Apoe”~), which develops athero-
sclerosis even while being fed standard rodent chow diets. With
maturation these lesions can be quite complex [14]. This model
has been very widely used for the preclinical study of atherosclero-
sis. The other widely employed murine model is the LDL receptor
deficient (Ldlr/-) mouse, which is a murine model of human
familial hypercholesterolemia [15]. Both of these models are
characterized by hypercholesterolemia which is prerequisite for
the development of atherosclerosis in murine models. However,
these two models differ in significant ways from one another as will
be apparent from what follows.

ApoE is carried on plasma lipoproteins, mostly chylomicron rem-
nants, VLDL and large HDL. It serves as a ligand for the hepatic
uptake of non-HDL lipoproteins by members of the LDL receptor
superfamily of receptors. The lipoprotein phenotype of Apoe”~
mice consists of a predominance of remnant lipoproteins that are
enriched in cholesteryl ester and apoB48. Though atherosclerosis
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develops when Apoe”/~ mice are fed a standard low fat chow diet,
the development can be accelerated by feeding the fat and choles-
terol enriched Western type diet (WTD). Lesions develop at the
aortic root, the aortic arch, the innominate artery, the carotid arter-
ies and other arterial sites depending on the diet and the duration
of feeding [14]. Note that in this model there is little or no coro-
nary artery lesion. However, the combination of apoE and scaven-
ger receptor BI deficiencies leads to a model having profound
coronary lesions with lumenal obstruction [16].

Although the presence of hyperlipidemia is a prerequisite for
atherogenesis in mice, the modern concept of atherogenesis focuses
on inflammation as the other major component of its pathogenesis.
Bone marrow transplantation is a technique often used to assess
the involvement of specific cells or cell products of the immune
system in atherogenesis. Fixed tissue macrophages e.g., Kupfter
cells are not completely eliminated by irradiation that destroys the
cells of the bone marrow of the recipient mouse, but this can be
effected by treatment with clodronate liposomes following recon-
stitution of the bone marrow in the recipient mice [17]. However,
there is a limitation to using bone marrow transplantation studies
in Apoe/~ mice. The clearance of chylomicron remnants is quite
sensitive to the concentration of apoE in the plasma, with plasma
levels ~10 % of normal being sufficient to effect virtually normal
lipoprotein clearance [18]. While the hepatocyte is the major site
of synthesis of apoE, it is also produced by macrophages, as well as
steroidogenic cells, astrocytes and adipocytes [19]. The comple-
mentation of hyperlipidemic Apoe~/~ mice with bone marrow from
wild type mice largely rescues the hyperlipidemic and atherosclero-
sis phenotype, even though the plasma concentration of apoE
barely reaches 10 % of normal levels [20]. The reduction in plasma
lipids by macrophage-derived apoE likely contributes to the
reduced atherosclerosis. However, apoE has a number of non-
lipoprotein metabolism related functions as well that likely influ-
ence atherosclerosis, including promoting lipid efflux from
macrophages and anti-inflammatory actions [ 19]. Studies involving
the transplantation of bone marrow from Apoe/~ mice [21, 22] or
from apoE expressing mice under conditions that did not alter
plasma lipid levels [23, 24 | demonstrate a plasma lipid-independent
effect of apoE expressed by bone marrow-derived cells, primarily
macrophages, on atherosclerosis. Thus, its local presence within
the lesion in the artery wall also contributes to atherosclerosis phe-
notype. As a result, the bone marrow transplantation approach to
the study of cells and genes of the immune system on atherosclero-
sis is somewhat limited if using Apoe~”~ recipient mice by the need
to use bone marrow donors that are themselves apoE deficient.
However, not all sources of apoE are equally effective in rescuing
the hyperlipidemic atherosclerosis phenotype of Apoe’/~ mice.
Though apoE expressed by adipose tissue transplants results in a
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2.2 TheLDL
Receptor Deficient
Mouse

2.3 Other Murine
Models
of Atherosclerosis

plasma apoE concentration similar to that induced by bone marrow
transplantation, it does not improve either the hyperlipidemia or
the atherosclerosis of the Apoe/~ host [25]. The basis for this dis-
tinction is not clear.

The LDL receptor is a widely expressed plasma membrane protein
that is responsible for the clearance of plasma lipoproteins contain-
ing either apoB100 or apoE. From the pioneering and continuing
work of Brown, Goldstein and their colleagues in Dallas, we know
that the major function of this receptor is to mediate the hepatic
clearance of these lipoproteins and modulation of receptor biogen-
esis is a major indirect target of the statin group of drugs used to
control hyperlipidemia in patients at risk of developing atheroscle-
rotic heart disease. Since the hepatic LDL receptor is primarily
responsible for the uptake and clearance of apoB/apoE -contain-
ing lipoproteins, the absence of the hepatic LDL receptor is mostly
responsible for the accumulation of apoB100 containing LDL par-
ticles in the Ldlr/~ mice fed standard chow diet. But the liver has
other uptake pathways for VLDL and remnants, which accounts
for the modest hypercholesterolemia and small lesions that develop
only in aged Ldlr/~ mouse upon feeding chow diet [26]. Therefore,
this model is most often employed with the feeding of a high-fat,
high-cholesterol diet, leading to an accumulation of VLDL rem-
nants as well as LDL. In contrast to the Apoe/~ mouse, the VLDL
of the Ldly/~ mouse is richer in triglyceride and apoB100. Lesions
in Ldlr/- mice develop in each of the vascular sites where lesions
are seen in the Apoe”/~ model, within a time frame exceeding at
least 6 weeks of high-fat diet feeding.

Although the WTD is most widely employed atherogenic diet,
a variety of high-fat diets have been used [27]. This includes diets
containing quite high cholesterol content [28] or others that induce
obesity and diabetes, such as the high-fat, high-sucrose, cholesterol-
supplemented diet [29], which may induce even larger lesions than
does the WTD [30]. There are also diets in which the composition
of the dietary fat is varied. The WTD is usually associated with the
presence of insulin resistance, which can be avoided by feeding a
diet enriched in cholesterol with low fat [31].

The Ldlr/- mouse is much more useful for bone marrow
transplantation studies, as the LDL receptor expressed on bone
marrow derived cells is not critical for the clearance of apoB con-
taining lipoproteins [32]. Thus, in contrast to the situation with
the Apoe/~ model, the donor bone marrow can express the LDL
receptor without significantly influencing atherosclerosis burden in
the chimeric mouse.

In addition to Apoe/~ mice, several models in which variants of
apoE are expressed have also been used in atherosclerosis research.
In humans there are three major apoE isoforms, designated apoE2,
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apoE3, and apoE4. These different isoforms can profoundly modify
the metabolic phenotype of the individual. A series of targeted
gene replacement mice in which the mouse apoE gene was replaced
with one of the human apoE isoforms have been engineered [33],
allowing for the exploration of the mechanisms by which these
isoforms may modify arterial vessel functions that impact on ath-
erogenesis. While mice expressing APOE3 and APOE4 genes are
relatively protected from development of atherosclerosis, APOE2
knock-in mice spontaneously develop atherosclerosis. Likewise,
transgenic mice expressing the APOE* 3- Leiden variant, which has
low affinity for the LDL receptor, develop atherosclerosis when fed
a high-fat diet and have been used by several groups [34].

There are a number of variants of the LA/~ model that will
develop atherosclerosis while being fed standard chow. These
include apoB100 transgenic/ Ldly/~ mice [ 35| and Apobec”/~Ldlr/~
mice [36]. This latter model lacks the enzyme responsible for the
editing of the apoB100 mRNA transcript to yield apoB48 and
hence the apoB expressed in these mutant mice is exclusively the
apoB100 variant. Young and colleagues have also developed
apoB100 only mice by mutating the codon in the mouse apoB
gene that is edited to generate apoB48. These mice were crossed
with Ldlr/~ or Apoe”/~ mice to explore the role of plasma lipopro-
tein size on atherogenesis [37]. These studies were partly informed
by the finding that cholesterol fed rabbits had more atherosclerosis
than similar fed rabbits that were diabetic [38]. The diabetic rab-
bits had more chylomicron cholesterol, i.e., larger particles, which
were thought to have more limited access to the arterial intima
[39]. When Young and colleagues compared the two apoB100
only models fed standard chow at similar plasma cholesterol levels,
they found that the Apob100 only, Ldly/~ mice, whose plasma cho-
lesterol was carried primarily in LDL particles, had much more
lesion than the Apob100 only, Apoe~/~ mice which had most of their
plasma cholesterol in larger remnant particles. Thus, a large num-
ber of small apoB-containing particles (i.e., LDL) were more ath-
erogenic than a smaller number of large particles (i.e., VLDL/
chylomicron remnants). However, a model in which chylomicrons
are very poorly lipolyzed and accumulate in the plasma (due to
deficiency of glycosyl phosphatidyl inositol anchoring HDL bind-
ing protein required for binding of lipoprotein lipase to the capil-
lary wall) indicates that large chylomicrons may be atherogenic
albeit at a much slower rate and extent than for elevated LDL [40].
As mentioned above, mice lack CETP, which facilitates the
exchange of lipids between HDL and apoB-containing lipopro-
teins leading to a reduction in HDL levels. Mice transgenic for
human CETP expressed in the Ldl/~ mouse [41] and Apob100
transgenic mouse [42] as well as in Apoe”/~ [41] and APOE*3-
Leiden [43] mice have been used to examine the impact of CETP
expression on atherogenesis.
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Immune Cells in Atherogenesis

The macrophage is the most abundant cell type of the atherosclerotic
plaque, especially in the early plaque which is predominantly a foam
cell lesion. The importance of macrophages was highlighted by the
profound reduction in lesion growth in the absence of M-CSF [44].
Monocytes in the blood are the source of lesional macrophages and
we now know that monocytes and macrophages are heterogeneous
[4,45]. In murine blood, the monocytes are divided into two major
subpopulations, the inflammatory Ly6C" cells and patrolling
Ly6C monocytes. Hypercholesterolemia in Apoe~/~ mice increased
the level of Ly6Ch monocytes [46]. This subpopulation is also the
major monocyte population that infiltrates the atherosclerotic lesion
[46, 47]. Within the atherosclerotic lesions, signals within the
microenvironment promote the polarization of macrophages to
MI1-like inflaimmatory macrophages and alternatively activated
M2-like less inflammatory macrophages, although macrophages
with other phenotypes are also observed [4, 48]. The MI-like
macrophages are the predominant cells in developing atheroscle-
rotic plaques and are likely derived from infiltrating Ly6C" mono-
cytes and conversion of M2-like macrophages in response to signals
within the lesion. Activated inflammatory macrophages in the
plaques are one source of pro-inflammatory cytokines, such as
IFNy, and chemokines such as MCP-1. The M2-like cells probably
participate in healing that occurs within chronic plaques and are
enriched in plaques undergoing regression [49].

Recently there has been much evidence showing that mouse
models of atherosclerosis, particularly Apoe~ mice fed a WTD, have
monocytosis [50]. Indeed in humans monocytosis constitutes a risk
factor for atherosclerotic heart disease [51]. Among the regulators
of monocytosis in the setting of atherosclerosis is the stimulation of
growth factor-mediated proliferation in the hematopoietic stem and
multiple progenitor cells (HSPC) in the bone marrow in response to
dysregulated cholesterol homeostasis [52]. The mechanism appears
to involve an increase in plasma membrane cholesterol leading to
increased lipid rafts and the concentration of growth factor recep-
tors, particularly IL-3 /GM-CSF receptors which share a common
subunit. This occurs, for example, in HSPC of cholesterol efflux
deficient Abecal’/~ Abegl~~ mice. Thus, the cells are more respon-
sive to cell proliferation in the presence of IL-3 and GM-CSF. The
enhanced proliferation of these cells is attenuated by HDL [53]. In
addition, monocytes may be mobilized from the spleen where extra-
medullary hematopoiesis may add to the numbers of these cells in
circulation, i.e., the spleen may function as a reservoir from which
cells are mobilized into the plaques [54].

Neutrophils have been recently implicated in the progression
of human and murine atherosclerosis as well as contributing to
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plaque instability in humans [55]. Apoe~/~ mice fed WTD also have
a neutrophilia [50]. This effect on neutrophil levels involves extra-
medullary hematopoiesis and the I1.-23 /IL-17 /G-CSF signaling
axis [52].

Many cells of the adaptive immune system are also found in the
plaque and influence its evolution [9, 56]. In the complete absence
of mature T and B cells, as for example in the recombination activa-
tion gene deficient animals (Rag /"), atherogenesis in the aortic
root is reduced, but this is not observed when animals are fed a
WTD for an extended period [57-59]. As a first approximation this
argues that cells of the adaptive immune system are not required for
the development of robust atherosclerosis. The immune cells may
be either pro-inflammatory or anti-inflammatory. The fact that
immune deficient mouse models generally exhibit either smaller or
similar sized lesions suggests that their predominant effect is
pro-inflammatory, although other effects may occur under certain
circumstances. For example, in the chow fed Apoe”~Ray’/~ model
the innominate artery atherosclerosis is actually increased (unpub-
lished data), arguing that in this context the predominant cell
removed is anti-inflammatory.

Among B cells there are several subsets; B-2 cells, B-1 cells, and
B regulatory cells. B-2 cells are the primary antibody producing
cells and they also are capable of presenting antigen. Their role in
atherosclerosis is primarily proatherogenic as evidenced by the
effect of their removal or interruption of their signaling in murine
models of atherosclerosis [60, 61]. On the other hand, the B-1 cells
of the innate immune system produce atheroprotective natural IlgM
antibodies, such as those targeting oxidized phospholipids [5, 62].
A number of investigators have immunized atherosclerosis suscep-
tible murine models with relevant antigens (e.g., apoB peptides)
with resulting attenuation of atherosclerosis [63].

T cells also have the potential to contribute various influences
on atherogenesis. There are many subsets of T cells, among which
are Thl cells, Th2 cells, Th17 cells, T regulatory cells and natural
killer T (NKT) cells. The Thl cells generally are proatherogenic,
by functioning as helper cells or producing proinflammatory cyto-
kines, such as IFNy. Their adoptive transfer into immune deficient
atherosclerosis susceptible hosts promotes lesion development
[64]. The role of Th2 cells is less clear, although they appear to be
antiatherogenic. Similarly, Th17 cells have been shown to be pro-
atherogenic and antiatherogenic in different studies in mouse
models [65]. T regulatory cells are notably antiatherogenic, pre-
dominantly by secreting anti-inflammatory cytokines, of which
IL-10 and TGEFp are most prominent and most studied [66]. NKT
cells are of particular interest with respect to atherosclerosis in that
they recognize lipid antigens presented by CD1 molecules on anti-
gen presenting cells. Although they come in at least two varieties,
invariant or group I NKT cells that express relatively invariant
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T cell receptors and group II NKT cells with more diverse T cell
receptors, both groups of cells are CD1d restricted in the mouse
[67]. The group I NKT cells are most prominent, particularly in
the liver, and they have been most studied. They are proathero-
genic as demonstrated in several ways, including their adoptive
transfer into immune deficient L/~ recipients [68]. The type 11
NKT cells are much less abundant and their role in atherogenesis
is much less clear. Their direct study is not easy for lack of specific
targetable markers.

The stimulation of the adaptive immune system requires two
signals; an antigen signal and a second signal involving a variety of
interacting co-stimulatory molecules on T cells and antigen pre-
senting cells. The role of many of these costimulatory molecules
have been studied in murine atherogenesis models [69]. For the
most part, these molecules are pro-atherogenic, consistent with
the pro-atherogenic role of T and B cells.

4 Genetics of Murine Atherogenesis

Much of the work reviewed above has been carried out in a single
strain of mice: the C57BL /6 strain which is the most atherosus-
ceptible strain. The focus has been primarily on the examination of
the effect of overexpression or deletion of a large number of genes
on atherogenesis. In a recent review, the effect of the deletion of
about 100 genes on atherosclerosis in C57BL/6 mice, mostly in
the Apoe or Ldlr deficient backgrounds, has been surveyed [70].
About a third of these genes affect plasma lipids, which may be
mediating the role of that gene product in atherosclerosis. A less
biased approach to the identification of genes that impact on ath-
erosclerosis has involved genetic crosses between the atherosuscep-
tible C57BL/6 mice and one or other resistant strains, ¢.g., FVB,
again frequently in the Apoe or Ldlr deficient background. This has
resulted in the identification of a number of loci (>40) having an
impact on lesion development that are mapped to a variety of chro-
mosomes. This emphasizes the complexity of genetic influences on
atherogenesis. It should be noted that in most cases, each putative
locus contains multiple neighboring genes. In very few cases has a
particular gene been identified by this approach. However, recently
the subcongenic analysis of the A#h11 locus in a cross between
C57BL/6 Apoe’/~ and FVB Apoe/~ mice has identified a single
gene, Raetle encoding a major histocompatibility class 1-like mol-
ecule, whose expression level regulates aortic root atherosclerosis
[71]. This conclusion was confirmed by the targeted overexpres-
sion of one of the alleles of this gene, resulting in the predicted
atherosclerosis phenotype. A particularly interesting outcome of
the comparison of mouse strains involved the study of 12956/
SvEvTac Apoe”/~ strain which exhibited a surprising increase in
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aortic arch atherosclerosis relative to C57BL/6 Apoe”/~ mice. The
aortic root in the 12986 /SvEvTac strain is more atheroresistant,
but this strain has a sharper angle of curvature for the arch and this
appears to induce a difference in shear stress at this vascular site
resulting in a hemodynamic environment that promotes lesion ini-
tiation and growth [72]. The development of large panels of
recombinant inbred strains offers the potential for the dissection of
high-resolution genetic control of various lipid and atherosclerosis
phenotypes [73].

5 Regression of Atherosclerosis

It is important to appreciate that development of the atheroscle-
rotic plaque is a highly dynamic chronic inflammatory process. The
susceptibility of plaques to regression is a very good indication of
this. There are several examples of the regression of established
murine lesions [74]. The clearest indication of plaque regression is
seen in the transplantation of an atherosclerotic aortic arch into a
naive non-atherosclerotic, normolipidemic host. In this model,
both early and advanced lesions regress [ 75, 76] and this regression
is enhanced by the overexpression of apoA-I, suggesting that apoA-
I/HDL mediated cholesterol efflux may be an important mecha-
nism promoting regression [ 77]. Indeed, the induction of regression
following agonism of miR-33 which leads to increased expression
of the ABCAI1 transporter involved in macrophage cholesterol
efflux and hepatic biogenesis of HDL [78] or treatment of mice
with LXR agonists [79] that also promote expression of ABCAL
along with ABCGI and apoE support the concept that enhance-
ment of macrophage cholesterol efflux promotes atherosclerosis
regression. Given that hypercholesterolemia plays such a critical
role in lesion development, the substantial reduction of plasma cho-
lesterol level likely contributed to the lesion reduction in the trans-
plant model. Plasma cholesterol reduction can be accomplished by
switching from a high-fat to low-fat diet, thus reducing apoB-con-
taining lipoproteins. Another mechanism to reduce the secretion
of apoB-containing lipoproteins is achieved by targeting micro-
somal triglyceride transfer protein (MTP), a protein involved in the
lipidation of apoB. The conditional attenuation of the Mzp gene
expression in the Apob100 only/Ldlr/~ model or the inhibition of
MTP activity in Ld/r/~ mice along with a return to a standard chow
diet represents an effective strategy to achieve regression [80, 81].
Similarly, the conditional induction of apoE expression in the
hypomorphic Apoe/Mx1-Cre model also promotes regression of
lesions in high-fat diet fed mice [82]. During lesion regression asso-
ciated with lowering the cholesterol burden, macrophage cells alter
their phenotype and are thought to emigrate from the lesion to the
draining lymph nodes [75]. This process is enhanced by the
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increased expression of the chemokine receptor CCR7 [83], now
recognized as a cholesterol responsive gene [84]. Murine models of
atherosclerosis are also being used to demonstrate that immune
cells other that macrophages, such as T cells and T regulatory cells
[85, 86], can also participate in lesion regression. Thus, cells of the
immune system participate in many aspects of the atherogenic
process.

6 Conclusions

The study of murine models of atherogenesis over the last two
decades has been extremely valuable in revealing the mechanisms
that are operative in initiating lesion development as well as their
progression and regression. As lesion development occurs over an
extended time, it is likely that the dominance of pathways may vary
over the evolution of the plaque, which adds to the requirement for
examination of the effect of genetic manipulation at different stages
of lesion development. Murine atherosclerotic models are also valu-
able for the dissection of mechanisms operative in response to
potential therapeutic interventions. It is clear from the information
so far acquired that there are many genes and processes implicated
in the pathogenesis of atherosclerosis, involving a great deal of cross
talk between cells and their gene products, and this in turn may
change with lesion maturation. With the rapid advance in gene
sequencing and analysis technology as well as associated data pro-
cessing one can expect even more appreciation of these mecha-
nisms, involving not only single genetic targets but system analysis
[87]. The more frequent employment of conditional gene deletions
such as the Cre-Lox system and inducible expression systems to
temporally turn on or off gene expression, will add greatly to our
understanding of the mechanisms involved. While studies in mice
have and will continue to provide insight into the mechanisms of
the pathogenesis of atherosclerosis, it needs to be kept in mind that
there are limitations to the use of mouse models, particularly that
the arterial sites where lesions develop are not identical to humans,
that mice do not develop unstable plaques characteristic of human
lesions, and that significant hypercholesterolemia is needed to
induce atherosclerosis in these models.
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Chapter 2

Cytokines and Inmune Responses in Murine
Atherosclerosis

Pascal J.H. Kusters and Esther Lutgens

Abstract

Atherosclerosis is an inflammatory disease of the vessel wall characterized by activation of the innate
immune system, with macrophages as the main players, as well as the adaptive immune system, characterized
by a Thl-dominant immune response. Cytokines play a major role in the initiation and regulation of
inflammation. In recent years, many studies have investigated the role of these molecules in experimental
models of atherosclerosis. While some cytokines such as TNF or IENYy clearly had atherogenic effects, others
such as IL-10 were found to be atheroprotective. However, studies investigating the different cytokines
in experimental atherosclerosis revealed that the cytokine system is complex with both disease stage-
dependent and site-specific effects. In this review, we strive to provide an overview of the main cytokines
involved in atherosclerosis and to shed light on their individual role during atherogenesis.

Key words Atherosclerosis, Cytokines, Experimental atherosclerosis

1 Introduction

Atherosclerosis, the underlying cause of many cardiovascular
diseases, including coronary artery disease, stroke, and peripheral
arterial disease, is responsible for a major health burden in the
western world. Atherosclerosis is a lipid-driven, chronic inflamma-
tory disease in which both the innate and adaptive immune system
play an essential role.

The initiation of atherosclerosis is characterized by endothelial
activation and dysfunction, caused by shear stress and increased
permeability for low-density lipoproteins (LDL), and modifica-
tion of the infiltrated lipids in the arterial wall. Subsequent induc-
tion of adhesion molecules and secretion of inflammatory
mediators by endothelial cells and adherent platelets induce
recruitment of immune cells to the arterial wall. Innate immune
cells, such as monocytes, macrophages, neutrophils, dendritic cells,
mast cells, and natural killer T-cells (NKT) migrate towards the
intima, phagocytose (modified) lipids, and produce additional
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Fig. 1 The primary cytokines involved in atherosclerosis. In red: atherogenic
cytokines. In green: atheroprotective cytokines. In blue: exact role still under
investigation

inflammatory mediators. Simultaneously, the adaptive immune
system is activated. Several subsets of T-cells (Thelperl, 2, and 17
cells (Th1l, Th2, Th17) and regulatory T-cells (Treg)) and B-cells
(B1 and B2) are found in the arterial wall, and have been shown to
play a major role in atherosclerosis [1].

Cytokines are a family of small proteins (5-20 kDa) that con-
sists of chemokines, interleukins, lymphokines, interferons, and
tumor necrosis factor (TNF). Cytokines play a role in (inter)cellu-
lar communication in the immune system and thereby mediate
activation and resolution of inflammation (Fig. 1). They are able to
enact various cellular responses, act in synergy with one another
and can function in an autocrine, paracrine, or juxtacrine manner
(Fig. 2). Cytokines play a crucial role in the initiation and propaga-
tion of atherosclerosis and, combined with their receptors, have
been found in large quantities in atherosclerotic plaques where
they regulate immune reactions and inflammation.

In this review, we aim to give a structural overview of the
cytokines involved in atherosclerosis (Table 1), with special focus
on the interleukin family and mouse studies.

2 The Interleukin Family

2.1 Interleukin 1

Interleukin 1 is part of the Interleukin 1 family, which consists of
11 members that have a similar gene structure, and all play a role
in acute immune responses. Of these members, IL-1a, IL-1p, IL-1
receptor antagonist (IL-1Ra), IL-18, IL.-33, and IL.-37 are impor-
tant in atherosclerosis.
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Fig. 2 Cytokines in the immune response of atherosclerosis. (7) LDL enters the vessel wall, and transforms into
oxLDL by the action of enzymes and reactive oxygen species. (2 oxLDL induces immune cell chemotaxis and
adhesion by endothelial cells. (3) Adhesion and diapedesis of monocytes and subsequent transformation into
oxLDL-phagocyting macrophages producing autocrine cytokines such as TNF and MIF. (4) Aggravation of the
initial immune response via macrophage-T-cell interactions propagating a Th1-based immune response via
IL-12 and IL-18. (5) Th1-related cytokines such as IFNy, but also IL-17 produced by Th17 cells, exacerbate the
immune response by further stimulating macrophages. (6) Th2 cells and Tregs produce anti-inflammatory
cytokines such as IL-10, dampening the immune response. (7) Th2 cells, formed under the influence of IL-4,
induce B-cell proliferation and antibody production via IL-4 and 5. (8) Further exacerbation of the immune
response occurs via macrophage-SMC interactions

Using hyperlipidemic LDL receptor (Idlr~/~) or apolipoprotein E
(apoE~) null mice deficient in IL-1a, it was clearly shown that
IL-1a exacerbates atherosclerosis [2-5]. IL-1la deficient macro-
phages were found to secrete lower levels of IL-1p and higher lev-
els of IL-10 [3]. Interestingly, fatty acids, in particularly oleic acid,
have been found to induce IL-la production, further indicating a
direct role of this cytokine in the pathophysiology of atherosclero-
sis [5].

Although the majority of studies reported a similar atherogenic
effect for IL-1p [3, 6, 7], other studies found no effect on lesion
size in the absence of IL-1p [2, 5]. One of these studies which has
compared IL-la and IL-1p deficient mice, found that bone
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Table 1
Overview of cytokines in mouse atherosclerosis models

Cytokine Receptor Models Diet Outcome Reference
IL-1a IL-1r IL-1a/~ AD Atherosclerosis| [2]
IL-1a/~, induction CC NS neointima [182]
IL-1a/~, apoE~/~ CC Atherosclerosis| [3]
IL-1o+/~, apoE~~ CC Atherosclerosis| [3]
IL-1a /B, Idlr~~ AD Atherosclerosis] [11]
apoE~/~, IL-1a AD Atherosclerosis| [4]
vaccine(IL-1a-C-Qf)
IL-1a/~, 1dlr~/- AD Atherosclerosis] [5]
1L-1p IL-1r IL-1B~~ AD NS [2]
(1/2) IL-1B~/~, induction CC Neointimal, [182]
IL-1p~/~, apoE~~ CC Atherosclerosis| [3, 6]
1L-1p~/-, Idlr/~ AD NS [5]
apoE~~, anti-IL-1p (XMAO52 AD Atherosclerosis| [7]
MGIK)
IL-1rl IL-1r1~/~, induction CC Neointimal, [182]
IL-1r1~/~, apoE~/~ AD/CC Atherosclerosis| [183-185]
AD(WD) NS [184]
CC NS [184]
IL-1r1-/~, apoE+/- AD Atherosclerosis| [186]
CC NS [186]
IL-1r1-/~, apoE+/~, induction AD/CC Atherosclerosis| [186]
IL-1Ra  IL-1r IL-1Ra~~ AD NS [187]
IL-1Ra /-, induction CC Neointimat [188]
IL-1Ra treatment, induction ~ CC Neointimal, [182]
IL-1Ra~~, apoE~~ CC Atherosclerosist  [189]
IL-1Ra+/~, apoE~/~ CC Atherosclerosist  [189]
IL-1RaTg, Idlr~~ AD Atherosclerosis| [187]
AD(WD) NS [187]
IL-1RaTg(ic/s), apoE~/~ AD Atherosclerosis| [190]
apoE~~, rhIL-1Ra AD Atherosclerosis| [191]
1L-2 IL-2r apoE~~, IL-2 /anti-IL-2 mAb AD Atherosclerosis] [16]
CD25 apoE~/~, rIL-2 AD Atherosclerosist  [15]
apoE~~, anti-mIL-2 AD Atherosclerosis] [15]
1L-4 1L-4r 1L-4~/-, 1dlr/~ AD Atherosclerosis] [22]
NS [25]
1L-4/-, induction AD Atherosclerosis] [23]
1L-4-/- AD NS [23]
1L-4T-/- AD NS [26]
IL-4-/-, apoE~/~ CC Atherosclerosis| [24]
AD/CC NS [25]
IL-4-/-, apoE~/~, induction CC NS [25]
WT, IL-4 treatment AD Atherosclerosis] [27]
apoE~~, rIL-4 AD/CC NS [25]
1L-5 IL-5r IL-5/-, 1dlr~/~ AD Atherosclerosist  [30]

(continued)
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Table 1
(continued)
Cytokine Receptor Models Diet Outcome Reference
1L-6 IL-6r 1L-67/- AD Atherosclerosist  [37]
(gp130) IL-6~~, apoE+/~ AD Atherosclerosist  [38]
IL-6/~, apoE+/~, induction = AD/CC Atherosclerosist  [38]
IL-6/-, 1dIr/- AD/CC NS [192]
IL-6/-, apoE~/~ CC Atherosclerosist  [39, 40]
CC(16w) NS [40]
IL-6+/~, apoE~/~ CC(16w) NS [40]
apoE~~, IL-6 lentivirus, AD Size NS, plaque [193]
induction destabilizationt
apoE~~, rIL-6 CC Atherosclerosis] [41]
apoE~~, rIL-6 AD/CC Atherosclerosist [35]
WT, rIL-6 AD Atherosclerosist [35]
1dlr~/~, sgp130Fc AD Atherosclerosis] [194]
Hepatocyte-specific gp130%/4,  AD Atherosclerosis| [36]
apoE~/~
1L-10 IL-10r 1L-10/- AD Atherosclerosist  [45, 46]
1L-10/-, Idlr~/- AD Atherosclerosist  [43]
IL-10~-, apoE~/~ CC Atherosclerosist  [44]
apoE~~, mIL-10lv AD Atherosclerosis| [47]
mlIL-10Tg AD Atherosclerosis] [45 ]
IL-10Tg, 1dlr~~ AD Atherosclerosis| [48]
AAV2-hIL-10, Idlr/~ AD Atherosclerosis| [49]
AAV5-mIL-10, apoE~~ AD Atherosclerosis| [50]
mlIL-10-HV]J, apoE~~ AD Atherosclerosis| [51]
AAVS-hIL-10, 1dlr~/~ AD Atherosclerosis| [52]
1L-12 1L-12r IL-12~/-, apoE~/~ CC Atherosclerosis| [24]
(B1/B2) apoE~~, rIL-12 CC Atherosclerosist  [58]
Idlr~-, TL-12 vaccine AD Atherosclerosis] [53]
(PADRE), induction
1L-13 1L-13r 1dlr~~, preexistent lesions, AD Size NS, stable  [59]
IL-13 treatment phenotype
1L-13/-, IdIr/- AD Atherosclerosist  [59]
1L-17 1L-17r 1L-17a/~ AD Atherosclerosis] [71]
(A-F) (A-E) IL-17a~/~, 1dlr/- AD NS [68,72]
IL-17a~/~, 1dlr/-, nephrectomy AD Atherosclerosis| [68]
IL-17a7/~, apoE~/~ AD Atherosclerosis| [69, 70]
Atherosclerosist  [67]
NS [73]
Paigen NS [69]
CC NS [69, 70]
IL-17a/~, apoE~", induction ~ AD NS [73]
IL-17a/~, apoE~~, induction, AD NS [73]

anti-I1L-17f

(continued)
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Table 1
(continued)
Cytokine Receptor Models Diet Outcome Reference
1L-17a/~, induction AD Atherosclerosis] [71]
apoE~~, anti-IL-17a ab, AD Atherosclerosis] [74]
induction
apoE~", anti-IL-17a ab AD Atherosclerosis] [74]
CC Atherosclerosis| [72, 75]
NS [72]
Idlr~/-, anti-IL-17a ab AD NS [78]
1dlr~-, T-cell SOCS3 del, AD Atherosclerosist  [78]
anti-IL-17a ab
apoE~~, Ad-1L-17RA:Fc AD Atherosclerosis| [76]
Idlr~/-, rIL-17a AD Atherosclerosis| [78]
apoE~~ rIL-17a AD Atherosclerosist  [74]
apoE~~, rIL-17a, (IL-17a~/~) AD Atherosclerosis] [67]
1L-17r/~, 1dlr 7/~ AD Atherosclerosis] [77]
IL-17ra”/~, apoE~/~ AD Atherosclerosis] [70]
CC NS [70]
1L-18 1L-18r IL-18~/~, apoE~/~ CC Atherosclerosis| [81]
AD Atherosclerosist  [195]
apoE~~, rIL-18 CC Atherosclerosist  [82]
apoE~~, pcDNA3-mIL18BP CC Atherosclerosis] [196]
SCID /apoE~~, rIL-18 CC Atherosclerosist [80]
SHL, pCAGGS-IL-18 AD Atherosclerosist  [79]
CC NS [79]
TNF TNFr, TNE/- AD Atherosclerosis| [89]
(p55/p75) NS [96]
tmTNF AD NS [89]
TNF~/~, apoE~/~ AD/CC Atherosclerosis| [90-93, 95]
CC NS [90]
tmTNF-KI, apoE~~ AD Atherosclerosis] [90]
CC NS [90]
TNF-/~, apoE*3-leiden AD Advanced [94]
plaquel,
size NS
apoE~~, TNFbp AD NS [191]
p55~7/~ AD Atherosclerosist  [96,97]
p757/~ AD NS [96]
p55~7/~, 1dlr~/~ AD Atherosclerosis| [98, 99]
p55~/~ carotid graft, apoE/~  CC Atherosclerosis| [100]
p55~/~, apoE~/~ CC NS [101]
p55~7/-, ¢. pneumonia AD No effect [197]
c.pneumonia
apoE~~, chimeric murine CC Atherosclerosis] [91]

sTNF-RI/Fc

(continued)
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Table 1
(continued)
Cytokine Receptor Models Diet Outcome Reference
IFNy IFNGR IFNy~/~, 1dlr/- AD — Atherosclerosis| [105]
IFNy~/~, apoE~/~ AD/CC - Atherosclerosis| [106]
(male, female ns)
apoE~~, sIFNyr plasmid AD — Atherosclerosis| [107, 109]
IFNy~~, apoE~/~, angll CC — Atherosclerosis| [108]
induction
IFNyr~~, apoE~/~ AD — Atherosclerosis| [110]
apoE~~, rIFNy CC — Atherosclerosist [198]
IFENB IFNAR 1dlr~=, rIENP AD — Atherosclerosist [111]
apoE~~, IFNB treatment CC - NS [113]
apoE~~, rIFNB, collar AD — Atherosclerosist  [111]
CC - NS [113]
apoE~~, IFNB, CC — Atherosclerosis| [113]
anglI (+/- collar)
1dlr~-, IFNAR1~/~ myeloid AD — Atherosclerosis| [111]
BMT
IFNAR~~, apoE~~ AD — Atherosclerosis| [199]
TGEp TGEBR AdrTGEp CC — Neointima?t [122]
(1-3) (1-3) AAV /TGF,ACT, IdIr~~ AD — Atherosclerosis|] [123]
apoE~~ TGEp, overexpr AD — Atherosclerosis] [124, 125]
(heart/macrophages)
apoE~-, B6-TgAlb/TGFp CC — Atherosclerosist  [126]
apoE~~, anti-hTGFEf, » 3 CC — Atherosclerosist  [116]
Idlr~/~, anti-TGFB, induction ~ AD — Atherosclerosis|] [118]
1dlr~~, anti-TGFf AD - NS [118]
TGEFBRIIL:Fc, apoE~~ CC — Atherosclerosist  [117]
TGEFBRII neg. T-cells CC — Atherosclerosist [119]
(CD4dnTGFBRII), apoE~/~
TGEBRII neg. T-cells (CD2-  AD — Atherosclerosis| [120]
dnTGFBRII), 1dlr~~
CD11c-dnTGFBRIL, apoE~/- CC — Atherosclerosist  [121]
CD4Cre* Smad79/1 1dlr/- AD — Atherosclerosist  [200]
1L-27 1L-27r IL-27-/-(Ebi3), ldlr~~ AD — Atherosclerosist  [201]
(IL-27ra+ IL-27ra”/~, Idlr7/~ AD — Atherosclerosist  [201, 202]
gpl30) Idlr~=, rIL-27 (IL-27-/7) AD — Atherosclerosis|] [201]
1L-19 IL-20r1/2 1dlr”/- or apoE~~, rIL-19 AD — Atherosclerosis|] [203]
1L-33 1L-33r apoE~~, rIL-33 AD — Atherosclerosis] [86]
apoE~~, sST2 AD — Atherosclerosist  [86]

AD =atherogenic diet; CC=control chow; NS =non-significant effect on plaque area; induction =induction of athero-
sclerosis (non-diet)
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2.2 Interleukin 2

marrow-derived macrophages from mice deficient in IL-1f also
produce lower amounts of IL-1a, even after addition of recombi-
nant IL-1p, suggesting that the effects seen in IL-1p-deficient mice
are IL-la-dependent [5].

The IL-1-receptor antagonist (IL-1Ra), that inhibits the
effects exerted by IL-1a and IL-1p, has been extensively studied as
well. Not only have murine studies conclusively shown an athero-
protective role for IL-1Ra, but also a recombinant protein of
IL-1Ra, Anakinra, has been used successfully to treat rheumatoid
arthritis. Recently it has been shown that the cardiovascular system
in rheumatoid arthritis patients also benefits from Anakinra treat-
ment, with a reduction in oxidative stress, endothelin and IL-6
production and improved left ventricular function [ 8, 9]. Currently,
a clinical trial is underway investigating the effects of Anakinra
treatment in patients with non-ST elevated acute coronary syn-
drome [10].

In innate immune cells, the NLRP3 inflammasome plays a key
role in the maturation of IL-1p and IL-18 by caspase-1-dependent
cleavage of their pro-forms [11, 12]. Cholesterol crystals present
in atherosclerotic lesions can induce inflammation via these NLRP3
inflammasomes and thus provide an early proinflammatory factor
[11]. Indeed, disabling the NLRP3 inflammasome in ldlr- /- mice
markedly reduced atherosclerotic lesions size and IL-18 produc-
tion thus further establishing an important role for inflammasome-
associated cytokine production in atherosclerosis via interleukin 1
family members [11].

Conclusively, cytokines of the interleukin 1 family have been
found to play a vital role in the initiation and propagation of ath-
erosclerosis and could potentially provide targets for future
treatment.

Interleukin 2 is required for the growth, proliferation, and differ-
entiation of (thymic) T-cells to effector cells, and for the matura-
tion of regulatory T-cells [13]. In humans, serum IL-2 levels
correlate with carotid intima-media thickness, and thus with ath-
erosclerosis [14]. ApoE-/- mice treated with IL-2 were found to
have an increased plaque burden while mice treated with anti-IL-2
antibody featured smaller lesions [15]. Furthermore, a reduction
in atherosclerosis was observed in an apoE-/- mouse model
treated with an IL-2/anti-1L-2 mAb complex that was able to
expand the pool of Tregs [16]. Tregs express CD25, the receptor
for IL-2. When mice were treated with an anti-IL-2r (CD25) anti-
body, Treg development was hampered and atherosclerosis
increased [17-19]. Although further research with selective target-
ing of IL-2 or CD25 is necessary to evaluate the net effect of
IL-2 in atherosclerosis, it is clear that IL-2 plays a role in T-cell-
mediated inflammation through both T helper cells and Tregs.
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Interleukin 4 is secreted by T helper 2 (Th2) cells and induces
T- and B-cell proliferation as well as a shift towards alternatively
activated M2 macrophages, which are believed to play a protective
role in atherosclerosis [20, 21]. In vascular disease, I1.-4 plays an
ambivalent role. Since the Th2 response is considered antiathero-
genic, IL-4 was long believed to have anti-inflammatory proper-
ties. However, experimental studies have revealed a more complex
role for IL-4 in the pathogenesis of atherosclerosis. IL-4 increases
VCAM-1 expression in endothelial cells and increases endothelial
cell turnover [20]. Furthermore, 1L-4 induces the synthesis of
MCP-1 and IL-6 [20], and is able to induce endothelial damage
via the generation of reactive oxygen species (ROS) [20].
Accordingly, experimental atherosclerosis studies have unveiled an
atherogenic role for 11.-4 [22-24]. However, others have found no
effects in models with genetic defects of 11.-4 [25, 26], or found
that IL.-4 treatment induced a Th2 response and indeed decreased
atherosclerosis [27]. Therefore, the role of IL-4 in atherosclero-
sis still remains to be fully elucidated.

Interleukin 5 is secreted by Th2 cells as well as mast cells [28].
B-cells express IL-5 receptor and IL-5 plays a role in B-cell prolif-
eration and differentiation, immunoglobulin class switching and
the production and secretion of IgM and IgA [28]. Furthermore,
IL-5 induces the generation of eosinophils and drives allergic reac-
tions [28]. In humans, a single nucleotide polymorphism (SNP)
for IL-5 has been associated with cardiovascular disease [29]. In
experimental studies, Idlr-/- mice receiving 1L.-5- /- bone mar-
row had increased amounts of atherosclerosis [30]. Additionally,
IL-5 was found to be responsible for the generation of atheropro-
tective T15/EQO6 antibodies by B-cells. Indeed, IL-5-knockout
mice featured lower plasma levels of T15/EO6 antibodies and
significantly larger lesions [30].

IL-6 and its receptor, gpl30, exhibit both pro- and anti-
inflammatory functions. 1L-6 is secreted by a plethora of cells,
including T-cells, monocytes and macrophages, but also endothelial
cells, B-cells, adipocytes, fibroblasts, smooth muscle cells (SMCs)
and hepatocytes [31, 32]. Once upregulated via NF-kB following
trauma, infections or other sources of stress, I1.-6 exerts its effects
on a large variety of cell types. IL-6 signaling induces cell migration
and proliferation, matrix metalloproteinase (MMP) production,
B-cell differentiation and reduces Treg formation [31, 33, 34]. In
atherosclerosis, IL-6 is produced both locally in atherosclerotic
lesions as well as systemically. It can aggravate atherosclerosis
through endothelial dysfunction, the recruitment as well as activa-
tion of inflammatory cells and the migration and proliferation of
SMCs [31]. IL-6 can also exert effects on the receptors responsible
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2.6 Interleukin 10

2.7 Interleukin 12

2.8 Interleukin 13

for the uptake of LDL, the scavenger receptors SR-A and CD36
[31]. Interestingly, while these findings point towards a clear pro-
inflammatory role of IL-6 in atherosclerosis, animal experiments
indicate a more complex system. Studies have shown that knocking
out IL-6 signaling in hepatocytes decreases atherosclerosis and
that treating mice with recombinant IL-6 increases atherosclerosis
[35, 36]. However, other studies showed contradictory results. For
example, multiple studies found that knocking out IL-6 increases
lesion size [37—40] or that recombinant IL-6 reduces lesion size
[41]. These conflicting results could point towards a dual role of
IL-6 in atherosclerosis although most studies indicate a predomi-
nantly antiatherogenic role for IL-6. Regardless, systemic inhibition
of IL.-6 seems an unlikely therapeutic method to limit atherosclero-
sis development, and further investigation into downstream signal-
ing and potential site-specific effects is necessary to fully elucidate
the role of IL-6 in atherosclerosis.

IL-10 is one of the most intensively studied cytokines in athero-
sclerosis. IL-10 is able to inhibit the presentation of antigens, block
the secretion of cytokines and the expression of costimulatory
molecules as well as MHC-II. It is also able to modify chemokine
secretion and chemokine receptor expression [42]. IL-10 is pro-
duced by macrophages, but also by Tregs. Both knockout and
overexpression strategies have revealed a protective role for
1L-10 in atherosclerosis [43—52]. This makes modulation of IL-10,
or its downstream modulators, a highly interesting target for future
treatments.

IL-12, a cytokine consisting out of a 35-kDa light chain and a
40-kDa heavy chain, forms a bridge between the innate and adap-
tive immune response and promotes a Thl based proatherogenic
phenotype [53-55]. It is secreted by activated monocytes, macro-
phages, neutrophils and dendritic cells [56]. Furthermore, in com-
bination with IL-18, it drives the production of IFNy by T-cells
[53, 57]. In concert with its proposed polarization towards a
Th1-based response, animal studies have universally shown a pro-
inflammatory and pro-atherogenic role for I11.-12, as revealed in
studies with IL-12 knockout mice, IL-12-treated mice and mice
vaccinated against the IL-12 p40 subunit [24, 53, 58].

Similar to IL-4, IL-13 is predominantly produced by Th2 T-cells
[59, 60]. Although intracellular signaling occurs via similar path-
ways as IL-4, IL-13 is believed to possess not just overlapping but
also unique effects, including the production of TGF-f by macro-
phages [59, 61-63]. A recent study using ldlr/~ mice with preex-
isting lesions showed that treatment with 1L-13 decreased plaque
macrophages and adhesion molecule expression, and produced a
shift from atherogenic M1 macrophages towards M2 macrophages
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[59]. Furthermore, 1L-13-/- ldlr-/- mice fed an atherogenic
diet showed significantly larger atherosclerotic lesions, indicating a
protective role for IL-13 in atherosclerosis [59].

IL-17 is predominantly produced by Th17 cells, which also produce
IL-21 and IL-22 [64, 65]. Th17 cells develop upon stimulation of
naive T-cells with TGF, IL-6, and IL-23 [66]. In recent years, it
has become clear that IL-17 has an important role in atherosclero-
sis, although its exact effects remain elusive since several studies
have reported both atherogenic and atheroprotective actions.
These effects are mediated by the effects IL-17 has on both pro-
and anti-inflammatory cytokines and chemokines as well as MMPs
and adhesion molecules [66]. In accordance with this, studies
investigating atherosclerosis in 11.-17 deficient mice have yielded
conflicting results regarding lesion size, including increase [67],
reduction [68-71], or no effect at all [72, 73]. The use of antibod-
ies has yielded more consistent results, with blocking antibodies
reducing lesion size [72, 74-76]. Similarly, knocking out the IL-17
receptor appears to decrease lesion size [70, 77]. However, other
studies using IL-17 antibodies or recombinant IL-17 also point
towards a more complex, regulatory role reflecting the diverse
effects IL-17 has on inflammation [67, 74, 78]. It is currently
believed that the specific effects IL-17 has on atherosclerosis are
dependent on the region in which IL-17 is released. IL-17 appears
to have clear proatherogenic effects inside of the microenviron-
ment of an inflammatory atherosclerotic plaque [66]. However,
Th17 cells differentiating in the presence of TGF-p and IL-6 are
found to produce IL-17 and IL-10, which might suppress Th1 cell
differentiation [64, 66]. Conclusively, although most studies
appear to point towards a proatherogenic role of IL-17, results of
animal studies are inconclusive and indicate a complex, site-specific
role of IL-17 and its receptors in atherosclerosis.

As discussed above, IL-18 is a member of the IL-1 family and is
closely related to IL-1f, both in terms of release patterns as well as
its receptors. Similar to IL-12, IL-18 has been found to be a potent
inducer of the Th1 response as well as IFNy [79-81]. The majority
of animal studies point towards a proatherogenic role for IL.-18.
This has been validated through multiple modalities including
1L-18-/- apoE-/- mice, apoE-/- mice treated with recombi-
nant IL-18, recombinant IL.-18 treatment of apoE-/~ mice with
severe combined immunodeficiency (SCID) and spontancously
hyperlipidemic (SHL) mice supplied with IL-18 via in vivo gene
transfer, although in the latter, only mice on a high-fat diet showed
a significant phenotype [79-82]. In addition to the described
effects on atherosclerosis, multiple of these studies have also con-
firmed the importance of IFNy in IL-18-mediated atherosclerosis.
For example, the increase in atherosclerosis linked to IL-18
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2.11 Interleukin 33

treatment in an apoE- /- background was nullified in mice lacking
IFNy [82]. Similarly, IL-18 knockout mice featured lower amounts
of both IFNy and Thl cells but high Th2 counts [81]. Finally,
recombinant IL.-18 was found to induce IFNy production by mac-
rophages, NKT-cells as well as vascular cells [80]. This suggests a
prominent role of IL-18 in atherosclerosis, mediated via the pro-
duction of IFNy.

1L-33 is a relatively recently discovered cytokine of the IL-1 family
which is expressed in multiple cell types including endothelial cells,
fibroblasts, macrophages and DCs [83]. It is believed to play a role
in many auto-immune diseases and produces a Th2-based response
by stimulating the production of cytokines including IL-5 and
1L-13 [83-85]. Treatment of apoE-/~ mice with I1.-33 decreases
atherosclerotic lesion size [86]. Furthermore, 11.-33 increases the
levels of Th2 related cytokines such as I1.-4, 5, 6 and 13, as well as
decreases levels of IFNy. When I1.-33 was combined with a neu-
tralizing IL-5 antibody, which induces anti-oxLDL antibodies, the
protective effect of IL-33 was nullified, indicating that IL.-33 exerts
its atheroprotective effects via IL-5-induced anti-oxLDL antibodies
[86, 87].

3 Tumor Necrosis Factor

TNE, formerly known as TNFa, plays a role in many inflammatory
diseases. Monocytes and macrophages are the main source of
TNE. TNF binds two receptors, p55 and p75, of which p55
(TNFRSF1A) controls the major functions of TNF [88]. Multiple
studies have shown that TNF deficiency decreases atherosclerosis
in mice [89-95]. However, the role of p55 in atherosclerosis is less
well established, with studies reporting both atherogenic as well as
antiatherogenic effects. For example, mice only deficient in p55
were found to have increased lesion size in two studies [96, 97].
Other studies investigating mice deficient in both p55 and LDLr
or apoE, however, found a decrease in lesion size [98-100], while
another study found no effect [101]. The discrepancy in findings
between p55 and TNF-deficient mice might be explained by p55
binding a variety of other ligands aside from TNF. The differences
between various studies examining p55 are less easily explained but
might be ascribed to variation in animal models. Interestingly, as
observed above, mouse models featuring a deficiency in either
LDLr or apoE next to p55 appeared to show different results.
Perhaps the difference in homeostasis compared to mice only defi-
cient in p55 could explain the different effects of p55 found in
these studies.
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4 Interferons

IENy plays a crucial role in immune responses and is secreted by
many cells in the atherosclerotic plaque including Th1 cells, mono-
cytes, macrophages, and NKT-cells [88, 102]. Despite its strong
pro-inflammatory effects, IFNy also exhibits anti-inflammatory
characteristics and, accordingly, is able to manipulate the secretion
of both pro- as well as anti-inflammatory signaling molecules [ 103].
In atherosclerosis, IFNy promotes monocyte infiltration and dif-
ferentiation into macrophages, foam cell formation and induces a
Thl-driven response by the adaptive immune system [104]. Animal
studies have confirmed this pro-inflammatory model for IFNy in
atherosclerosis. Without exception, all animal studies, using a vari-
ety of models including mice deficient in IFNy or in IFNy receptor
as well as LDLr or apoE, show that suppressing IFNy signaling
reduces lesion size [105-110]. However, its therapeutic potential is
limited due to the potential anti-inflammatory effects IFNy has on
other tissues as well as the importance of IFNy in the immune
response.

IENB, a member of the type I interferon family, is produced by
immune cells following pathogenic challenging and plays an
important role in inflammation [111, 112]. IFN induces chemo-
tactic signals from macrophages and adhesion of leukocytes [111].
In experimental animal studies of atherosclerosis, the role of IFN
remains unclear. Thus, IFNf treatment reduced plaque develop-
ment in apoE—/- mice in which atherosclerosis was accelerated by
angiotensin II [113], but increased atherosclerosis in ldlr-/- and
apoE-/- mice with implanted constrictive cuffs [111].
Furthermore, deletion of the receptor for IFNP, IFNARI, in
myeloid cells using bone marrow transplant, was found to reduce
the development of atherosclerosis [111]. In conclusion, IFNy has
been clearly found to induce atherosclerosis, but further studies are
required to underscore the exact role of IFNp.

5 TGFp

TGEP is produced by a multitude of cells including macrophages
and Tregs. It plays an important role in many physiological pro-
cesses, ¢.g., embryonic development and proliferation, differentia-
tion, migration, adhesion, and apoptosis of cells [114]. TGFp has
also been implicated in many diseases including autoimmune dis-
eases, cancer and cardiovascular disease [ 114 ]. Furthermore, TGEFf
has an important function in angiogenesis with genetic defects in
TGFpP causing vascular abnormalities [114]. In atherosclerosis,
TGEFp was originally believed to exert an anti-inflammatory role
[114, 115]. However, animal studies have shown inconsistent
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results. Mouse models examining TGFf or TGFf receptor
(TGEFpR) inhibition have yielded both higher [116, 117] as well as
lower [118] amounts of atherosclerosis. Similar conflicting results
have been found with mice lacking TGFBR in T-cells featuring
increased or decreased atherosclerosis while mice lacking TGFpR
in CD1lc+ cells were found to have increased atherosclerosis
[119-121]. Finally, studies investigating TGFp overexpression
have also found varying results [122-126]. Thus, although an
antiatherogenic function was initially attributed to TGFp, animal
studies have been inconclusive. This could in part be explained by
the plethora of functions TGFp has in both murine and human

physiology.

6 Chemokines

Chemokines are members of the cytokine-family that are special-
ized in the chemotaxis of immune cells. Many chemokines and
combinations of chemokines with their respective receptors are
able to form specific patterns of cell attraction. The most thor-
oughly examined chemokine couple in atherosclerosis is CCL2/
CCR2. CCL2, also known as macrophage chemotactic protein-1
(MCP-1), is produced primarily by monocytes, macrophages,
endothelial cells, and SMCs. The expression of CCL2 and CCR2
is upregulated in hyperlipidemic conditions and CCL2 is present in
murine and human atherosclerotic lesions [127-132]. A clear pro-
atherogenic role for CCL2 was established many years ago. Since
then, many studies have consistently shown that inhibiting either
CCL2 or CCR2 is protective against atherosclerosis [133-154].
Similarly CCL5, also known as RANTES, is widely expressed in
the atherosclerotic plaque [127, 155, 156]. Inhibition of the
CCL5-CCRS5 interaction has clearly been found to decrease ath-
erosclerosis in mice [157-164]. Other examples of chemokines
shown to induce atherosclerosis in mice studies include macrophage
migration inhibitory factor (MIF), CX3CL1, CXCR3, and CXCL4
[133, 149, 165-181].

7 Conclusion

As highlighted in this chapter, a significant amount of research
has been done on the role of cytokines in atherosclerosis. Several
cytokines have been identified as being clearly atherogenic, such as
IL-1a, IL-12, TNF, IFNy, and IL-18, or atheroprotective, such
as IL-10 and IL-1Ra. However, aside from a large consensus on
the effects of different cytokines, the functions of others are still
ambivalent (Fig. 1).



Cytokines in Murine Atherosclerosis 31

Cells of the immune system communicate with one another
using cytokines and induce the immune reactions leading to ath-
erosclerosis (Fig. 2). Individual cytokines can enact multiple effects
in these signaling pathways as well as have site- or disease stage-
specific effects. In addition to current data, future research should
be aimed at further evaluating downstream signaling cascades and
at attempting to discover potential targets which can be manipu-
lated for therapeutic purposes with minimal systemic effects.
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Chapter 3

Intravital Microscopy for Atherosclerosis Research

Remco T.A. Megens and Oliver Soehnlein

Abstract

Recruitment of leukocytes into arteries is a hallmark event throughout all stages of atherosclerosis and
hence stands out as a primary therapeutic target. To understand the molecular mechanisms of arterial leu-
kocyte subset infiltration, real-time visualization of recruitment processes of leukocyte subsets at high reso-
lution is a prerequisite. In this review we provide a balanced overview of optical imaging modalities in the
more commonly used experimental models for atherosclerosis (e.g., mouse models) allowing for in vivo
display of recruitment processes in large arteries and further detail strategies to overcome hurdles inherent
to arterial imaging. We further provide a synopsis of techniques allowing for non-toxic, photostable label-
ing of target structures. Finally, we deliver a short summary of ongoing developments including the emer-
gence of novel labeling approaches, the use of superresolution microscopy, and the potentials of
opto-acoustic microscopy and intravascular 2-dimensional near-infrared fluorescence microscopy.

Key words Intravital microscopy, Optical imaging, Atherosclerosis, Arterial cell recruitment, In vivo
labeling strategies

1 Inflammatory Processes in Atherosclerosis

Atherosclerosis is a chronic inflammatory disease of the arterial
wall resulting from a dysbalanced lipid metabolism and a maladap-
tive inflammatory response. Large clinical studies lend strong sup-
port to the association between plasma lipid levels and the risk for
cardiovascular events [1, 2]. In particular, low-density lipoprotein
(LDL) levels correlate with the risk of cardiovascular events in
human populations and augment the individual susceptibility to
atherosclerosis and its complications. Mechanistically, LDL
increases expression of endothelial cell adhesion molecules and
primes circulating leukocytes, thus increasing the likeliness for
arterial leukocyte infiltration [3]. The accumulation of leukocytes
within the arterial wall is a hallmark of all stages of atherosclerosis
[4]. During early atherosclerosis, inflammatory monocytes and
neutrophils infiltrate the arterial wall by a process that is largely
reminiscent of the classical recruitment cascade. Endothelial cell
adhesion molecules, such as P-selectin, intercellular adhesion mol-
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ecule 1 (ICAM1), and vascular cell adhesion molecule 1 (VCAM1),
facilitate the firm arrest of inflammatory cells along the arterial
wall, while chemokines released from endothelial cells, inflamma-
tory macrophages, or activated platelets crucially facilitate leuko-
cyte adhesion and further guide neutrophils and monocytes into
the lesion via mechanisms involving CCR1, CCR2, CCR5, and
CXCR2 [5, 6]. In particular activation of platelets and subsequent
release of preformed chemokines such as CCL5 induces adhesion
and recruitment of myeloid cells [6]. The cationic nature of CCL5
facilitates its immobilization on the arterial cell surface. In this
location CCLS5 is presented to cells rolling along the arterial wall
and when recognized by its receptors an intracellular signaling cas-
cade sets in inducing the activation of integrins. Similarly, neutro-
phils contain granule proteins with chemotactic activities. As an
example, neutrophils deposit azurocidin and cathelicidin on endo-
thelial cells thus promoting monocyte adhesion and recruitment
and subsequent atherosclerotic lesion formation [7-9]. During the
later stages of atherosclerosis, accumulation of leukocytes is aggra-
vated by the local proliferation of plaque resident macrophages,
and possibly hampered egress of inflammatory cells [10, 11]. While
arterial leukocyte infiltration in mouse models of atherosclerosis
may during early stages of atherosclerosis primarily occur via the
arterial vessel lumen, at advanced stages this may shift towards
neovessels as primary entry site [ 12]. Indeed, newly formed plaque
vasculature originating from vasa vasorum in the adventitia not just
sustains inflammatory leukocyte influx but also cholesterol accu-
mulation, and the supply with erythrocyte-derived phospholipids,
thus contributing to plaque instability. Hence, neovascularization
and intraplaque hemorrhage have recently been established as
independent predictors of future adverse cardiovascular outcomes
[13]. Intraplaque vessels are characterized by an immature struc-
ture with a reduced number of mural pericytes and SMCs covering
the ECs, hence contributing to increased leakiness and rupture
susceptibility [14]. Subsequent to their recruitment, monocytes
differentiate towards macrophages which eventually undergo
apoptosis. These apoptotic cells are not effectively cleared due to
an impairment of clearance capacity in advanced atherosclerosis,
and thus transit into secondary necrosis. Over time, secondary
necrosis feeds the necrotic core and is a driver of plaque destabili-
zation [15]. The plaque is shielded from the blood stream by a
matrix-containing smooth muscle cell-rich fibrous cap which is
covered by endothelial cells. Weakening of the fibrous cap by the
continuous production and release of matrix degrading proteases
from activated macrophages makes the atherosclerotic lesion more
prone to plaque rupture. Consequent exposure of thrombogenic
material to the blood stream causes platelet activation and blood
clotting clinically observed as myocardial infarction or stroke.
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As atherosclerosis is a disease largely driven by leukocyte influx
in the vessel wall, visualizing leukocyte subset behavior in vivo
along large arteries is the Holy Grail for those interested in under-
standing leukocyte migration. Major progress has been made in
developing intravital microscopy approaches to study leukocyte
movement and models, labeling techniques, and microscopes have
improved over the last decades for several tissues, including the
spleen, the skin, the lungs, and the heart [16-19]. However, study-
ing arterial leukocyte recruitment is still hampered by many aspects
including difficulties to access arteries and the large movement
artifacts and hence people have largely extrapolated findings from
the microcirculation to the macrocirculation. However, differences
between these two vascular beds may provide a powerful entrance
strategy for therapeutic approaches. Hence, this review provides an
overview of techniques and labeling strategies that allow for intra-
vital imaging of arterial leukocyte recruitment.

2 Optical Imaging Techniques for Visualization of Arterial Recruitment

Atherosclerosis is a chronic disease of the large arteries where both
innate (atherogenesis) and adaptive (progression and destabiliza-
tion) immunity responses are involved [4]. The general idea of
luminal cell recruitment by the vessel wall leading to atherogenesis,
plaque progression, and plaque destabilization is extrapolated from
in vitro, histological or microcirculatory intravital studies. Models
for microcirculatory intravital microscopy such as the cremaster
muscle, mesentery, or skin offer an entrance for studying processes
involved in cell rolling, cell recruitment, and cell migration into the
vessel wall [20-23]. However, since the vascular structure, cellular
functions and flow and shear stress milieu in the microcirculation
are very different from macrocirculatory arteries, it is crucial to ver-
ity findings in a true atherosclerotic prone environment, i.e. in the
large arteries. This however comes with difficulties: the arterial wall
of large arteries is much thicker and therefore less easily penetrable
with light. Moreover the arterial wall is subject to strong motion
due to the heart and respiratory cycles [24]. All these aspects com-
plicate intravital microscopy of large arteries dramatically.

The studies utilizing classical /conventional fluorescence intra-
vital imaging (Fig. 1a) of exposed large arteries offer great over-
view of the artery and as such allow for easy quantification of
luminal cell recruitment [25-28]. Additionally conventional fluo-
rescence microscopy is relatively easy to apply and tissue motion
disturbs imaging only to a limited extent (as a result of the
non-scanned camera-based image acquisition and the lower mag-
nification and numerical aperture objectives often used). However,
conventional intravital microscopy often lacks the image quality
required to study the process of phagocyte recruitment in more
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Fig. 1 Overview of image modalities for intravital microscopy. (a) comparison of characteristic image proper-
ties (i.e., axial and lateral resolution, acquisition speed, depth penetration multichannel detection, and motion
artifact vulnerability) of the most widely used microscope modalities for intravital microscopy in atherosclerotic
research. The color coded areas (wide field, yellow; spinning disk, biue; CLSM, green; TPLSM, orange) repre-
sent the differences and advantages of each modality for intravital imaging. (b) Properties of novel image
modalities with potential future application for intravital imaging of atherosclerosis; multiscale opto-acoustics
(purple) and the nanoscopic techniques STED and RESOLFT (red)

detail nor does it provide optical sectioning and thus 3-dimensional
information. Furthermore, visualization of more than one target
or cell type is challenging since most of the microscopic setups
typically do not support simultaneous imaging of two or more
channels or, if they do, require tedious alignment (Fig. 2) [6, 7].
In order to overcome the limitations of penetration depth into the
vascular wall, as with all microscopes that make use of conventional
fluorescence excitation, there is a need for strong fluorescence sig-
nals derived from the target structure(s). As such one can detect
cells adhering or interacting to the arterial vessel wall but cannot
judge whether cells are adhering to or are recruited into the vessel
wall.

An alternative approach is confocal microscopy (Fig. la), a
modality that offers optical sectioning by blocking out of focus
light, and thus enables 3D imaging. There are basically two types of
confocal microscopy that can be applied for intravital microscopy
offering fast multichannel 3D imaging. The most often applied
intravital confocal modality is spinning disk microscopy [29] where
a so-called Nipkow disk generates the confocal effect with multiple
foci [30]. Spinning disk confocal microscopy is a fast modality and,
dependent on the system layout and settings, the optical resolution
is mainly improved in depth (maximum axial resolutionx5 pm).
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Fig. 2 Dual-channel conventional fluorescence intravital microscopy of carotid
arteries. Apoe~~ mice were transplanted with Cx3cr1gfo’wtCer2rfo'wt bone
marrow. Local treatment of carotid artery with saline (a) or TNF (b) for 4 h.
Scale bar represents 75 pm. Arterial wall is visible in both channels (yellow;
autofluorescence)

Moreover, two or more spectral channels are typically available for
simultaneous detection of multiple targets. Yet, the imaging of
structures deep in or at the luminal border of the large arteries is
still restricted due to the limited penetration depth. Moreover the
increased cross talk between multiple foci that may occur poten-
tially reduces the signal-to-noise ratio especially when imaging at
depth in tissues. A second confocal approach is the use of a single
focus, fast confocal laser scanning microscopy (CLSM) which makes
use of pinhole(s) to block out of focus light and a scanhead enabling
Xy-scanning at resonant speeds. A state-of-the-art commercially
available resonant scanned CLSM enables image acquisition at a
rate of >30 Hz [31]. Combined with a piezo-driven z-positioner it
is possible to obtain 3D xyz-stacks of the arterial wall at high speeds
(typically 0.1-0-3 Hz) [32] (Fig. 3). Combined with powerful
excitation laser sources and several sensitive emitted light detectors
such as photo multipliers or (hybrid) diodes, these systems allow
intravital imaging of circulation as well as the processes and struc-
tures in the tunica adventitia and media of large arteries [33]. Yet,
even powerful CLSM systems lack the penetration depth that is
required for studying cell recruitment at the luminal border of large
arteries [33]. Fast two-photon laser scanning microscopy (TPLSM)
offers a similar system layout as fast CLSM or makes use of multipli-
cation of the excitation laser beam (1-64 beams) [ 34, 35], to enable
high-speed acquisition without a negative impact on the overall
image quality, size of the field of view, nor the image resolution.
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Fig. 3 Luminal tracking of myeloid cells in the stabilized carotid artery. TPLSM obtained 4D datasets (XYZT) of
the stabilized carotid artery of Lysme™es Apoe—- mice presented over time as 2D extended depth of field
pictures using maximum intensity projection (a), cell tracking (b) or as 3D reconstructions with (b, ¢) or without
(d) isosurface rendering. Arrows indicate the direction of flow, green are myeloid cells, blue is collagen derived
second harmonics generation in the tunica adventitia, red is 150 kDa Tritc-Dextran in the circulating blood
representing the lumen. Scale bar =25 pm. Figure was adapted from Chevre et al. [32]

However, unlike conventional fluorescence microscopy, TPLSM
makes use of a different excitation process where near simultaneous
absorption of two photons of approximately half the energy (and
thus double the wavelength) causes fluorescent molecules to move
from the ground state to a higher energy state (in most cases similar
fluorophores as those used with conventional fluorescence) [36].
The subsequent decay causes the molecule to fall back to its ground
state while emitting fluorescent light of a slightly lower energy (i.e.,
longer wavelength). To achieve two-photon excitation, a less scat-
tering, pulsed, near-infrared laser source is used which increases
light penetration into the artery while reducing the overall energy
load on the tissue. Moreover, since the two-photon excitation and
the resulting fluorescence decay of (intrinsic) fluorophores only
occurs in the focal spot, all the detected fluorescence signal can be
used for image reconstruction. As a result, there is no need for
pinhole(s) and as such the detection efficiency and the signal-to-
noise ratio are further improved, enabling imaging at greater depth
in the arteries or detection of slightly weaker or more vulnerable
fluorescent targets [ 33].

Microscopes offering high spatial and axial resolution have in
common that they suffer severely from motion artifacts that are
present in living specimen. When studying murine cardiovascular
samples such as the large arteries, the motion disturbances are a
consequence of the cardiac (6-9 Hz) and respiratory (2—4 Hz)
cycles (depending on applied anesthesia) [37]. The cardiac cycle is
the most prominent disturbance due to its higher frequency but
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causes a somewhat smaller tissue drift; only the artery moves as a
consequence of the blood pressure wave. The respiratory cycle
motion causes the whole thorax to move and results in a more
pronounced focus drift but at a lower frequency. As a result of the
tissue motion, microscopic imaging suffers from both intra-frame
and inter-frame motion artifacts. The intra-frame motion artifacts
only occur with laser scanning microscopes that utilize pixel by
pixel image construction where a gradient in time difference
between the first scanned pixel in the left top corner of the image
matrix and the last scanned pixel at the right bottom corner is pres-
ent. As such, the tissue in focus may vary within the time required
for acquisition of one single image, causing a shift in tissue in focus
and thus a deterioration of the tissue in view due to the actual
motion and loss of focus [24, 32]. The tissue motion also causes a
difference of the tissue in focus between subsequent images. As a
result, accurate tracking of objects over time or generation of
3-dimensional reconstructions (either in depth or over time) is
almost impossible without any motion suppressing aid since subse-
quent optical sections do not contain the same tissue over time or
are not only in axially (z) shifted but also spatially (xy). In order to
reduce the impact of motion on imaging, optimization of the
microscope hardware (fast acquisition and high sensitivity) com-
bined with adaptions to the experimental layout are required.

There are several strategies to (partially) overcome both arti-
facts: (a) utilize the cardiac and respiratory cycle to manually guide
the imaging by timing of the TPLSM acquisition in a time window
where the motion will be limited; (b) record the moving tissue
randomly, apply extensive post-processing of the images series to
detect comparable tissue representations over time; (c) trigger the
acquisition by using the cardiac and respiratory signals (triggered
acquisition); and (d) stabilize and (partially) isolate the artery from
the surrounding tissue with specifically designed tools to suppress
the impact of motion. These strategies are discussed below:

1. Manual timing of the image acquisition between the tissue
movements by means of timed recording is a logical step to
(partially) overcome in vivo motion artifacts. Provided the
image acquisition frequency is higher than the movement fre-
quencies, it is possible to record a single image without intra-
image artifacts. Timing of image acquisition has been performed
for imaging of the lung using intravital laser scanning micros-
copy [38, 39]. By mechanically controlling the respiration, a
stable respiration motion frequency is obtained that allows
image acquisition in between the respiration frequency without
intra-image artifacts (only when acquisition frequency is higher
than motion frequency). When respiratory motion frequencies
are unstable or when the motion is also caused by the cardiac
cycle, as is the case in the large arteries, it is impossible to block



48

Remco T.A. Megens and Oliver Soehnlein

the impact of motion by simple timing of acquisition in the
respiration-free time window.

. When randomly recording a vast amount of single xy-images

over time at 10-30 Hz, the resultant image datasets mainly
consists of motion disturbed optical slices. Such datasets can be
subjected to extensive post-processing of the images series in
order to detect comparable tissue representations over time. In
most cases, the (partially) stable images have a rhythmic appear-
ance (dependent on acquisition frequency and type of motion
disturbances) which is beneficial for the selection process.
Additionally, non-moving structures or cells within the selected
images have to be compared using overlays, edge detection, or
co-localization protocols. The matching images may then be
combined and used for evaluation of myeloid cell recruitment
[5], vasa vasorum [40, 41], or biological structures such as
presence of luminal neutrophil extracellular traps in atheroscle-
rotic arteries [42]. The post-processing method can be per-
formed manually but without automatic (structure recognition
based) image processing protocols, it is very time consuming
and tedious work with an unclear outcome; it is unclear
whether the analyzed time series contain enough stable and
comparable images to reconstruct cellular processes over time.
Hence, there is a need for (development of) automatic pro-
cessing protocols to automatically analyze in vivo datasets. To
generate multidimensional microscopic datasets it is also
required to have knowledge on the motion frequencies and
tissue shifts which further complicates the post-processing pro-
cedures even more. Moreover, the time course of the resulting
movie is not stable because of its dependency on the tissue in
the focal plane.

. By measuring both the respiratory and cardiac cycle signals

using a balloon pressure and an ECG or blood pressure probe
it is possible to determine a time gate where the motion of
both cycles is limited. Image acquisition of each single image
in the time gate of the combined cycles (by coupling the sin-
gle-trigger pulse directly into the microscope hardware in
order to avoid software jitter) results in a strong reduction of
both intra- and inter-frame artifacts [24]. Moreover, the
acquired images of both cardiac and respiratory triggered
microscopy are less influenced by small irregularities that occur
in both motion frequencies due to the possibility to apply trig-
ger thresholds or trigger delays for each signal separately as
well as the overall trigger output signal to start the image
acquisition. As a result, double triggered acquisition holds
potential for multidimensional microscopy, especially when
combined with fast (>10 Hz) spinning disk or laser scanning
microscopes in order to further suppress intra-frame artifacts.
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A disadvantage of double-triggered acquisition is the reduction
of overall imaging rates since the relatively small time gates of
each individual cycle must be (partially) overlapping in order to
achieve image stability. In practice, an overall acquisition fre-
quency of 0.5-1.0 Hz is maximum achievable [24 ], which lim-
its its applicability for studying fast biological processes.

4. Besides the rather non physiological procedures of physical
suppression of the tissue motion either by adapting the surgical
preparation method in order to temporary stoppage of the res-
piration [43] or blood flow [44], more subtle stabilization of
arteries can be beneficial to reduce motion impact. Attempts to
stabilize arteries by embedding the exposed carotid artery in
stiffened material such as low percentage agarose in buffer,
have up till now failed since they do not suppress the motion
disturbances sufficiently (own observations). Chevre et al. [32]
used a surgical layout similarly as applied by Yu et al. [44] but
stabilized the carotid artery without the dramatic alterations to
the blood flow by making use of a thin steel plate to carefully
lift the artery up from the surrounding tissue, and part of a
cover slip to gently squeeze the artery to further reduce motion
while creating a imaging window. As a result, conventional
intravital microscopy with a high magnification and numerical
aperture objective could be applied to study several classes of
leukocytes, including monocytes, lymphocytes, and platelets,
using a combination of fluorescent reporter genes and fluores-
cently labeled antibodies that were injected intravenously
before imaging. The authors used the artery-stabilizing proto-
col also in combination with multichannel fast TPLSM. For
application of TPLSM the method required additional trigger-
ing to further suppress the impact of the respiratory cycle on
imaging. Nevertheless the combination of physical stabiliza-
tion of the sample with respiration controlled image acquisi-
tion enabled recording of multidimensional datasets with
relatively high frequency (0.1-0.3 Hz per z-stack) for pro-
longed time (>30 min) and for the first time demonstrated the
feasibility of 3D tracking of cells and their function in athero-
sclerotic prone arteries in vivo [45].

As is evident, the described techniques have their advantages
and disadvantages, and ultimately the optimal technique offers the
best balance between acquisition speed, sensitivity, and (3D) reso-
lution. The latter will depend on the research question at hand as
well as the availability of the various techniques. Quantification of
cell adhesion and cell-arterial wall interactions are best performed
using conventional fluorescence microscopy due to its ease of use.
Studies focused on tissue structure would greatly profit from the
most stable imaging layout with a double triggering protocol and
using modalities with optical sectioning. Fast processes however,
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such as multidimensional tracking of cells in the arterial system,
may benefit more from artery stabilization (combined with respira-
tory triggering) since triggering-based techniques would result in
too slow acquisition for proper assessment of real-time dynamics.
In the near future, continuous imaging combined with automated
post processing may enable more researchers to apply advanced
microscopic techniques in strongly motional samples and indirectly
obtain an improved image quality without the need for trigger
adapted setups.

3 Strategies to Label Target Structures

Table 1

Early intravital microcopy studies analyzing myeloid cell extravasa-
tion used bright field microscopy. Such techniques were typically
employed in tissues that were thin enough to allow white light
transmittance through the sample. However, as this is not possible
for optical imaging of large arteries in vivo fluorescence micros-
copy is widely used benefiting from an ever-growing array of avail-
able fluorophores that can be used to label cells and tissue
structures. These fluorophores can roughly be divided into two
categories: endogenous reporters, i.c., fluorescent proteins
expressed by cells of interest (Table 1); and exogenous probes, i.e.,
chemicals that interact with cellular or tissue components.

List of mouse strains with fluorescent phagocyte subsets

Strain name  Fluorescent cell type Reference
c-fms-gtp GFP in mononuclear phagocytes [96]
Cx3crl-gtp GEFP expression correlates with CX;CRI1 transcription. Inflammatory [46]
monocytes are GEPP, resident monocytes are GFP" NK cell subsets,
microglia, and DCs are GFP™
Lysm-gfp GFP expression correlates with the transcription of Lysozyme [97]
M. Circulating neutrophils are GFP", while monocytes are GFPP
Mhell-gfp DCs are GFP", B cells are GFP™, and macrophages are GFP" [98]
Cx3crl- Inflammatory monocytes are GFP°RFP*, resident monocytes are [48]
4fpCer2-rfp  GFPMRED-
Ly6Gfp-cre  This mouse strain is currently being developed by Dr. Matthias Gunzer Unpublished
(University of Duisburg-Essen, Germany); reported to carry
tdTomato and Cre in neutrophils, only
hCDG68-g4fp This mouse strain is currently being characterised by Dr. David Unpublished

R. Greaves (University of Oxford, UK); the eGFP transgene under
control of the human CD68 promoter is expressed in circulating
monocytes and resident and inflammatory macrophages
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Irrespective of the nature of the probe, fluorophores for in vivo use
are ideally nontoxic, photostable, with sufficient quantum yields to
generate a signal detectable through living tissues.

The use of transgenic mice expressing fluorescent proteins in a
cell-specific fashion is an elegant method for specific cell labeling
and is widely accepted to track individual leukocyte subsets. A vari-
ety of strains has been created to allow for tracking of myeloid cell
populations in vivo (Table 1). However, care has to be taken when
using mice where the gene encoding for a fluorescent protein has
been knocked into the locus of a gene involved in recruitment.
This is the case for Cx3crl-egfp mice or Ccr2-rfp mice, where
homozygous mice lack these receptors and thus recruitment of
monocyte subsets may be affected [46, 47].

The generation of blue/yellow-shifted GFP variants (blue,
cyan, and yellow fluorescent proteins), together with the discov-
ery- and mutation-based development of red fluorescent proteins
has expanded the palette of colors available and has allowed the
development of more complex reporter strategies. This develop-
ment has led to the establishment of reporter mice for multiple cell
typesorcellsubsets. Anexamplehereinisthe Cx3cr Lgfp/ wtCer2rfp/ wt
mouse allowing for in vivo tracking of monocyte subsets [48].
Apart from simultaneous visualization of multiple cell types, the
extended palette of fluorescent proteins available has led to some
very elegant applications from labelling different phases of the cell
cycle to different clones of cells within a tissue. For instance, the
FUCCI reporter system allows real-time visualization of cell cycle
progression in living cells. Recently, a new type of FUCCI reporter
strategy, based on the use of mCherry and Venus fluorescent pro-
teins, has allowed similar studies to be performed within live, cul-
tured mouse embryos [49]. Although the FUCCI technology has
not been used in adult tissues (not to mention atherosclerosis
research) this strategy could be important to study the dynamics of
cell proliferation within atherosclerotic lesions. Several additional
strategies for genetic labelling of cells are available. However, most
of these have only been tested in cancer research and their use for
optical imaging of atherosclerosis is at its infancy. Such approaches
include confetti transgenic mice [50] for studying tissue dynamics,
Forster resonance energy transfer (FRET)-based strategies to study
signaling events [51, 52], and the use of photoswitchable or pho-
toconvertible fluorescent proteins allowing for labeling of specific
cells to be identified through multiple imaging sessions [53, 54].
On the other hand, the clear advantages of fluorescent protein-
encoding mouse strains over adoptive transfer approaches is that
the target cells are not subjected to ex vivo handling and that the
fluorescent tags do not become diluted or fade in dividing cells.

Dyes present a variety of different challenges and limitations in
comparison with endogenously expressed fluorescent proteins, rang-
ing from higher cytotoxicity to rapid dilution upon cell proliferation.
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However, they is often chosen because of their ease of use and the
wide array of colours they provide. Moreover, a good staining strat-
egy may be applied in any transgenic mouse model and as such offers
great flexibility in usage since there is no need to generate novel
transgenic mouse lines with multiple reporters. Cytoplasmic and
nuclear dyes are, in principle, ideal for in vivo single-cell tracking
because they should provide the most uniform staining; however,
they tend to present higher cytotoxicity and are rarely used for intra-
vital microscopy. Carboxyfluorescein succinimidyl ester (CFSE) and
carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) are
amine-reactive probes that penetrate cells, where they are metabo-
lized to amine-reactive chemicals, which then covalently bind to
cytosolic components. High concentrations of CESE have been
associated with severe toxicity [55]; however, once carefully opti-
mized, CFSE labelling enables in vivo cell tracking over a long period
of time because it is very efficiently retained within the cytoplasm
[56]. Amine-reactive dyes, available with a wide spectral range and
in far red-shifted variants, overcome the limitations of CESE/
CFDA-SE and have been successfully used for confocal intravital
microscopy (IVM) experiments.

Dyes with high affinity for double-stranded DNA provide a
bright nuclear signal, and therefore should be ideal for tracking
cells within densely clustered populations and in deep tissues, but
have been consistently reported to have a number of limitations
when applied to in vivo single-cell resolution imaging. In fact,
DNA-binding dyes can interfere with fundamental biological pro-
cesses, including DNA replication and transcription, and can
induce DNA damage. For example, Hoechst 33342 has been
reported to inhibit the proliferation of mammalian cells at high
concentrations [56] and DRAQ5 was shown to interfere with
DNA-binding proteins such as histones, DNA repair, replication,
and transcription factors as well as essential cellular enzymes result-
ing in the inhibition of cellular functions [57]. Hoechst 33342 has
the advantage of absorbing light in the UV range, excitable by
two-photon microscopy, and is resistant to quenching. For these
reasons, it has therefore been widely used to study leukocyte migra-
tion, a process uncoupled from DNA dynamics and therefore not
affected by nuclear dyes. Moreover, Hoechst 33342 has been suc-
cessfully used to visualize apoptosis in vivo [58]. The vital cell
DNA binding dyes from the SYTO series are very stable and
available with a variety of spectral properties. SYTO13 (green spec-
tral range) and SYTO41 (blue spectral range) have been used for
(in vivo) imaging of large arteries and are an alternative for Hoechst
33342 [24]. Propidium iodide also binds to DNA by intercalating
between the bases with no sequence preference. As it is cell imper-
meable it is a good dye for in vivo detection of cell death or for
detection of extracellular DNA [42].



Intravital Microscopy for Atherosclerosis Research 53

Lipophilic, carbocyanine fluorescent tracking dyes, whose
aliphatic portion binds to the cell membrane lipid bilayer, have
been widely used by the scientific community and seem to have
lower cytotoxicity than cytoplasmic and nuclear dyes [59]. PKH
lipophilic dyes such as PKH2, PKH67 (green), PKH3 and PKH26
(red) have been extensively used for tracking leukocytes in vivo.
These dyes stain the whole plasma membrane of cells through lat-
eral diffusion, and also spread to intracellular organelles as a conse-
quence of membrane turnover. More recently, another series of
carbocyanine lipophilic dyes (DiO, Dil, DiD and DiR, with green,
red, far-red, and near-infrared emission, respectively) have become
increasingly popular and are now routinely used for in vivo track-
ing and imaging studies [60, 61]. They all follow the same labeling
principle and cover a large spectral range, thus facilitating tracking
of multiple cell populations simultancously through multicolor
imaging. Some of these dyes, for example DiR, are highly photo-
stable, and all are easy and rapid to apply. Most importantly, despite
the fact that they heavily intercalate within the lipid bilayer of cell
membranes, they have not been reported to cause serious cytotox-
icity at concentrations that provide strong, uniform staining.

In recent years, the use of mice expressing fluorescent proteins
and fluorescent dyes has been complemented by the application of
fluorescent antibodies towards myeloid cell subsets. The injection
of antibodies to Grl and CD115 or F4/80 allows for labeling
neutrophils or monocytes [6, 62] independently of the genetic
background of the mice. However, one has to bear in mind that
some antibodies may affect leukocyte behavior. In the case of anti-
bodies to Grl it has been shown that higher doses of this antibody
induce depletion of neutrophils, so that low concentrations have to
be used to avoid such depletion [63]. In addition, antibodies may
induce signaling events that impair cell function. In this context it
has recently been reported that injection of low doses of anti-Ly6G
antibody to label neutrophils disturbs their recruitment [64]. An
alternative antibody-based approach is the conjugation of antibod-
ies to fluorescent microbeads. Endothelial immobilization of such
beads allows for detection and even quantification of cell adhesion
molecule (CAM) expression, whereof the amount of immobilized
beads correlates with luminal CAM expression [65] or luminally
deposited chemotactic molecules (Fig. 4) [5, 7, 8]. The main chal-
lenges raised by the use of intact antibodies for in vivo labeling of
cells and tissue structures are tissue penetration (i.e., the efficiency
of labelling is likely to rapidly decrease with distance from vascula-
ture), potential nonspecific signal and aberrant immune cell
responses. The last two problems, both due to the antibodies
binding and activating cellular Fc receptors, can be alleviated by
removal of the Fc part of the antibodies [66]. An alternative to
antibodies may be provided by aptamers, short nucleotide or
peptide sequences that can recognize specific protein domains.
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intact WBC

&

neutropenic

Fig. 4 Detection of luminally immobilized molecules. Conventional fluorescence intravital microscopy of anti-
CRAMP fluorescent bead complex deposition in the injured carotid artery of Apoe”~ mice with intact white
blood cell counts (a) and neutropenia (b). Directly after intravital microscopy, luminal presence was confirmed
in the arteries ex vivo (c) using the 3-dimensional properties of TPLSM combined with intrinsic fluorescence
derived from the arterial wall. Adapted from [26]

Because aptamers are small and change conformation upon bind-
ing of their target, they can be engineered so that specific binding
releases a quencher or generates a FRET pair, thus reducing non-
specific staining [67]. So far, aptamers have been used to label mes-
enchymal stem and progenitor cells ex vivo and to visualize them
in mouse bone marrow following transplantation [67].

4 Current and Future Developments

In vivo imaging of cell biology processes has been increasingly reward-
ing, thanks to the constant improvement of fluorophores, both pro-
teins and chemical, and to parallel technological advances. Recent
developments in these fields are already providing indications on the
future avenues of IVM studies. For example, fluorescent proteins
emitting in the near-infrared region (such as Neptune and
eqFP650,/670) and the infrared region (such as iRFP) are becoming
popular because they are more efficiently excited and detected in liv-
ing tissues, where light scattering, autofluorescence and absorption
are highest at lower wavelengths. These proteins have so far been suc-
cessfully used for whole-body imaging experiments in mice [68-70].
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Furthermore, near-infrared dyes are ideal candidates to enable
multimodal optical imaging, for example a combination of fluores-
cence molecular tomography (FMT) modality offering a macro-
scopic view combined with CLSM or conventional fluorescence
microscopy to study the same target at a subcellular resolution
level. While red fluorophores are currently imaged through confo-
cal microscopy, optical parametric oscillator (OPO) technology is
making red and far-red fluorophores amenable to TPLSM [71],
the ideal IVM modality as it reduces phototoxicity and increases
contrast and resolution especially at higher tissue depths. Future
generations of OPO technology are more flexible because of a con-
tinuous power output at the full tuning range (from 800 to
1300 nm) and as such are more easy to use and will further con-
tribute to make the family of near-infrared fluorophores more eas-
ily detectable with multiphoton excitation. Moreover, the optical
hardware will be further improved to enhance the sensitivity of
near-infrared emission. Alternatively, the development of fluoro-
phores that are excitable by short wavelengths but emit far red and
near-infrared signals provides an ideal labelling strategy for
IVM. Keima as well as LSS-mKatel and LSS-mKate2 are proteins
engineered with a large Stokes shift, e.g., to absorb similarly to
CFP but emit above 600 nm, and other fluorescent proteins could
be similarly engineered to allow two-photon excitation [72].
Superresolution microscopy or optical nanoscopy modalities
offer resolving powers beyond the diffraction limit of light as
described by Ernst Abbe in 1873 [73, 74]. For IVM, stimulated
emission depletion (STED) and reversible saturable optical fluores-
cence transitions (RESOLFT) are of interest because of the fast
acquisition rates while lacking the need for extensive post process-
ing of the data to reconstruct a resultant image, as with other
nanoscopy modalities (Fig. 1b) [75]. STED makes use of a “donut
shaped” fluorescence depletion laser(s) that is overlapping the exci-
tation laser(s) in order to reduce the volume of the emitted light
area (point spread function engineering). Since STED microscopy
is based on (fast) confocal laser scanning microscopic systems, it
holds potential for multidimensional in vivo applications [76, 77].
However, since STED only yields fluorescence emission from a very
small focus volume and the nanometer resolution requires the use
of smaller pixels to match the Nyquist criterion, it is uncertain if one
can detect sufficient amounts of photons per pixel for image recon-
struction at the higher imaging rates that are desired for intravital
imaging. Moreover, since the resolution improvement amongst
others depends on the power of the “donut” depletion laser(s), it
will only occur at limited depths since scattering and light absorp-
tion will deteriorate the image quality with increasing depth.
Currently, commercially available STED systems appear not yet
suited for IVM. Nevertheless the ongoing development of the
hardware such as stronger red-shifted depletion lasers, dedicated
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STED water immersion objectives, and improved detection sensitivity
STED has potential for future application in IVM. Moreover the
development of dedicated STED dyes [78] and improved sample
preparation will further improve the applicability of STED in general
but also its performance in vivo. Another promising nanoscopic
modality for intravital application is RESOLFT [79, 80], a combina-
tion of point spread function engineering with switchable fluoro-
phores [81]. A parallelized scanning RESOLFT system offers a
(targeted) large field of nanoscopy with much lower light intensities as
compared with STED which are strong assets for high resolution
in vivo imaging [80, 82]. Moreover, the first commercial RESOLFT
systems are now available which makes the modality more easily acces-
sible for atherosclerotic research groups. However, since RESOLFT
requires the use of reversible switchable fluorescent proteins (rsEPs) its
future applicability for intravital imaging will mainly depend on the
availability of more rsFPs and their possible incorporation in trans-
genic (mouse) models [83].

An exciting new development for in vivo studying of the
macro- and microcirculation is opto-acoustic microscopy (Fig. 1b).
In opto-acoustic imaging, ultrasounds, generated from the absorp-
tion of light energy, are used to map the optical absorption in tis-
sues [84]. This combines the contrast and versatility of contrast
agents and molecular markers designed for optical imaging, with
the low scattering and diffusion of ultrasonic waves deep in tissues,
thus achieving high-resolution 3-dimensional (3D) imaging of
optical absorption at depths beyond the optical limits, even in dif-
fusive tissue. Opto-acoustics is a multiscale imaging modality,
where the resolution can be tailored to the degree and penetration
depths required. It can be utilized for macroscopic, mesoscopic
and microscopic preclinical and clinical applications [85-92].
Microscopic opto-acoustics describes the opto-acoustic signal gen-
erated from an optically focused beam. Since focused optical beams
(lasers) are used, the spatial resolution is defined by the character-
istics of the optical focusing system such as the wavelength of exci-
tation and the characteristics of the objective lens (<1 pm), whereas
the axial resolution is still defined by the bandwidth of the
ultrasound transducer (5-10 pm; [93]). Opto-acoustic microscopy
enables studying of the absorption properties of biological tissue
on a microscopic level. Combined with an optical modality such as
TPLSM, new hybrid imaging modalities is created that can detect
multiple contrast mechanisms simultaneously [90]. Thus, opto-
acoustic modalities hold great potential for in vivo imaging of the
circulation. The possibility to collect both intrinsic (absorption
properties of the various tissues) and extrinsic (fluorophores) infor-
mation offers high flexibility and specificity. Moreover, its greatly
improved depth penetration may enable less invasive preparation
procedures and its multiscale character will boost validation of
novel treatment targets from discovery up to preclinical level.
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Intravascular 2D-near-infrared fluorescence (2D-NIRF) holds
great potential for clinical applications and is also compatible with
some experimental models of atherosclerosis due to its thin and
flexible optical fiber (<0.5 mm) [94, 95]. 2D-NIRF makes use of
far-red-shifted fluorophores for improved penetration depths and
enables studying of atherosclerosis from a luminal point of view
in vivo in the aortic root and arch as well as large arteries, which
have until recently been inaccessible to high-resolution imaging.
However, it remains to be seen if the fiber does not influence the
in vivo environment too much by damaging the endothelial lining
or altering the blood flow in the more commonly used experimen-
tal models for atherosclerosis (e.g., mouse models).
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Chapter 4

Noninvasive Molecular Imaging of Mouse Atherosclerosis

Martina A. McAteer and Robin P. Choudhury

Abstract

Molecular imaging offers great potential for noninvasive visualization and quantitation of the cellular and
molecular components involved in atherosclerotic plaque stability. In this chapter, we review emerging
molecular imaging modalities and approaches for quantitative, noninvasive detection of early biological
processes in atherogenesis, including vascular endothelial permeability, endothelial adhesion molecule up-
regulation, and macrophage accumulation, with special emphasis on mouse models. We also highlight a
number of targeted imaging nanomaterials for assessment of advanced atherosclerotic plaques, including
extracellular matrix degradation, proteolytic enzyme activity, and activated platelets using mouse models
of atherosclerosis. The potential for clinical translation of molecular imaging nanomaterials for assessment
of atherosclerotic plaque biology, together with multimodal approaches is also discussed.

Key words Adhesion molecules, Atherosclerosis, Inflammation, Magnetic resonance imaging,
Molecular imaging

1 Introduction

Early detection of atherosclerosis may help to prevent clinical
sequelae such as acute myocardial infarction (MI) and ischemic
stroke. Conventional clinical imaging using X-ray angiography can
accurately detect advanced atherosclerotic plaques that cause arte-
rial luminal stenosis. However, most acute coronary events are
caused by rupture or erosion of non-flow-limiting vulnerable
plaques [ 1], which are not readily identified by X-ray angiography.
Vulnerable plaques typically exhibit high level of inflammation and
are classically characterized by a thin fibrous cap overlying a large
lipid core and macrophage accumulation in the shoulder regions of
the plaque [2, 3]. However, disruption of the arterial endothelium
overlying atherosclerotic plaques rich in smooth muscle cells and
extracellular matrix, with a relative paucity of inflammation, mac-
rophages, and extracellular lipid, may also result in 8-30 % of acute
coronary events [4]. This complexity and heterogeneous nature of
atherosclerotic plaques requires the development of sensitive,
diagnostic tools for noninvasive characterization of atherosclerotic
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disease and monitoring of responses to therapeutic interventions.
Noninvasive characterization of atherosclerotic plaques can be
achieved using magnetic resonance imaging (MRI), positron emis-
sion tomography (PET) or single-photon emission computed
tomography (SPECT). Multi-slice computed tomography (CT)
can discriminate calcified and non-calcified plaque burden but has
low sensitivity for soft plaque characterization. Invasive imaging
techniques, such as intravascular ultrasound (IVUS) and optical
coherence tomography (OCT), are also used for characterizing
atherosclerotic plaque composition [5-9], but do not readily
report specifically on the molecular processes that drive atheroscle-
rotic lesion development.

Genetically engineered hyperlipidemic mice, such as the apoli-
poprotein E knockout (apoE~7-) and LDL-receptor knockout
(LDLR/~) mice, have become the preeminent animal models for
studies into the mechanisms driving the progression and regression
of atherosclerosis [10]. The disease develops predictably at
atherosclerosis-susceptible sites in the aorta including the aortic
root, the inner curvature of the aortic arch and its branch points
and later in the abdominal aorta [11, 12]. The brachiocephalic
artery in fat-fed apoE~~ mice has been reported to develop
advanced plaques, with features suggestive of fibrous cap disrup-
tion and intra-plaque hemorrhage [13-16]. The rapid develop-
ment of atherosclerotic disease, accelerated by high-fat feeding in
mice enables studies to be undertaken in months, in contrast with
the human disease, which progresses over decades. Murine models
have emphasized the central role of inflammation in atherogenesis
and have been instrumental in the identification of molecular and
cellular processes such as adhesion molecule up-regulation and
monocyte recruitment to the vessel wall, as well as macrophage
scavenger receptors, chemokines, and other macrophage activation
receptors [17].

Appreciation of the molecular and cellular processes of athero-
sclerosis, thrombosis, and vascular inflammation has led to the
identification of new targets for imaging. The goals of molecular
imaging are to accelerate and refine diagnosis of the disease, pro-
vide insights into disease diversity and to guide and monitor thera-
peutic interventions [ 18]. Rapid advances in nanotechnology have
led to the development of an array of imaging contrast agents,
which can be functionalized with targeting ligands, such as anti-
bodies, peptides, or aptamers for molecular imaging of biomarkers.
In this chapter, we review molecular imaging modalities and
approaches for noninvasive detection of mouse atherogenesis
including vascular endothelial permeability, adhesion molecule up-
regulation, and macrophage accumulation. We also highlight strat-
egies for molecular imaging of biomarkers of advanced
atherosclerosis including extracellular matrix (ECM) degradation,
proteolytic enzymes, and activated platelets.
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2 Imaging modalities

Molecular imaging modalities include MRI, nuclear imaging,
contrast-enhanced ultrasound (CEU), and optical or fluorescence
imaging techniques. Nuclear imaging using PET or SPECT allows
quantitative measurements of atherosclerotic plaques with high
sensitivity. PET has higher temporal resolution and sensitivity rela-
tive to SPECT, and can detect radiotracers such as '*F in the nano-
molar (10 M) to picomolar (10~ M) range. Although PET is
highly sensitive, the poor yield of anatomical information requires
co-evaluation with another imaging modality, usually CT (PET-CT)
or MRI (PET-MRI). Current clinical PET imaging approaches use
exogenously administered radionuclides, such as 2-[8F]-fluoro-2-
deoxy-p-glucose (FDQ), a glucose analogue that has been shown
to accumulate in metabolically active tissue, yielding a signal that is
proportional to local glycolytic activity. FDG has been shown to
accumulate in macrophage-rich atherosclerotic plaques by PET
imaging [19] and can detect foam cell formation in vitro [20] and
in vivo [21]. FDG has also been shown by SPECT/CT to track
glucose uptake in macrophages and co-localizes with macrophage-
rich inflamed sites in atherosclerosis in mice and humans [22].
However, FDG may be taken up by other metabolically active cell
types such as polymorphonuclear leukocytes [23]. Furthermore,
in vitro studies suggest that FDG accumulation by macrophages
may reflect hypoxia rather than inflammation per se [24]. Recently,
radioactive tracer 'F-sodium fluoride was reported to enable
detection more sensitive detection of unstable plaques in human
carotid and coronary arteries by in vivo PET-CT imaging than
FDG, which tracked with the process of active calcification [25].
SPECT and PET imaging modalities however remain limited by
their substantial ionizing radiation exposure, poor spatial resolu-
tion, expense, and relatively cumbersome reagents of finite longev-
ity and there is an additional constraint of limited availability of
PET hardware.

Contrast-enhanced ultrasound (CEU) is an easily accessible,
low-cost technique that has been applied for molecular imaging of
vascular inflammation in atherosclerosis [26-28] and activated
platelets in advanced atherosclerotic plaques [29] in mice using
targeted microbubbles. However, CEU is inherently limited by the
need for acoustic windows and ultrasound cannot reliably pene-
trate bony structures. Optical imaging such as OCT provides high
spatial resolution real-time images, at relatively low cost and does
not expose the patient to ionizing radiation. However, OCT
cannot penetrate beyond a soft tissue depth of ~1 mm [30].
Photoacoustic tomography (PAT), also known as optoacoustic
tomography, is a hybrid imaging modality that provides stronger
optical absorption contrast with high ultrasonic resolution [30].
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Gold nanoparticles (GNPs) have shown promise as PAT contrast
agents due to their optically tunable properties in the NIR region.
GNPs have allowed in vivo PAT imaging of macrophage accumula-
tion [31] and targeted detection of VCAM-1 in mouse atheroscle-
rosis [32]. Fluorescence imaging techniques in the near-infrared
spectrum (NIR) combine low autofluorescence and useful tissue
penetration (millimetres to centimeters) for imaging arteries in mice.

MRI is the leading noninvasive imaging modality for assess-
ment of atherosclerotic plaques as it can provide high spatial (sub-
millimeter) and temporal resolution images of the vessel wall, with
excellent soft tissue contrast without ionizing radiation. The inher-
ent low sensitivity of MRI can be improved by using paramagnetic
gadolinium (Gd) or super-paramagnetic iron oxide contrast agents
that enhance the T, or T, MRI contrast effects, respectively. Hybrid
imaging modalities using combinations of PET-MRI, MRI-optical
imaging, or PET-CT are also being developed. The integration or
combination of imaging modalities and the development of multi-
modal contrast agents offer the potential to overcome the sensitiv-
ity and resolution limitations that a single imaging approach may
have. For example, PET-MRI offers the possibility to integrate the
highly sensitive PET images with high-resolution anatomical
images provided by MRI to define the anatomical origin of radio-
active PET signals, with high spatial resolution and without the use
of additional radiolabels.

3 MRI Gadolinium-Based Contrast Agents

Paramagnetic Gd chelates shorten T, longitudinal relaxation times,
providing positive contrast on T;-weighted MR images.
Conventional Gd chelates confer relatively low sensitivity (in the
micromolar range), which is usually inadequate for molecular
imaging applications. To overcome this, Gd-based nanoparticles
which carry substantial payloads of amphipathic Gd chelates
embedded in their outer membrane have been developed. These
include liposomes [33], perfluorocarbon lipid emulsions [34],
micelles [35, 36], and high-density lipoprotein (HDL)-like
nanoparticles [37, 38] which have demonstrated potential for
molecular MRI of abundant targets such as macrophages in ath-
erosclerotic lesions as well as fibrin-rich clots. HDL-like particles
have the advantages of being endogenous and biodegradable, do
not trigger immune reactions and are not recognized by the
reticulo-endothelial system [39—43]. Gd-based agents conjugated
to Sialyl Lewis* (sLe*) have been reported to detect early endothe-
lial activation of E-selectin by in vivo MRI [44 ]. Detection of inter-
cellular adhesion molecule-1 (ICAM-1) has also been reported by
ex vivo MRI (9.4 T) using antibody-conjugated paramagnetic lipo-
somes [45]. However, the quantities of Gd that can be delivered to
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the endothelial monolayer and the T, positive MRI contrast effects
achievable are relatively modest [46]. Gd chelates has also been
shown to increase risk of nephrogenic systemic fibrosis in patients
with renal impairment [47, 48]. To address these safety concerns,
newer MRI contrast agents use Gd-DOTA instead of gadolinium
diethylenetriamine pentaacetic acid (Gd-DTPA) chelates due to
the significantly better stability of DOTA chelates [49].

Recently, a target-specific, Gd-based contrast agent gadofosve-
set has been approved for clinical use [50]. Gadofosveset is an
albumin-binding agent which has shown promise for in vivo detec-
tion of vascular endothelial permeability, which is increased in the
early stages of atherosclerosis, in response to abnormal blood flow
or systemic inflammation [51]. Gadofosveset reversibly binds to
serum albumin in the blood and can enter the vessel wall through
leaky neovessels or damaged endothelium, thus acting as a surro-
gate marker for endothelial permeability. Gadofosveset has been
shown to detect increased plaque burden, endothelial permeability,
and widening of the gap junctions in the brachiocephalic artery of
ApoE~~ mice fed a high-fat diet by delayed enhancement MRI,
while ApoE~~ mice treated with statins showed reduced endothe-
lial damage and plaque burden [52]. Gadofosveset has also been
applied to monitor the efficacy of the tetracycline antibiotic mino-
cycline and the synthetic antioxidant ebselen, in reducing vascular
endothelial permeability and plaque burden in the brachiocephalic
artery of ApoE~/~ mice using delayed enhancement MRI (Fig. 1)
[53]. Flow cytometry confirmed that both treatments reduced the
monocyte /macrophage content within the brachiocephalic artery,
with significant attenuation of the pro-inflammatory Ly6C high
subtype of monocytes. This clinically approved contrast agent
shows promise for screening interventions to reduce endothelial
permeability and restore /improve endothelial function in patients
with cardiovascular disease.

4 Iron Oxide-Based Contrast Agents

Iron oxide-based contrast agents include nano-sized, ultra-small
super-paramagnetic particles of iron oxide (USPIO) (20-50 nm),
super-paramagnetic particles of iron oxide (SPIO) (60-250 nm)
and micron-sized microparticles of iron oxide (MPIO) (0.9-
4.5 pm). These contrast agents create hypo-intense signal or
“negative” contrast areas on MR images, by shortening T, and T,
relaxation times, providing greater MRI contrast sensitivity com-
pared to Gd chelates [54, 55]. USPIO have become popular owing
to their long blood half-life compared to Gd agents, which is a
positive attribute for applications such as measurement of changes
in cerebral perfusion. However, this property may cause high back-
ground contrast for an extended period, thus reducing its visibility.
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Control

12 weeks HFD

12 weeks HFD
& Minocycline

12 weeks HFD
& Ebselen

DE-MRI Fusion R, map

0.5 Relaxivity [1/s] 3.0

Fig. 1 Treatment with minocycline and ebselen reduced endothelial permeability, plaque burden, and gadofos-
veset uptake. A7 through D7 and A2 through D2, Cross-sectional delayed enhancement magnetic resonance
imaging (DE-MRI) fused with magnetic resonance angiography (MRA) images of the brachiocephalic artery.
ApoE~- mice on a high fat diet showed increased vessel wall enhancement corresponding to plaque progres-
sion, whereas minocycline- and ebselen-treated ApoE~~ mice showed less enhancement. A3 through D3,
Corresponding R1 maps quantify the amount of gadofosveset within the vessel wall. Intense yellow signal
indicates increased gadofosveset concentration

Furthermore, UPSIO contrast is manifest in T,*-weighted images
as indistinct low-signal areas that may be difficult to distinguish
from normal tissue heterogeneity and other susceptibility artifacts.
To overcome this limitation, positive contrast techniques have
been developed [56], which generate positive MRI signals and
improves detection of USPIO accumulation in macrophages [57].

MPIO carry the highest payload of iron oxide (typically 0.1-
1.6 pg iron/MPIO particle), which is orders of magnitude greater
than nano-sized iron oxide particles [58]. MPIO produce a hypo-
intense contrast “blooming effect” on MR images that extends up
to 50 times the physical diameter of the microparticle. This pro-
duces strong contrast effects by in vivo MRI enabling detection of
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single cells with high sensitivity, using only small numbers of MP1O
[59, 60]. The rapid clearance of MPIO from the circulation (within
minutes) [61, 62] minimizes background contrast enabling MRI
to commence immediately after MPIO administration [63] as
opposed to USPIO, which require up to 48 h to clear from the
circulation. MPIO are less susceptible to vascular egress or uptake
by endothelial cells due to their size and incompressible nature.
MPIO can be readily functionalized with single or multiple target-
ing ligands, such as monoclonal antibodies, peptides or sugar
ligands, providing a versatile contrast agent for molecular MRI of
endovascular targets such as endothelial adhesion molecules and
activated platelets [64].

5 Macrophage imaging

USPIO are typically phagocytosed by plaque-resident or blood-
born macrophages and have been shown to accumulate in
macrophage-rich atheroma in rabbits [65]. Enhanced USPIO
retention has been demonstrated when monocyte recruitment is
promoted by cytokine injection in mice [66]. Clinical studies in
symptomatic patients scheduled for carotid endarterectomy
showed preferential USPIO uptake in macrophage-rich plaques by
histology and electron microscopy. USPIO uptake was higher
(75 %) in ruptured and rupture-prone lesions compared to stable
lesions (7 %) [67]. Targeted MRI of macrophages in atheroscle-
rotic plaques in apoE~~ mice has been achieved using paramag-
netic Gd-containing micelles targeted against macrophage
scavenger receptor-A (MSR-A) [35]. Bimodal MSR-A-targeted
micelles containing Gd chelates and a fluorescent label (either
rhodamine-conjugated lipid in the micelle or quantum dots in the
micelle corona) have also been developed and applied for in vivo
MRI of macrophages in mice. Pronounced MR signal enhance-
ment of up to 200 % was observed in the abdominal aorta of
apoE~~ mice injected with MSR-A-targeted micelles, with mini-
mal SE in mice injected with nontargeted micelles [68]. Ex vivo
imaging with UV illumination confirmed quantum dot accumula-
tion in regions with high macrophage content.

Nanoparticles conjugated with radiolabeled elements (**Cu,
I8F) and/or fluorescent dyes have also been developed for multi-
modal imaging of macrophages which may decrease the detection
threshold and nanoparticle dose required compared to
MRI. Nahrendort and colleagues have synthesized a tri-reporting
cross-linked iron oxide nanoparticles (CLIO), decorated with dieth-
ylene triamine pentaacetic acid (DTPA) to transchelate radiolabel
%4Cu [69]. The **Cu-CLIO detected macrophages in inflammatory
atherosclerotic lesions by PET /SPECT imaging, using an iron dose
that was ~100 times lower as compared to MRI. Jarrett et al. have
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also designed multimodal nanoparticle probes for PET and MRI
containing either Gd or iron oxide conjugated to **Cu which identi-
fied regions of macrophage accumulation in apoE~~ mice with vas-
cular inflammation induced by ligation [70]. The disadvantage of
%*Cu is that it is not widely available, whereas '*F is more widely
available, and has higher sensitivity, shorter half-life, and the ability
of irreversible covalent bonding [71]. PET-CT imaging using
8F-radiolabeled CLIO detected significantly higher PET signal in
murine aortic aneurysms compared to normal aorta, due to
enhanced uptake by macrophages within the aneurysm [72].

6 Vascular Endothelial Dysfunction in Atherosclerosis

Vascular endothelial dysfunction promotes atherosclerotic lesion
development through endothelial activation and increased endo-
thelial permeability, leukocyte and monocyte arterial infiltration,
platelet activation, and smooth muscle cell proliferation [73]. The
deposition of oxidized low-density lipoprotein in the vascular wall
leads to localized endothelial expression of pro-inflammatory cyto-
kines, such as interleukin-1f and tumor necrosis factor-o [74]. The
localized increase in cytokine levels results in up-regulation of cell
adhesion molecules, such as vascular cell adhesion molecule-1
(VCAM-1), and intercellular adhesion molecule-1 (ICAM-1), as
well as P-selectin and E-selectin, expressed on the activated endo-
thelial surface. This in turn promotes monocyte recruitment to the
vessel wall, with initial monocyte rolling along activated endothe-
lium mediated by interactions between endothelial P-selectin and
its ligand, P-selectin glycoprotein ligand-1 (PSGL-1) integrin,
expressed on monocytes. Firm adhesion of monocytes is mediated
by VCAM-1 (CD106) and it ligand, very late antigen-4 (VLA-4,
also known as ouP; integrin) [75]. In the following sections, we
examine targeted molecular imaging approaches, which harness
these adhesion molecule signals used for leukocyte recruitment
during atherosclerotic lesion development.

7 Molecular MRI Using VCAM-1-Targeted Nanoparticles

VCAM-1 has been at the center of attention for molecular imaging
of vascular inflammation since it is not constitutively expressed on
the normal vascular endothelium but is rapidly up-regulated upon
endothelial activation. Its endothelial location makes it readily
accessible for targeted blood borne contrast agents [76]. VCAM-1
is expressed by vascular endothelial cells in both early and advanced
atherosclerotic lesions [77] and is also up-regulated by macro-
phages and smooth muscle cells in atherosclerotic plaques. The
expression of VCAM-1 is confined to predisposed arterial regions
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such as the inner curvature of the aortic arch and its bifurcations,
which are exposed to disturbed blood flow and low shear stress
[78, 79]. Several generations of targeted nanoparticles have been
developed for molecular imaging of VCAM-1. The first VCAM-1
targeted nanoparticles were based on CLIO conjugated to either
VCAM-1 monoclonal antibody [80] or VCAM-1-targeting pep-
tides, identified by phage display, with homology to VLA-4 [81,
82]. In vivo MRI studies confirmed detection of VCAM-1 expres-
sion using VCAM-1-targeted CLIO in a murine ear inflammation
model and in the aortic root of atherosclerotic apoE~~ mice fed a
high-fat diet [82]. However, these nanoparticles were also suscep-
tible to non-specific uptake by macrophages, due to their small size
and long blood clearance time (48 h). USPIO conjugated to a
VCAM-1 targeting cyclic peptide, termed P03011, have recently
been reported to detect VCAM-1 expression in early and advanced
atherosclerotic lesions using in vivo ultrahigh-field strength MRI
(17.6 T), with minimal nonspecific macrophage uptake of non-
targeted USPIO [83]. The lack of nonspecific uptake of nontar-
geted USPIO may be due to the shorter blood clearance time or
differences in their surface properties, size, or dose compared to
previous USPIO studies. VCAM-1-targeted USPIO were observed
to co-localize with macrophages, luminal endothelial-like cells and
medial smooth muscle cells using high-resolution Stokes Raman
scattering (SECARS) microscopy.

USPIO targeted to novel peptides targeting VCAM-1
(USPIO-R832) have also been reported to enable rapid in vivo
MRI (4.7 T) detection of aortic VCAM-1 expression in advanced
atherosclerotic plaques in apoE~~ mice at ~30 min, which was
maintained until 90 min [84]. The use of USPIO (27 nm) cova-
lently conjugated to PEG as opposed to previously reported dextran
coated USPIO formulations was reported to act as a stealth coating
to reduce nonspecific uptake into atherosclerotic plaques and enable
rapid blood clearance. Co-localization of the USPIO-R832 agent
was primarily to macrophage-rich areas of advanced atherosclerotic
plaques, which is a downstream target compared to endothelial-
specific imaging provided by targeted MPIO.

The targeted nanoparticles developed for molecular imaging
of VCAM-1 are generally spherical in shape. However, non-
spherical nanoparticles may enable improved margination to the
vessel wall and therefore enhance presentation of targeting ligands.
Bruckman et al. have exploited the elongated tubular structure of
the tobacco mosaic plant virus (TMV) (300x 18 nm) to engineer
a novel Gd-based, near-infrared fluorescent nanoparticle, conju-
gated with VCAM-1-targeting peptides for dual-MRI-optical
imaging of VCAM-1 expression in the aorta of atherosclerotic
ApoE~~ mice (Fig. 2) [85]. VCAM-TMV were rapidly cleared
from the circulation within minutes and reached rapid steady-state
accumulation at the target site, with maximal signal-to-noise ratio
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Fig. 2 (a) Ex vivo fluorescence of aortas from ApoE~"- mice injected with (from /eft to right) VCAM-TMV, PEG-
TMV, PBS. (b) Pre- and post-injection MRI scans of VCAM-TMV in ApoE~"- mouse. The inset is a magnified
image of the abdominal aorta region of interest [85]

(SNR) achieved 90 min post-VCAM-TMYV injection. The Gd dose
of VCAM-TMV was 400 times lower than the Gd dose used for
clinical MR angiography, demonstrating the utility of targeted
nanoparticle delivery for improved Gd detection. Non-targeted
PEG-TMYV showed negligible passive accumulation in atheroscle-
rotic aortas by MRI and immunofluorescence imaging confirmed
significantly greater VCAM-TMV accumulation at the intima-
media interface. However, while these VCAM-1-targeted nanopar-
ticle approaches can give insights into the vascular inflammatory
processes in atherosclerosis, they lack specificity for specific cell
types and their cellular uptake has potential for toxicity.

8 Molecular Imaging of Endothelial Adhesion Molecules Using Targeted MPIO

Targeted MPIO, due to their large micron size and conspicuous
MRI contrast eftects, offer a tool for specific targeting of endothe-
lial molecular biomarkers, such as endothelial adhesion molecules
[86, 87]. We have developed VCAM-1-targeted MPIO (1 pm
diameter) (VCAM-MPIO) and applied them for in vivo MRI of
acute cerebral endothelial activation in mice [88]. In vivo T,*-
weighted MR images showed potent, hypo-intense contrast effects
in the activated cerebral hemisphere, corresponding to VCAM-
MPIO binding, with no contrast effects observed in the non-
activated cerebral hemisphere or in animals injected with VCAM-1
blocking antibody. Importantly, this technique also enabled 3-D
volumetric mapping of VCAM-MPIO binding throughout the
brain at a time when conventional, clinically used MRI techniques
do not reveal abnormalities (Fig. 3a) [88]. In addition, inflamma-
tory foci of leukocytes around vessels were shown to be VCAM-
MPIO positive but Gd-DTPA negative [89]. Targeted
VCAM-MPIO have also been applied for in vivo molecular MRI
of endothelial activation following recent ischemia, in mouse
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Fig. 3 (@) VCAM-MPIO binding (autofluorescent spheres (see arrows)) on the surface of SEND-1 cells, stimu-
lated with TNF-o co-localizes with VCAM-1 immunofluorescence. Preincubation of VCAM-MPIO with
Fc-VCAM-1 abolished VCAM-MPIO binding, despite cell surface expression of VCAM-1, as confirmed by immu-
nofluorescence while pre-incubation with FclCAM-1 did not inhibit VCAM-MPIO binding. (b) T,*-weighted 3-D
gradient echo MR image showing intense low-signal areas on the left IL-1p-stimulated brain hemisphere
reflecting specific VCAM-MPIO with virtually absent contrast effects in the contralateral hemisphere. Similar,
unilateral contrast effects were observed in mice administered dual-targeted VCAM-1 and P-selectin MPIO
(PV-MPIOQ). (c) 3-D volumetric map of segmented VCAM-MPIO contrast delineating the architecture of inflamed
cerebral vasculature in the left IL-1p-stimulated hemisphere with absence of binding on the contralateral side
[88]. Three-dimensional reconstruction showing that anti-IL-17A treatment of mice with chronic relapsing
experimental autoimmune encephalitis (CR-EAE) mice (d) exhibited less MPIO binding during remission (post-
sensitization day (PSD) 28) than IgG-treated mice (f). On PSD 42, no significant differences in MPIO binding
were observed (e and g, respectively). (h) A significant reduction in VCAM-MPIO binding in anti-IL-17A-treated
animals (black bars) was found compared with IgG-treated controls (white bars) on PSD 28, but no significant
difference was observed on PSD 42. Data are shown as means SEM. *P<0.05. Dashed lines represented
baseline VCAM-MPIO binding in naive animals

models of unilateral renal ischemia-reperfusion injury (IRI) [90],
experimental stroke [91], and myocardial IRI [92]. VCAM-MPIO
have also demonstrated efficacy for discriminating reductions in
endothelial activation following ischemic pre-conditioning [91]
and for monitoring anti-interleukin 17A (IL-17A) therapeutic
treatment in a chronic relapsing EAE mouse model [93]. Anti-IL-
17A treatment was shown to delay relapse, and improve functional
scores, and was associated with reduced VCAM-MPIO binding on
the cerebral vasculature during remission compared to IgG treated
animals (Fig. 3b). No significant differences in levels of Gd-DTPA-
or VCAM-MPIO-positive lesions were observed during relapse.
Therefore, VCAM-MPIO may be a more sensitive marker of dis-
ease activity than Gd-DTPA.
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9 Molecular MRI of adhesion molecules in atherosclerosis

Targeted endovascular imaging of large arteries, such as the aorta,
is more challenging since the contrast agent must bind to the
endothelial monolayer in sufficient quantity and with high affinity
and specificity, under conditions of high shear stress [94]. To
address these challenges, we have developed dual-targeted MPIO
(4.5 pm diameter), conjugated to VCAM-1 and P-selectin mono-
clonal antibodies (50:50 ratio) to mimic in vivo leukocyte-binding
pathways [95]. Dual-targeted MPIO enabled high-resolution
ex vivo MRI (9.4 T) detection of endothelial inflammation in
advanced atherosclerotic plaque in the aortic root of apoE~~ mice
ted a high-fat diet. However, the numbers of MPIO retained on
the aortic root were thought to be insufficient for in vivo molecu-
lar MRI using acceptable iron doses. We therefore constructed a
second generation of smaller 1 pm diameter, dual-targeted MPIO
which we hypothesized would be less buoyant under high shear
stress enabling more effective ligand presentation and improved
MPIO binding, using lower iron doses [63]. In vitro flow chamber
studies confirmed that dual VCAM-1 and P-selectin antibody-
conjugated MPIO enabled greater binding affinity and specificity
to activated endothelial cells compared to VLA-4 or PSGL-1
integrin-targeted MPIO. Dual-PV-MPIO produced strong signal
enhancement post-contrast compared to pre-contrast images.
Rapid dual PV-MPIO binding to the aortic root endothelium in
chow-fed apoE~~ mice was demonstrated by in vivo MRI (11.7 T),
with steady state accumulation reached within 30 min of MPIO
injection, and maintained at 60 min (Fig. 4). Dual-PV-MPIO
tracked closely with the burden and distribution of plaque macro-
phages, not merely plaque size, at different stages of lesion devel-
opment. Flow cytometry of aortas confirmed that dual-ligand
MPIO binding was predominantly to VCAM-1-positive endothe-
lial cells. En face immunofluorescence microscopy confirmed
co-localization of dual-PV-MPIO binding to VCAM-1 positive
endothelial cells in the atherosclerosis-susceptible inner curvature
of the aortic arch with no MPIO binding observed in the
atherosclerosis-resistant outer curvature or descending aorta.
MPIO have been shown be sequestered by the liver and spleen,
with no evidence of tissue infarction, inflammation, or hemorrhage
[95, 96]. Therefore, targeted MPIO offer potential as leukocyte-
mimetic agents to track atherosclerotic disease.

A similar approach targeting ultrasound microbubbles to vas-
cular endothelium used a combination of sLeX and ICAM-1 anti-
body, though binding efficiency was increased only marginally,
possibly due to stearic limitation from size mismatch between the
two ligands [97]. Dual-targeted approaches have also been applied
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Fig. 4 (a) Schematic of dual-targeted MPIO conjugated with P-selectin and VCAM-1 monoclonal antibodies
(PV-MPIO, 1 um diameter). MPIO produce strong MRI contrast effects which can extend a distance of up to 50
times the diameter of the particle, known as the “MRI contrast blooming effect”. (b) In vivo MRI shows rapid
low MR signal intensity areas in the aortic root of chow-fed apoE—/— mice 30 min after PV-MPIO injection,
which are maintained at 60 min. (¢) Flow cytometry shows predominant binding of near-infrared fluorescently
labeled dual-ligand MPIO to activated aortic endothelial cells (CD31+ VCAM+ CD11b-) with minimal signal in
macrophages (CD11b+ F4/80+) or other cell types. (d) Dual-ligand MPIO binding localizes to activated endo-
thelial cells in atherosclerosis-susceptible sites of the aortic arch [63]

to enhance the detection of vascular inflammation using optical
imaging with fluorescent microspheres conjugated to recombinant
PSGL-1 and ICAM-1 antibody [98] and photoacoustic imaging
with E-selectin and ICAM-1 antibody conjugated gold nanorods
[99]. In order to attenuate immunogenicity of monoclonal anti-
bodies, Van Kasteren et al. developed iron oxide glyconanoparti-
cles functionalized with a glycan ligand (sLe¥) that binds with high
affinity to E and P-selectin [100]. This agent enabled molecular
MRI of early endothelial inflammation in mouse models of acute
cerebral vascular inflammation, EAE, and focal cerebral stroke.
The sLe* sugar ligand has the advantage of transferable cross-
species utility that is difficult to achieve with antibodies.
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10 Targeted Radioisotope Imaging of Adhesion Molecules

A number of radiolabeled peptides have been developed for molec-
ular PET and SPECT imaging of endothelial adhesion molecule
expression in atherosclerosis. Radiolabeled cyclic linear peptide,
18E-4V, has been reported to detect in vivo VCAM-1 expression in
atherosclerotic plaques in mice using hybrid PET-CT imaging
[101]. Reduced atherosclerotic lesion uptake of '8F-4V was
detected in mice treated with atorvastatin, which corresponded to
reduced aortic VCAM-1 mRNA expression. The rapid clearance of
BF-4V from the circulation allowed imaging to commence 1 h
after F-4V administration, with minimal background signal.
Radiolabeled nanobodies have also been investigated as potential
targeted agents for imaging of atherosclerosis [102, 103].
Nanobodies are single-domain antibody fragments that occur nat-
urally in sharks and camelids. Noninvasive SPECT-CT imaging
using **"Tc-radiolabeled VCAM-1 nanobodies enabled detection
of VCAM-1 expression in aortic arch atherosclerosis in apoE~~
mice [ 102]. Fucoidan, a naturally occurring polysaccharide mimetic
of sLe* derived from brown seaweed, has also been investigated as
a targeting ligand for P-selectin. Radiolabeled *™Tc-labeled fucoi-
dan was shown to detect endothelial activation in ischemic myo-
cardium 2 h after reperfusion in rats [104]. However, PET tracers
are limited in specificity since they also produce high background
signal which may be difficult to distinguish specific contrast.

11

Molecular Imaging of Activated Platelets in Atherosclerois

In addition to endothelial cell inflammation, platelet-endothelial
interactions play an important role in the pathogenesis of athero-
sclerosis. For example, platelet-endothelial interactions mediated
by P-selectin have been shown to facilitate the initiation of
atherosclerotic lesion formation in mice [ 105 ], platelets are involved
in the advanced stages of atherosclerotic plaque rupture and micro-
embolism [106], and ruptured atherosclerotic plaques and vulner-
able rupture-prone plaques on the vessel wall are lined with activated
platelets [107]. Glycoprotein GP IIb/Illa receptors (CD41/
CD61; also known as alIbp3 integrin) on activated platelets medi-
ate the final common pathway of platelet aggregation via fibrinogen
and are key to thrombus formation [108]. A single-chain antibody
that specifically recognizes ligand-induced binding sites (LIBS) on
GP IIb/IIIa receptors, which become exposed only upon activa-
tion by receptor-ligand binding, has been developed offering the
opportunity to target activated platelet adhesion [109, 110]. The
LIBS single-chain antibody binds specifically to GP IIb/Illa on
activated platelet aggregates or platelets adherent to damaged
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endothelium, and does not bind to circulating platelets. However,
in contrast to fibrin-rich thrombi, which form complex 3D reticular
structures with high abundance of epitope, activated platelet
thrombi may be only partially occlusive and localized at the surface
of the ruptured atherosclerotic plaque, presenting a challenge to
targeted contrast delivery. MPIO (1 pm diameter), conjugated to
the histidine tag of LIBS single-chain antibodies (LIBS-MPIO)
have been shown to overcome this challenge, enabling detection of
activated platelets in a mouse model of endovascular platelet aggre-
gation by ex vivo MRI (11.7 T) [96]. LIBS-MPIO have also
allowed in vivo MRI detection of small, platelet-rich thrombi in a
mouse model of wall-adherent carotid thrombosis, and reliably
detected reductions in thrombus size in response to thrombolysis
treatment with urokinase [ 111, 112]. The potential of LIBS-MPIO
for human use has also been investigated in explanted symptomatic
carotid artery plaque specimens by ex vivo MRI (9.4 T) [111] and
human platelet-rich clots in vitro using a 3 T clinical MRI scanner
[112]. MPIO targeting platelet-rich thrombi may also overcome
the limitation of a previous in vivo MRI study using USPIO cou-
pled to a cyclic arginine-glycine-aspartic acid (RGD) peptide, in
which the in vivo spatial resolution (0.2x 0.2 x1 mm) and sensitiv-
ity were seen as potentially limiting for clinical application [113].
The use of single-chain antibodies as targeting ligands is attractive
for human application since they have low immunogenicity due to
a lack of Fc regions. Single-chain antibodies can also be tailored in
size and produced in large quantities at low cost [114].

12 Molecular Imaging of Extracellular Matrix Proteins

ECM proteins, such as collagen and elastin, are major components
of atherosclerotic lesions [23]. A high abundance of elastin during
plaque development and changes in elastin content can provide a
quantitative marker of plaque burden and plaque stability. In vivo
molecular MRI of elastin was recently confirmed in apoE~~ mice
using an elastin-specific small molecular weight Gd-based MR
agent (ESMA) [115]. ESMA uptake by atherosclerotic plaques
produced strong MRI signal intensity changes, which allowed
accurate assessment of plaque burden and characterization by
quantification of intra-plaque elastin content. Successful transla-
tion into the coronary arteries has been demonstrated in a swine
model of coronary injury [116], offering potential for non-invasive
assessment of coronary artery wall remodeling and plaque burden
in patients with suspected coronary artery disease or in-stent reste-
nosis. Imaging of plaque collagen has also been demonstrated
using paramagnetic liposomes functionalized with the collagen
adhesion protein CNA35, both in vitro [117] and in vivo in a
mouse model of aortic aneurysm [118].
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13 Proteolytic Enzymes

Molecular imaging of macrophage products has been demon-
strated by targeted imaging of extracellular released enzymes,
matrix metalloproteinase (MMP) or myeloperoxidases (MPO).
Matrix metalloproteinases (MMPs) produced by macrophages and
smooth muscle cells are thought to mediate the progression of
stable atherosclerotic lesions to an unstable phenotype that is prone
to rupture through the destruction of strength-giving ECM [119-
121]. Activatable fluorescent probes, radiolabeled inhibitors, and
nanoparticles are being investigated for molecular imaging of pro-
tease activity [ 122]. Recently, a Gd-based agent conjugated to the
small MMP targeting peptide P947 has been shown to facilitate
discrimination of MMP-rich atherosclerotic plaques compared to
MMP-poor plaques by in vivo MRI in apoE~~ mice [123, 124], in
hyperlipidemic rabbits [125] and by histologically evaluation of
human carotid artery endarterectomy specimens [123]. The
plasma half-life of this small peptide was only 30 min and the con-
centrations in artery specimens were three times as high as those
achieved after injection of Gd-DOTA, with prolonged retention at
least until 22 h after injection [123]. An MPO targeted Gd-based
contrast agent has also enabled targeted imaging of MPO in the
aortic wall of New Zecaland White rabbits [126] and mice [127,
128]. Focal areas of increased signal intensity due to MPO (Gd)
binding, co-localized with myeloperoxidase-rich areas infiltrated
by macrophages [126]. MPO-Gd have also been applied for dual
PET/MRI imaging of MPO-rich inflammatory leukocyte recruit-
ment following nanoparticle-facilitated, siRNA therapy in
atherosclerosis-prone apoE~~ mice after MI. A 75 % decrease in
MPO-Gd signal following monocyte subset-targeted siRNA ther-
apy was observed by PET-MRI [129].

14 Summary and Future Directions

Molecular imaging of atherosclerosis promises to provide improved
diagnosis and prognosis of atherosclerotic plaques as well as moni-
toring of therapeutic efficacy. The development of imaging agents
with potential for clinical translation is already under way. Small-
molecular-weight Gd-based contrast agents can mainly image high
abundance targets such as fibrin, elastin, collagen and albumin,
while nano-sized particles and radiolabels have shown potential for
imaging low-abundance targets or cells such as adhesion molecules
and macrophages. MPIO offer a versatile platform for MRI of
endothelial cell-specific biomarkers, such as VCAM-1, due to their
size, exceptional potent T,* contrast effects, as well as their rapid
blood clearance and rapid binding to target. The MPIO used in
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our studies are non-biodegradable due to their polyurethane coat.
However, the basic iron contrast mechanism is potentially transfer-
able to humans with suitable adaptation of the surface coat. Iron-
dextran nanoparticles are already in clinical use and the synthesis of
biodegradable MPIO is under development [130-133]. In partic-
ular, biocompatible MPIO based on a multiple iron oxide nanopar-
ticle platform covalently coupled through a peptide linker and
cleavable by intracellular macrophage proteases have shown prom-
ise for in vivo MRI of endothelial-specific inflammation [134,
135]. Extensive toxicological profiling and synthesis of sterile,
clinical-grade targeted MPIO according to good manufacturing
practise (GMP) will be required before clinical translation is feasi-
ble. Although targeted nano-sized agents, such as VCAM-1 tar-
geted nanomaterials, lack cellular specificity and bind not only to
endothelial cells but also smooth muscle cells and macrophages,
these agents may still reveal important biological processes in ath-
erosclerosis, through enhanced detection of inflammatory imaging
signals [136]. However, more studies are required to comprehen-
sively investigate the in vivo biological behavior and cellular pro-
cessing of nano- and micro-materials as well as organ clearance of
the core material and its coating.

With the recent approval of gadofosveset, a promising albumin-
binding agent for detection of vascular endothelial permeability,
and ferumoxytol, a super-paramagnetic ultra small iron oxide par-
ticle, and promising phase II results of EP-2104R, a fibrin-binding
contrast agent, molecular MRI has entered the clinical arena [137].
The use of high MRI field strengths together with the introduc-
tion of multifunctional and multimodal nanoparticles offers great
potential for future integration of diagnosis, treatment, and track-
ing of atherosclerotic plaque responses to therapy.
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Chapter 5

0Oil Red 0 and Hematoxylin and Eosin Staining
for Quantification of Atherosclerosis Burden in Mouse
Aorta and Aortic Root

M. Jesus Andrés-Manzano, Vicente Andrés, and Beatriz Dorado

Abstract

Methods for staining tissues with Oil Red O and hematoxylin-eosin are classical histological techniques
that are widely used to quantify atherosclerotic burden in mouse tissues because of their ease of use, reli-
ability, and the large amount of information they provide. These stains can provide quantitative data about
the impact of a genetic or environmental factor on atherosclerotic burden and on the initiation, progres-
sion, or regression of the disease, and can also be used to evaluate the efficacy of drugs designed to prevent
or treat atherosclerosis. This chapter provides protocols for quantifying atherosclerotic burden in mouse
aorta and aortic root, including methods for dissection, Oil Red O staining, hematoxylin-eosin staining,
and image analysis.

Key words Atherosclerosis, Oil Red O, Hematoxylin-eosin, Dissection, Aorta, Aortic root

1 Introduction

Ifyou are conducting a project related to atherosclerosis and plan to
perform in vivo experiments with mice, it is likely that one of the
questions you will try to answer is if a specific drug or a risk factor
(genetic, environmental, related to behavior, etc.) has an impact on
the atherosclerotic burden in the model under study (most fre-
quently apolipoprotein E knockout or low-density lipoprotein
receptor knockout mice) [1, 2]. An easy way to answer this question
is first to detect the presence of atherosclerotic plaques and second
to evaluate the size, stage, and number of those plaques at different
endpoints. These kinds of data will help you to conclude either that
a drug or factor has no effect on the disease or, on the contrary, that
it contributes to the initiation, progression, or regression of athero-
sclerosis. Among the methods available to accomplish this task, one
of the best approaches is to use classical histological techniques such
as staining with Oil Red O (ORO) and hematoxylin-eosin (H&E).
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These techniques not only visualize atherosclerotic lesions but also
yield reliable quantitative information about the area of the aorta
affected by atherosclerotic lesions, the area of each individual lesion,
and the aortic intima/media ratio. Another likely concern will be
where to start looking for lesions. The small size of mice makes it
impractical to search in the coronary arteries as you would in
humans, and it is easier to focus on the aortic root and the aorta.
The more prominent lesions usually develop in the aortic arch and
the arterial bifurcation, whereas lesions tend to be smaller in the
descending thoracic and abdominal aorta.

In any histological staining procedure it is advantageous to
know something about the chemical properties of the tissue or
structure you are trying to visualize and of the stain solution being
used. Visualization of lipids is challenging because they are rela-
tively inert and, even when unsaturated, have very few sites to
which stain molecules can bind. The prerequisite for any dye used
to stain lipids is that it must be more soluble in the target lipid than
in the vehicular solvent. The stain ORO is a fat-soluble bright red
diazo dye that works simply as a pigment (an oil-soluble colorant),
without forming any bond with the lipid components. ORO etfec-
tively stains the most hydrophobic and neutral lipids in cells (such
as triglycerides, diacylglycerols and cholesterol esters) but does not
stain membranes because it does not stain polar lipids such as phos-
pholipids, sphingolipids, and ceramides. Analysis with ORO is
moreover inexpensive and requires only basic laboratory equip-
ment and standard computer-based software. For these reasons,
ORO is widely used to identify pathological fat deposits in tissues
(e.g., atheroma plaques in artery walls) or in cultured cells (abnor-
mal accumulation of lipid droplets). ORO staining can be con-
ducted with fresh, frozen, or formalin-fixed samples, but not with
paraffin-embedded samples because the chemicals used for the
deparaffinization process will also wash out most of the fats from
the samples themselves. To visualize plaque lesions in paraffin sec-
tions H&E can be used.

Hematoxylin is a relatively colorless natural product that forms
a functional dye when oxidized to hematein and subsequently
bound to a mordant like aluminum (Al**), iron (Fe*), or chro-
mium (Cr3*). Conversion of hematoxylin to hematein used to be
accomplished with the natural, spontancous and slow action of
atmospheric oxygen. To speed up the process, most current for-
mulations incorporate a chemical oxidant. For example, the Harris
formulation (the hematoxylin solution used for the protocol pre-
sented in this chapter) for many years included mercury (II) oxide
as the oxidant, which has since been replaced, due to environmen-
tal concerns, with sodium iodate (Harris modified formulations).
Functional hematoxylin solutions produce a blue-purple staining
of cell nuclei. The specific mechanism of the staining is not totally
clear, but it is believed that the color is formed through the
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interaction of the positively charged metal-ion—hematein com-
plexes with the negatively charged phosphate groups in
DNA. Hematoxylin can also stain acid mucins (e.g., in goblet cells
of the gastrointestinal tract) and proteoglycans.

Hematoxylin solutions can be used for progressive or regres-
sive staining. In progressive staining solutions are prepared with
14 g of hematoxylin per liter, with the intention of staining pri-
marily the nucleus, with a much lesser extent of coloring in the
cytoplasm. With this procedure, there is no overstaining regardless
of the length of staining time, and there is no need for differentia-
tion afterwards by diluting in an acid bath. In contrast, regressive
staining (often performed with the Harris formulation) requires a
much more concentrated solution (5 or more grams of hematoxy-
lin per liter) and is intended to overstain both nuclei and cytoplasm
within minutes of exposure, requiring subsequent decolorizing of
the cytoplasm (differentiation) and removal of excess hematoxylin
from the nucleus with dilute acid. In this procedure, omission or
non-completion of differentiation will leave residual excess hema-
toxylin that will visually obscure fine details of nuclear chromatin
and prevent the uptake of eosin. It is important to realize that
hematoxylin formulations initially stain tissues a dull-looking red,
and immersion in a “bluing solution” at pH5 or above is required
to change the final color to bright blue. In fact, most public tap
waters are sufficiently alkaline (pH 5.4-9.8) to convert the color
from red to blue (“bluing”) and are often used as a regular reagent
in the procedure.

Eosin Y (Y for yellowish) is a synthetic dye derived from fluo-
rescein and is the main component of the eosin stain, referred to in
the H&E procedure as a counterstain. Due to its acidic, anionic
nature, the Eosin Y molecule binds to positively charged proteins
in the cytoplasm and connective tissue. Eosin thus stains nearly
everything that hematoxylin does not. In addition, if used cor-
rectly, eosin staining can generate three shades of color, enabling
the distinction of several tissue elements, for example red blood
cells in dark reddish-orange, collagen in pastel pink, and smooth
muscle in bright pink.

This chapter presents basic protocols for the dissection of
mouse aorta and heart, paraffin embedding of tissues and micro-
tome sectioning, ORO and H&E staining, and image analysis.

2 Materials

1. Mice.

2. CO, chamber.
3. Paper towels.
4. Cork board.
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To cut the mouse skin
and open the ribcage

Straight serrated tips forceps

5.
6.

10.

11.
12.

13.

14.

15.
16.

17.
18.

il

Straight blunt scissors

Fig. 1 Dissection tools

25 G needles (or pins or adhesive tape).
Ethanol (EtOH):

(a) Absolute (100 %).

(b) 70 % EtOH in distilled water.

(c) 80 % EtOH in distilled water.

(d) 96 % EtOH in distilled water.
Dissection tools (see Fig. 1).

10 ml syringes.

1.5 ml Eppendorf tubes.

Phosphate-buffered saline (PBS): 1.54 mM KH,PO,,
155.17 mM NaCl, 2.70 mM Na,HPO,, pH 7 4.

Regular plastic dishes.

Dissecting dish (e.g., Electron Microscopy Science, Cat. No.
70540).

Microscope with camera (e.g., Olympus BX41 with Olympus
UC30).

Fixation solution: 4 % paraformaldehyde (PFA) in PBS. For
500 ml, heat 400 ml PBS in a fume hood to approximately
60 °C on a hot plate with a magnetic stirrer, add 20 g of para-
formaldehyde, and then add 1 M NaOH dropwise until all
powder is dissolved. Make up to 500 ml with PBS, cool the
solution, filter and adjust pH to 7.4. Use fresh or store frozen
at -20 °C.

Fridge (or 4 °C cold room).

0.2 % ORO solution (w/v): Dissolve 0.07 g ORO in 25 ml
100 % methanol mixed with 10 ml 1 M NaOH (see Note 1).

Glass funnel.
0.45 pm filter paper.

To remove the aorta To remove adventitial fat,
open longitudinally the aorta
and pin it flat

Straight or curved serrated tips

fine forceps =

Straiéhlsh:ﬁnc scissors

Micro dissecting spring scissors

Straight fine tips forceps

Minutien pins 0.10 mm || I|||



19.

20.
21.
22.

23.
24.

25.
26.
27.

28.
29.
30.
31.

32.
33.
34.

35.

36.

37.

38.
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Methanol:

(a) 78 % methanol in distilled water.

(b) 100 % methanol.

Roller and tilted mixer.

Histosec paraffin (paraffin enriched with polymers).

Oven with temperature range 1-180 °C (e.g., Memmert
100-800).

Paraffin-embedding station.
Histology supplies:

(a) Tissue processing/embedding cassettes with lids.
(b) Pencil.

(c) Biopsy foam pads.

(d) Metal or plastic base molds.

(e) Superfrost microscope slides.

(f) Glass cover slides.

(g) Slide storage boxes.

(h) Slide-staining racks and jars.

(i) Fine paintbrush.

(j) Forceps.

Microtome.

Stainless steel microtome blades.

Histology paraffin bath with temperature range 0-100 °C
(e.g., Termofin, PSelecta).

Ice bucket.
Xylene.
Fume hood.

Harris-modified hematoxylin solution (e.g., Sigma, Cat. No.
HHS32).

Eosin Y alcoholic solution (e.g., Shandon, Cat. No. 6766008).
1 % acetic acid in distilled water.

Xylene-based mounting medium: 45 % acrylic resin and 55 %
xylene.

Stereomicroscope fitted with a digital camera and cold light
(e.g., Olympus SZX10 with Olympus UC30 and Olympus
KL1500 Compact).

Computer.

Software for bright-field image capture (e.g., Olympus Soft
Imaging Solutions).

Software for image analysis and quantification (e.g., SigmaScan
Pro 0.5).
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3 Methods

3.1 Dissection

of the Mouse Thoracic
Aorta, Aortic Arch

and Heart

N

10.
11.

12.
13.

14.

15.

16.

17.

18.

Keep clean dissection tools to hand (see Fig. 1).

Euthanize the mouse in a CO, chamber.

. Immobilize the mouse body before dissection: with the mouse

facing up, pin down (e.g., with syringe needles) the fore and
hind limbs to a cork board covered with 3—4 layers of paper
towels.

Clean and wet the mouse fur to minimize its interference: spray
a small volume of 70 % ethanol over the mouse abdomen.

. Using blunt scissors and forceps, cut the mouse skin from the

base of the abdomen to the top of the thorax.
Open the abdominal wall below the ribcage.
Lift the sternum with forceps and cut the diaphragm.

. Open the ribcage bilaterally until the thymus and lungs are

exposed.

Remove the esophagus and lungs to expose the heart and gain
better access to the aorta.

Make 2-3 small incisions in the liver for drainage.

Wash out the blood from all organs using a 10 ml syringe
loaded with PBS and fitted with a 25 G needle: introduce the
needle into the apex of the heart left ventricle and gently
depress the plunger to pump 10 ml of PBS.

Gently dry the dissection area with paper towels.

Using fine scissors and forceps, grip the segment of the dia-
phragm that is attached to the end of the thoracic aorta, and
cut the connective tissue between the aorta and thoracic cavity
muscle wall to expose the aortic arch area.

Cut the left and right carotid arteries and the left subclavian
artery to give free access to the heart and aorta (see Fig. 2a).

Dissect out heart and aorta and place them in a regular plastic
dish containing PBS.

Under a stereomicroscope, dissect the aorta by cutting at the
point where it emerges from the heart.

Place the aortain a 1.5 ml Eppendorf tube, add 1 ml of freshly
prepared fixation solution, and leave the tube at 4 °C over-
night or up to 24 h (se¢ Note 2).

At this stage, the heart can either be processed directly for
paraffin embedding (Subheading 3.4, step 1) or placed in a
tube containing 5 ml of freshly prepared fixation solution and
left at 4 °C for at least 48 h (see Note 3) and then processed
from step 3 in Subheading 3.4.
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a Common carotid arteries b

Left
subclavian

artery Aortic root section

v
e

7 .
" Aortic valves

Right subclavian
artery >

trunk

Thoracic
aorta —»

Fig. 2 Schemes for guiding aorta dissection (a) and aortic root sectioning ()

19. The aorta can either be paraffin embedded (Subheading 3.4,
step 3) or processed for ORO staining (Subheading 3.2). For
ORO staining, you will need to clean the aorta by removing all
adventitial fat under a stereomicroscope.

— DPlace the aorta in a dissecting dish, taking care to maintain
it wet at all times with PBS.

— Pull away the adventitial fat very carefully with small for-
ceps, avoiding excessive manipulation of the tissue.

—  Cut the branches of the brachiocephalic trunk, left carotid,
and left subclavian arteries around 2 mm away from where
they emerge.

20. Place cleaned and fixed aortas in 1.5 ml Eppendorf tubes con-
taining PBS at 4 °C and proceed with Subheading 3.2.

3.2 Staining of Aorta  Work at room temperature.

with ORO to V{suallze 1. Place the cleaned and fixed aortas in 1.5 ml Eppendorf tubes,
Atherosclerotic

; one aorta per tube.
Lesions

2. Add 1 ml of 78 % methanol to each tube and place it on a
tilted roller with gentle movement for 5 min. Replace the
methanol solution and repeat this step twice.
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3.3 Quantification
of Atherosclerotic
Burden in ORO-
Stained Aortas
(See Fig. 3)

Intact
fresh artery

. Discard the methanol and add 1 ml of fresh ORO solution.

4. Incubate the tube on the tilted roller for 50-60 min (see Note 4).

. Transfer the aorta to a clean tube and wash twice with 1 ml of

78 % methanol for 5 min each on the tilted roller.

. Discard the methanol and refill the tube with 1 ml of PBS. If

necessary, at this step aortas can be stored at 4 °C.

. Using fine forceps, place the stained aorta on the dark surface

of the dissecting dish (se¢ Note 5).

Under the stereomicroscope, carefully remove any small piece
of stained remnant adventitial fat that might be attached to the
outer part of the adventitia.

. Cut the aorta longitudinally: introduce the tips of a pair of

microdissecting spring scissors into the artery lumen and cut
the outer curvature of the aortic arch from the ascending arch
to the left subclavian artery. Then continue cut along the
length of the thoracic aorta.

4. Pin the aorta flat and lumen side up on the dissecting dish with
steel minutien pins; insert the pins into the aorta at a small
angle to minimize the shadow that they will cast on the illumi-
nated aorta.

En face arteries b
0il Red O-stained

| without with |

plaques plaques Aortic arch

Thoracic aorta

Fig. 3 Oil Red O staining and quantification of atherosclerosis burden. (a) Example of a freshly dissected intact
aorta and ORO-stained aortas with and without atherosclerotic plaques. (b) Images illustrating the process for
computer-assisted quantification of the area of vessel covered with atherosclerotic plagues in the aortic arch
(1, 2 and thoracic aorta (3, 4). 7: total aortic arch area rendered in red; 2: area of aortic arch occupied by
plaques rendered in green; 3: total thoracic aorta area rendered in blue; 4: area of thoracic aorta occupied by
plaques rendered in yellow. Atherosclerosis burden is typically quantified as ORO-stained area as a percentage

of total area



3.4 Preparation
of Tissues for Paraffin
Embedding (see Fig. 4)

DISSECTION / TRIMMING
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. With a digital camera attached to the stereomicroscope

and connected to a computer, capture a bright-field image
(see Note 6).

. Use appropriate software for image analysis and quantification
to convert the staining in selected areas into relative quantita-
tive data (see Note 7).

. For aortic root analysis, carefully trim the heart by locating the
left and right atria and cutting the bottom half of the heart off
with a sharp razor-blade along a plane parallel to the atria.
Discard the lower half of the heart (see Fig. 2B and Note 8).

Immerse freshly dissected aortas and trimmed hearts in fixa-
tion solution overnight at 4 °C (se¢ Note 9).

3. Introduce each fixed tissue sample into an individual pencil-

labeled histology cassette (se¢ Notes 10 and 11). Place the aortas
between foam biopsy pads inside the cassette (see Note 12).

4. Immerse cassettes containing fixed tissues in 70 % EtOH in a

container with a lid.

3 CASSETTES FIXATION
.-j_.‘.
@ —_ —_ |
- S
4% PFA |
¥ Atleast overnight

/

DEHYDRATION CLEARING INFILTRATION
70% 80% 96% 100% — —
EtOH EtOH EtOH EtOH Xylene Molten paraffin
Ix30 min  Ix30min  2x 30 min  2x 30 min 2x 15 min Instoveat 60°C
2x 30 min
EMBEDDING STATION
SLIDES MICROTOME Overnight at 60°C

PARAFFIN BLOCKS
— d

—

Fig. 4 Overview of the protocol for paraffin embedding and sectioning of aorta or heart (to obtain sections
through the aorta and aortic root, respectively); see Subheadings 3.4 and 3.5
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3.5 Microtome
Sectioning of Paraffin-
Embedded Aortas

and Hearts

10.

11.

12.

13.

14.

. Dehydrate tissues by immersing them in solutions with increas-

ing concentrations of EtOH (see Notes 13 and 14):
30 min in 70 % EtOH.

30 min in 80 % EtOH.

30 min in 96 % EtOH (repeat this step).

30 min in 100 % EtOH (repeat this step).

In a fume hood, clear tissues by immersing the cassettes in
xylene for 15 min (repeat this step once, changing the xylene).

. Infiltrate the tissues with molten paraffin by immersing the cas-

settes in paraffin at 60 °C for 30 min in an oven (se¢ Note 15).
Discard the molten paraffin and repeat this step once.

. Transfer the cassettes to an embedding station containing

molten paraffin and incubate at 58-60 °C overnight.

The next day, open the cassettes, discard the non-labeled lid,
and choose the type of base mold (plastic or metal) that best
fits the size of the sample, allowing an extra 2 mm spacing
around all sides of the tissue.

Dispense a small amount of molten paraffin from the reservoir
of the embedding station into the chosen mold.

Using warm forceps, transfer the tissue from the labeled cas-
sette lid into the base mold, taking care to position the tissue
in the desired orientation.

Transfer the mold to a cold plate to allow solidification of a
thin layer of paratfin, which will hold the tissue in place.

To support the tissue and ensure its identification at later steps,
place the labeled cassette lid on top of the mold so that they
stick and stay together (se¢ Note 16).

Once the paraffin has cooled down and hardened to a solid,
separate the paraffin block from its mold (se¢ Note 17).

. Fill a water bath with deionized water and set it to a tempera-

ture 5-9 °C below the melting point of the paraffin (in prepa-
ration for the final steps of this method).

. Cool down the paraffin blocks by placing them on the surface

of melting ice for a few minutes (se¢ Note 18).

. Cut away any excess paraffin from the support cassette to facil-

itate secure clamping of the block in the following steps.

. Insert the paraffin block into the specimen clamp so that the

block faces the blade and is aligned in the vertical plane.

. Before starting to trim the block, fit a new blade on the micro-

tome (see Note 19) and adjust its angle to between 1° and 5°.

Trim the paraffin block roughly by cutting at thicknesses
10-30 pm (see Note 20).



3.6 Hematoxylin-
Eosin Staining

of Paraffin-Embedded
Sections

10.

11.

12.

13.

14.
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. When you arrive to the position in the block where sections

begin to be of interest, change the microtome setting to
3-5 pm thickness and polish the surface of the block by gently
cutting a few thin sections.

Using a part of the blade that has not been used for rough
trimming, cut in the desired tissue plane and discard the paraf-
fin ribbon (see Note 21).

Pick up the desired sections with forceps or a fine paintbrush.

Flatten the sections by floating them onto the water bath with
a gentle sweeping hand movement. Make sure that the smooth /
shiny side of the section is facing the water (see Note 22).

Collect the sections onto the surface of clean glass slides (free
of grease and dust).

Remove the slides from the water in a vertical movement to
drain off excess water.

Place the slides with the paraffin sections on a warming block
or in a 65 °C oven for 10-30 min to allow bonding of the tis-
sue to the glass.

Store ready-to-use slides at room temperature in appropriate
boxes.

Warm slides with paraffin-embedded section in a dry oven at
55 °C for 5-10 min.

From this step on work at room temperature, in a fume
hood, and use slide jars for convenience.

. Deparaffinize the sections: fill a slide jar with xylene and

immerse the slides for 5 min. Repeat this step twice, changing
the xylene each time (see Note 23).

. Rehydrate sections by passing slides through a series of

decreasing concentrations of EtOH as follows (see Note 24):
— Two changes of absolute EtOH, 5 min each.

— Two changes of 95 % EtOH, 5 min each.

— Two changes of 70 % EtOH, 2 min each.

4. Wash briefly in distilled water (se¢ Note 25).

0 % N

10.

Stain with Harris-modified hematoxylin solution for 3 min,
monitoring the development of staining under a microscope
(see Note 26).

Wash oft excess stain with running tap water for 5-10 min.
Differentiate by immersing in 1 % acetic acid for 30 s.
Rinse in running tap water for 5 min to turn the stain blue.
Wash in 95 % EtOH for 30 s.

Counterstain in eosin alcoholic solution (diluted 1,/10 in 95 %
EtOH) for 0.5-1 min.
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S

Fig. 5 Examples of hematoxylin and eosin-stained aortic sections. (a) Aortic root without atherosclerotic
lesions. (b) Thoracic aorta without atherosclerotic lesions. (c) Aortic root with atherosclerosis plaques. In the
image on the right the sinus perimeter is marked in green and the valve perimeter in black, and the athero-
sclerotic plaques are marked in yellow

11. Wash in running tap water for 5 min.

12. Dehydrate sections through increasing concentrations of
EtOH (see Note 27):
— 70 % EtOH for 2 min.
— 95 % EtOH for 2 min.
— Absolute EtOH for 2 min.

13. Clear in xylene for 2 min (see Notes 28 and 29).

14. Mount with xylene-based mounting medium.

15. Take pictures of H&E sections with a microscope-mounted
camera (see Fig. 5).

4 Notes
1. ORO solution can easily precipitate in contact with air.

Therefore the solution, whether prepared fresh or from a
stock, should always be filtered two or three times before use



10.

11.

12.
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to remove precipitated particles that could interfere with the
subsequent staining procedure. Use a glass funnel fitted with
0.45 pm filter paper.

. The fixation of the aorta facilitates the removal of adventitial

fat.

. Hearts can be fixed for longer than 48 h without apparent

damage to the tissue or creation of additional difficulties in the
subsequent steps.

50-60 min is the optimal time for staining aortic tissue with
a2 % (w/v) ORO working solution. Different ORO concen-
trations and staining times may be required for tissues other
than aorta.

. Placing the artery on a dark surface during this step increases

contrast, making manipulation of the artery under the stereo-
microscope easier. A suitable dark surface can be made by fix-
ing adhesive black tape to the silicon pad of the dissecting dish.

. After capturing bright-field images, we improve the contrast

of the image by balancing the background, using the camera
software. For this we use the option “white balance” to select
a blank area in the picture lying outside the tissue image itself
to be used as a reference for background correction.

We analyze digital images of ORO-stained arteries with
SigmaScan Pro 0.5, which generates an Excel sheet in which
marked areas are converted to relative numbers that can be
used for graphic representation of the data.

. Before introducing a heart into a cassette, it is advisable to

trim it. This will facilitate subsequent optimal embedding and
sectioning, especially if you want to expose the three aortic
valves in the same geometric plane.

If you are not going to immediately process the tissues after
fixation it is better to transfer them to 70 % EtOH. This step
will both stop PFA fixation and advance the tissue to the first
dehydration step. However, too long a time (more than 3
days) in 70 % EtOH can excessively dehydrate small specimens
as aortas and hearts.

Always write on histology cassettes with pencil; any mark with
regular lab markers will be erased by the EtOH used in the
dehydration process.

The tissues must be placed loosely in the cassette to allow
enough room for ample penetration of paraffin during the
embedding procedure.

Placing aortas between foam pads in the cassettes prevents loss
of these small samples during the dehydration process and is a
great help in sectioning.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

The grade and formulation of the EtOH is important. EtOH
can absorb moisture from the air, and the humidity can interfere
with proper dehydration and clearing of the slides. Therefore
bottles of anhydrous EtOH should be stored in lidded contain-
ers and exposure to air should be kept to a minimum.

Stepwise increases in EtOH concentration are used to ensure
that the replacement of water in the tissue by alcohol is grad-
ual, thereby avoiding excessive distortion of the tissue.

Commercial paraffin waxes used for infiltration are solid at
room temperature and can be purchased with different melt-
ing points. The most common paraffin wax for histological use
melts at around 56-58 °C. In our experience it is better to use
the paratfin wax at 2 °C above its melting point to decrease its
viscosity and improve tissue infiltration.

Make sure that there is enough paraffin between the mold and
the cassette lid and, if necessary, top up with hot paraffin from
the paraffin dispenser. Failure to do this can lead to problems
during sectioning, with unstable clamping or undesired difter-
ences in section thickness.

The paraffin blocks should pop out from the molds easily. If
for any reason the blocks crack or the tissues are not aligned as
desired inside the block, it is better to melt the blocks and start
the paratfin embedding process over.

Sectioning is easier when the tissue inside the paraffin block
and the paraffin itself are of similar hardness. For this reason,
it is usually advisable to place the paraffin-embedded tissue
blocks on a cold surface. In addition, if the surface is wet (e.g.,
melting ice), the water will penetrate slightly into the block,
provoking swelling of the tissues which will make them more
suitable for cutting. This is particularly important for exces-
sively dehydrated or dry and crumbly tissues. However, plac-
ing the blocks in a freezer is not recommended because their
surface will break easily.

Microtome blades are extremely sharp and can cause serious
injury if not handled with care. Replace the microtome blade
if sectioning becomes difficult.

The goal of trimming is to rapidly remove unwanted tissue
until the region of interest is reached.

If the block is not ribboning well, place it back on the cool and
wet surface to cool and to firm up the paraffin.

Flotation should expand the section to its original dimensions
and leave it completely flat. If the sections break when they are
placed on the water this is probably because the bath is too hot.

If the paraffin is not totally removed from the tissues it will
interfere with subsequent staining procedures, decreasing
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25.

26.

27.

28.

29.

Quantification of Atherosclerosis Burden in Mice 99

color intensity or producing an irregular color distribution
within the section.

If the xylene from the deparaffinization step is not completely
washed out by the first absolute EtOH step, subsequent carry-
ing over of xylene into the lower EtOH concentrations could,
in extreme cases, interfere with hematoxylin staining.

Washes are necessary to remove traces of previous solutions
and to prepare the sections for the solutions in the subsequent
steps. Sections should be fully submerged in liquid at all times.

For H&E staining sections thicker than 3-5 pm may require
longer exposures to solutions in order to ensure that each
reagent fully penetrates the tissue.

Inadequate dehydration of the tissue sections will result in
slides being milky due to the mixing of water from the EtOH
solutions with the xylene of the mounting medium when
coverslipping.

This step helps to displace the EtOH from the tissue sections,
ensuring full miscibility with xylene in the mounting medium.
If any alcohol remains in the tissue, the eosin may bleed from
the tissue section after coverslipping.

Avoid using low-grade xylene; industrial or engineering
xylenes may contain petroleum products that can interfere
with staining.
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Chapter 6

Isolation, Culture, and Polarization of Murine Bone
Marrow-Derived and Peritoneal Macrophages

Inés Pineda-Torra, Matthew Gage, Alba de Juan, and Oscar M. Pello

Abstract

Macrophages are the most specialized phagocytic cells, and acquire specific phenotypes and functions in
response to a variety of external triggers. Culture of bone marrow-derived or peritoneal macrophages from
mice represents an exceptionally powerful technique to investigate macrophage phenotypes and functions
in response to specific stimuli, resembling as much as possible the conditions observed in various patho-
physiological settings. This chapter outlines protocols used to isolate and culture murine bone marrow-
derived and peritoneal macrophages. Furthermore, we describe how these macrophages can be “polarized”
to obtain specific macrophage subsets with special relevance to atherosclerosis.

Key words Bone marrow-derived macrophages, Peritoneal macrophages, Macrophage polarization,
Atherosclerosis

1 Introduction

Macrophages are phagocytic immune cells that play essential roles
in homeostasis and orchestrate multiple responses to pathogens
[1]. These cells acquire specialized phenotypes and functions
depending on their microenvironment and, indeed, several macro-
phage subtypes have been identified and characterized over the last
decade [2]. In the context of atherosclerosis, macrophages are cru-
cial components of atherosclerotic plaques and contribute to the
pathogenesis of the disease from its initial stages throughout the
progression of the atheroma, and up to the final stages when the
plaque becomes vulnerable and may rupture into the bloodstream
[3]. During this process, macrophages contribute to a variety of
functions depending on their phenotype, which in turns depends
on their microenvironment. In an oversimplified classification, Th1
pro-inflammatory cytokines such as IL.-2, I1.-12, IFNy, and TNF«a
and p lead to the activation of macrophages towards the so-called
classical inflammatory phenotype (CAMs or M1 macrophages).
In addition, Th2 cytokines such as IL-4 and IL-13 as well as
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anti-inflammatory molecules like IL.-10 and TGEp activate macro-
phages towards an alternative phenotype (AAMs or M2 macro-
phages). While M1s have been described to be involved in the
secretion of inflammatory cytokines and vasoactive molecules con-
tributing to atheroma growth, M2 cells participate in a wide range
of processes including apoptotic cell clearance or the release of
anti-inflammatory molecules and are generally considered anti-
atherosclerotic [4, 5]. Although IL-4 is considered “the original”
cytokine promoting M2 polarization, its role in atherosclerosis still
remains ambiguous, as it has been shown to be involved in both,
pro- and anti-atherosclerotic mechanisms [6].

The physiological and pathophysiological processes macro-
phages participate in make them a very interesting therapeutic tar-
get for inflammatory diseases, including atherosclerosis and cancer.
Although in recent years there have been major advances in the use
of noninvasive techniques to investigate the mechanisms underly-
ing cardiovascular diseases, the systematic study of macrophages in
a living organism, specifically within the aorta or a blood vessel by
these techniques, is not yet technically feasible [7]. Thus, the isola-
tion and culture of macrophages, which may be subjected to differ-
ent stimuli ex vivo, has been a very useful and widespread tool to
investigate the phenotype and functions of a particular subtype of
macrophages. The number, purity and ease of culture of these cells
make them a very attractive in vitro model. To investigate in cul-
ture the (dys)regulated pathways within a specific macrophage
subtype that are playing a role in a particular pathological condi-
tion such as atherosclerosis, macrophages are usually activated with
IENy plus LPS (CAMs or M1) or with 1L.-4, I1L-13, and IL-10
(AAMs or M2) [8]. Due to the complex stimuli milieu present
within the atheroma, it is not surprising that other macrophage
subtypes have also been described in response to other molecules
that affect the pathogenesis of atherosclerosis, including oxidized-
LDLs (Mox macrophages) [9], CXCL4 (M4 macrophages) [10],
or heme/haemoglobin (Mhem macrophages) [11].

In this chapter we describe the most common protocols used
to isolate and differentiate cultured murine bone marrow-derived
macrophages and peritoneal macrophages, and outline how these
macrophages are traditionally “polarized” to obtain the M1 and
M2 subsets that may be relevant to atherosclerosis and other
inflammatory diseases.

2 Materials

1. Purified-recombinant proteins
(a) Murine macrophage colony-stimulating factor (M-CSF or
CSEF-1). Alternatively, noncommercial 1.929-M-CSF con-

ditioned medium (LCM) prepared as indicated in
Subheading 3.1.
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(b) Murine interleukin 4 (1L-4).
(c) Murine interferon y (IFNy).
(d) Lipopolysaccharide (LPS).

2. High-glucose DMEM medium (with stable L-glutamine).

® N oo

10.

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

28.

29.

30.

RPMI-1640 medium with rL-glutamine.
. Sterile phosphate-buftered saline (PBS) 1x suitable for cell
culture.

Sterile-filtered penicillin/streptomycin (P/S) (10 mg/mL).
Sterile-filtered gentamycin (10 mg/mL) in deionized water.
Fetal bovine serum (FBS).

Complete DMEM medium: High-glucose DMEM, 10 % FBS,
5%7P/S.

Complete RPMI medium: RPMI-1640 medium with -
GLUTAMINE, 10 % FBS, 2 % P/S.

Differentiation medium: DMEM with stable glutamine +20 %
FBS+30 % LCM +20 pg/mL gentamycin (see Notes 1 and 2).

Low (<10 EU/mL) endotoxin FBS (FBS-LE).
Trypsin—-EDTA (0.25 % in PBS).

Vacuum filter units, 0.45 pm.

Sterile dissection tools: scissors, scalpel, and forceps.
Needles, 25 gauge.

Syringes, 5-10 mL.

Sterile 1.5, 15, and 50 mL tubes.

Centrifuge /microcentrifuge.

Tissue culture T-75 ¢cm? and T-175 cm? filter cap flasks.
Tissue culture dishes (100x20 or 150x20 mm).
Tissue culture sterile polysterene pipettes (10 mL, 2 mL).
Plates (6-well) for macrophage culture.

Humidified incubator with 5 % CO, at 37 °C.

Red blood cell lysis buffer (RBC lysis bufter).

Mice: mouse models of atherosclerosis.

70 % Ethanol in distilled water.

Freezing medium: 90 % FBS+10 % dimethyl sulfoxide
(DMSO).

Activation medium M1: 10 % FBS-LE, 20 pg/mL gentamy-
cin, 20 ng/mL IFNy, 100 ng/mL of LPS.

Activation medium M2: 10 % FBS-LE, 20 pg/mL gentamy-
cin, 20 ng/mL IL-4.

Hemacytometer.
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3 Methods

3.1 Preparation
of L929-Conditioned
Medium (LCM)

3.2 Isolation of Total
Bone Marrow

and Macrophage
Differentiation

Before starting the methods please read carefully Notes 3 and 4.

1.

Plate approximately 5 x 10> M-CSF-transduced 1.929 cells in a
100x20 mm tissue culture dish with 10 mL of complete
DMEM medium.

Once confluent, split cells into six 100x20 mm dishes or
T-75 cm? flasks with 1.929 medium as follows:

— Remove medium from the tissue culture vessel.

—  Wash cells gently by tipping back and forth with 1x PBS
and remove all PBS.

— Add 0.5-1 mL trypsin—~EDTA, tilt flask to cover all cells,
and place back to incubator for less than 5 min at 37 °C.

— Add 6 mL 1929 medium and with a 10 mL pipette rinse
cells from flask surface and pipette up and down to break
up cell clumps.

— Add 1 mL of this cell suspension to each 100x20 mm
dish or T-75 cm? flask containing 9 mL or 19 mL 1929
medium, respectively (se¢ Note 5).

Once confluent, harvest cells as above and for each flask trans-
fer the entire cell suspension into a T-175 cm? tissue culture
flask with 40 mL of 1929 medium to have a total of six
T-175 c¢cm? flasks.

Once confluent, collect medium (=40 mL), store in 50 mL
tubes, and replace with fresh 1929 medium. Repeat this five
times every 48 h. After each collection, spin medium at
1000 x g for 5 min to remove cells and store at 4 °C.

. Pool all collections and filter supernatant through a 0.45 pm

filter attached to a vacuum unit under the laminar tissue culture
hood. Store in 50 mL aliquots at -20 °C (this is the 1.929 con-
ditioned medium or LCM to be used in the next step). This
procedure will give you about 220-240 mL of LCM per collec-
tion and over 1 L of LCM after all collections are carried out.

Clean the abdomen and hind legs of mice with 70 % ethanol
by soaking all the fur.

. Make an incision in the midline of the abdomen, dissect the

skin from abdomen and hind legs, and dissect the muscles
attaching the hind limbs to the pelvis.

. Remove the hind legs to harvest femur and tibia (thus from

each animal two femurs and two tibiae) by cutting through
the pelvis close to the hip joint. Remove all muscle tissue from
the bones with the aid of a scalpel and dissecting scissors.
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Cut the bones at both ends to free them (through beneath the

knee joint, and through the foot end of the tibia and the pelvis
end of the femur).

. Collect the bones from each single animal in a 15 mL tube
with 5 mL sterile tissue culture grade PBS 1x, wash briefly
with 70 % ethanol, and transfer to a laminar flow hood to
ensure sterility. Place bones in PBS 1x and remove any remain-
ing tissue attached to the bones if needed.

. Remove both epiphyses from each bone using sterile scissors
and forceps (different from the ones used for dissection) to
preserve sterile conditions.

. There are two options to isolate total bone marrow from
mouse tibiae and femurs:

(a) Cut the top of a 200 pL sterile pipette tip and a 500 pL
sterile pipette tip with a sterilized scalpel to make them fit
into a 1.5 mL sterile tube. Put the 200 pL tip inside the
500 pL tip and this one inside the 1.5 mL tube with the
narrow end of the tip facing the bottom of the tube. With
the help of forceps, place the femur and the tibia inside
the 200 pL tip and close the tube. Repeat this procedure
for each pair of bones (4 bones/mouse =2 tubes/mouse).
To pellet cells, centrifuge tubes 3 min at room tempera-
ture at 704 x g in a microcentrifuge. Once the bone mar-
row is expelled the bone becomes transparent.

(b) Flush each bone with PBS 1x or differentiation medium
by inserting a 5 mL syringe attached to a 25-gauge needle
into the bone shaft onto a clean 50 mL tube. Collect the
bone marrow from all bones from a single mouse on the
same tube and centrifuge for 5 min at room temperature
at 310x g to pellet cells.

. Resuspend pellet in 500 pL of RBC lysis buffer, transfer into a
fresh 1.5 mL tube and keep it on ice for 5 min. Add 500 pL of
PBS 1x or differentiation medium and spin down to pellet
cells. At this point the bone marrow pellet may be either fro-
zen in “freezing medium” and stored at -80 °C for later use
(see Note 6) or used fresh.

. Resuspend fresh (or quickly thawed frozen bone marrow) cells
in warm differentiation medium and (optional) count cells.

. Plate cell suspension in eight tissue culture 100 x 20 mm dishes
(or four 150x 20 mm dishes) or eight 6-well plates or a combi-
nation of both (final yield depends on the mouse strain). If cells
are counted, adjust the cell suspension as needed in differentiation
medium and plate cells as follows: 1.5-2x 108 cells with 2 mL
in 6-well plate, or 6-8 x 10° cells with 8 mL in 100 x 20 plate, or
12-15x 109 cells with 20 mL in 150 x 20 plate.
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3.3 Macrophage
Polarization

3.4 Isolation
and Polarization
of Peritoneal
Macrophages

10.

11.

1.

2.

Culture cells for 6-7 days in a humidified incubator 5 % CO,
at 37 °C: supplement cells with additional fresh differentiation
medium at day 3, remove medium at day 5, wash cells with
PBS 1x, and add fresh differentiation medium. Check for cell
density and possible contamination (se¢ Note 7).

Macrophages are fully differentiated after 6-7 days (over 90 %
cells are positive for the cell type surface marker CD11b). At
this point macrophages are considered proliferative non-
activated cells (also named MO macrophages).

At day 6-7 of culture (from Subheading 3.2, step 11), remove
medium from MO macrophages and wash them with PBS 1x
(see Note 8).

Add activation medium M1 for M1 polarization or activation
medium M2 for M2 polarization for 24 h (for RNA analysis)
or 48 h (for protein analysis), or leave cells in activation
medium (without the polarizing factors) overnight before
adding the activators (sec Note 9).

If you are going to perform this method please see Notes 10-12.

1.

Euthanize mice by cervical dislocation or inhalation of carbon
dioxide (CO,) followed by cervical dislocation to ensure death
has occurred.

Clean the mouse abdomen with 70 % ethanol and make a
small incision with a sterile scalpel. Use forceps to remove the
abdominal skin to expose the peritoneum.

. Use a 5 mL syringe with a 25-gauge needle attached to inject

4 mL PBS 1x through the peritoneal wall into the peritoneal
cavity being careful not to puncture the intestine or any other
organ.

4. Gently massage the mouse abdomen.

10.

. Use the same 5 mL syringe attached to a 25-gauge needle to

slowly recover as much PBS 1x as possible into a 15 mL tube.
Centrifuge for 5 min at 4 °C at 310 x g to pellet cells.

Discard supernatant and resuspend cells in 1 mL complete
RPMI medium and count cells on a hemacytometer.

Plate cells as needed in complete RPMI medium. Due to the
low number of total macrophages within the peritoneal cavity
in steady-state conditions, generally 1-3x10°¢ cells can be
recovered (two wells in a 6-well plate).

Allow macrophages to attach for 1 h in a humidified incubator
with 5 % CO, at 37 °C.

Polarize these macrophages according to the procedure
described in Subheading 3.3 (se¢ Note 9).
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4 Notes

. One of the concerns regarding the variety of protocols used to

obtain bone marrow-derived macrophages is the use of puri-
fied recombinant M-CSF versus LCM as a source of M-CSF. It
should be noted that supernatants from cultured 1929 cells
could carry different amounts of M-CSF (depending on the
batch and procedure) as well as other molecules. Researchers
should first ensure whether the proportions of LCM indicated
in this protocol give an optimal differentiation of macrophages
(cell attachment at day 4 in non-coated petri dishes) before
conducting any experimental procedures with them.

. For the preparation of differentiation medium (Subheading 2,

item 10), first remove 250 mL medium from a 500 mL
DMEM bottle and transfer into a clean and sterile bottle.
Store at 4 °C for future preparations. To the remaining
DMEM, add 1 mL gentamycin of a 10 mg/mL stock, 100 mL
FBS and 150 mL of LCM and mix well. Instead of DMEM,
RPMI-1694 may also be used.

. Techniques should be performed under sterile conditions.

Rinse all material with 70 % ethanol before use and sterilize all
tools dedicated to dissection. Manipulate cells in a laminar
flow hood and culture cells in a humidified incubator 5 % CO,
at 37 °C.

. Animals should be maintained in pathogen-free conditions and

sacrificed in a designated area for this purpose according to the
relevant regulatory laws for animal experimentation. Death
must occur without producing pain, the time to produce loss
of consciousness and induce death must be as short as possible,
and the method must be reliable and nonreversible. To isolate
bone marrow, animals are generally sacrificed by cervical dislo-
cation or inhalation of carbon dioxide (CO,) followed by cer-
vical dislocation to ensure that death has occurred.

. To obtain macrophages derived from bone marrow cells, pro-

genitor cells from the marrow of femurs and tibiae are propa-
gated in the presence of M-CSF secreted by 1929 cells and
used in the form of LCM. Alternatively, recombinant M-CSF
can be used (se¢ Note 1).

. We routinely freeze and store bone marrow till we need to dif-

ferentiate cells for further experiments. We have not observed
any differences in the differentiation or responses to different
inflammatory stimuli of macrophages derived from frozen
marrow. This has been also documented in more detail in [12].

. Flasks are preferred to minimize contamination since cells are

kept in culture for over a period of approximately 2 weeks.
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8.

10.

11.

12.

Removal of M-CSF ensures there is no interference with the
subsequent activation steps in the protocol. Growth serum
that has been certified to contain very low amounts of endo-
toxin is preferred for the culture of differentiated macrophages
when they are going to be activated by inflammatory stimuli
such as those mentioned in this chapter.

. In vitro, macrophages are usually stimulated with a single

stimulus, which is only a limited amount of the wide variety of
cytokines they may be exposed in their in vivo microenviron-
ment. Thus, M1 and M2 phenotypes represent simplified
extremes of a “polarization spectrum,” and in vivo, intermedi-
ate phenotypes are likely to exist. In addition, the specific
stimuli used may vary depending on the pathology. For
instance, IL-4 may not be the most suitable cytokine to study
the alternative activation of macrophages in atherosclerosis,
and hence, new stimuli have been investigated [9-11]. These
alternative stimuli could better resemble macrophage activa-
tion within the atherosclerotic plaque although studies are still
needed to directly assess how similar macrophages polarized in
culture resemble those found within atherosclerotic plaques
that are positive for some of the commonly used murine M1
or M2 markers such as nitric oxide synthase or arginase 1,
respectively. Even alternative macrophages derived from pro-
liferation of tissue resident cells or from recruited inflamma-
tory monocytes appear to have distinct physiological properties
[13]. This further highlights the challenges encountered when
trying to replicate pathological processes in cultured cells.

Phenotypical and functional differences have been described
in murine macrophages isolated from different organs [14].

Murine macrophages can be additionally isolated from the
peritoneal cavity, which provides an easily accessible site to
obtain moderate numbers of resident macrophages to be used
in subsequent in vitro studies.

Due to the relatively low yields of macrophages that can be
recovered from a mouse peritoneal cavity in steady-state con-
ditions, intra-peritoneal injection of macrophage-eliciting
agents to recruit immature macrophages is generally used to
substantially increase macrophage numbers. Injection of thio-
glycollate broth for instance, recruits larger number of
macrophages. However it is controversial whether these mac-
rophages are activated or not since their physiological charac-
teristics may be different from resident cells [ 15]. Macrophages
elicited after intra-peritoneal injection of LPS show an inflam-
matory/MI1 phenotype [16] whereas injection of 1L-4 after
thioglycollate increases the amount of M2 macrophages that
can be directly recovered from the peritoneal cavity [17].
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Chapter 7

Isolation of Mouse Primary Aortic Endothelial Cells
by Selection with Specific Antibodies

Pedro Molina-Sanchez and Vicente Andrés

Abstract

Endothelial cells (ECs) are key blood-vessel-wall components that play critical roles in the regulation of
many physiological processes, including angiogenesis, coagulation, and vascular tone control, and in path-
ological events such as vessel inflammation and leukocyte infiltration. EC dysfunction is one of the first
events associated with the development of atherosclerosis and is sustained throughout progression of the
disease. The study of ECs in vitro has become an invaluable tool for investigating these vascular processes
at the molecular level, and is widely used in the search for therapeutic targets and strategies. This chapter
describes a protocol for the isolation and culture of primary mouse aortic ECs based on antibody-mediated
EC selection.

Key words Endothelial cells, Isolation, Culture, Antibody-mediated selection, Mouse aorta,
Atherosclerosis

1 Introduction

The endothelium is the thin cell layer that faces the blood-vessel
lumen and is in direct contact with flowing blood. The key func-
tional components of any vascular endothelium are the endothelial
cells (ECs). First described as a simple passive barrier, the endothe-
lium is now viewed as a complex and active participant in the regu-
lation of diverse vascular processes, including inflaimmation and
leukocyte infiltration [ 1], vascular tone [2], and coagulation [ 3, 4].
In the particular case of atherosclerosis, risk factors such as hyper-
cholesterolemia, diabetes, and smoking trigger an inflammatory
response that causes the accumulation of dysfunctional ECs, char-
acterized by the expression of adhesion molecules that promote
leukocyte recruitment to the artery wall [5]. This endothelial dys-
function is the first step in atherogenesis, preceding the formation
of fatty streaks, and is sustained throughout disease progression,
thus contributing to the eventual generation of gross atheroma-
tous plaques [6]. Since the endothelium is also involved in the

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
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regulation of vascular tone, EC dysfunction may contribute to ath-
erosclerosis development by increasing blood pressure, a well-
known proatherogenic risk factor.

Today, a variety of approaches for studying EC function and its
relation to vascular disease are available, ranging from ex vivo sys-
tems such as wire and pressure myography [7] to highly sophisti-
cated genetically modified mouse models in which gene expression
in the endothelium is specifically disrupted or augmented [8-13].
However, in vitro studies with primary EC cultures remain an essen-
tial tool for investigating critical processes in EC pathobiology at the
molecular level (e.g., proliferation, migration, apoptosis, angiogen-
esis, release of vasoactive molecules and expression of adhesion mol-
ecules). Here we describe a simple procedure for obtaining ECs
from mouse aorta based on selection for specific markers.

2 Materials

1. Young mice (8-12 weeks old) (e.g., C57BL/6]).

2. Surgical material: Fine forceps (e.g., Dumont Medical Biology
Forceps, FST Cat. No. 11254-20) and scissors (e.g., Extra
Fine Bonn Scissors, FST Cat. No. 14084-08).

3. Anesthetics: Ketamine (e.g., Imalgene 1000, Merial) and
Medetomidine (e.g., Medeson, Urano). Alternatively, CO,
chamber.

4. Phosphate-buffered saline (PBS): 8.0 g/L NaCl, 0.2 g/L
KCl, 1.44 g/L. Na,HPO, in distilled water.

Saline solution: 0.90 % (w/v) NaCl in distilled water.
Stereo microscope (e.g., Olympus SZX10).
DMEM-F12 medium (e.g., Lonza, Cat. No. BE04-687Q).

Heparin sodium salt (heparin) from porcine intestinal mucosa
(e.g., Sigma, Cat. No. 9041-08-1).

9. Fetal bovine serum (FBS, e.g., Thermoscientific, Cat. No.
SV30160.03) inactivated by heating at 56 °C for 30 min.

10. Penicillin and streptomycin (Pen/Strep) solution for culture
media (e.g. Pen/Strep stock 10K/10K, Lonza, Cat. No. DE
17-602E).

11. r-Glutamine (e.g., Lonza, Cat. 17-605C).
12. EC growth factor (ECGF) (e.g., Sigma, Cat. No. E2759).

13. EC medium: DMEM-F12 supplemented with 1 % Pen/Strep,
0.4 mM r-glutamine, 10 mM heparin and 50 pg/mL ECGF.

14. HEPES (1 M stock in normal saline; e.g., Lonza, Cat. No.
17-737E).

15. 0.25 % Trypsin/EDTA 1x (e.g., Gibco, Cat. No. 25200-072).
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17.

18.

19.
20.
21.
22.
23.

24.
25.
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Anti-mouse-CD102 antibody (e.g., rat anti-mouse-CD102,
BD Pharmingen, Cat. No. 553326).

Secondary antibody bound to magnetic beads (e.g.,
Dynabeads® sheep anti-rat IgG, Life Technologies, Cat. No.
110.35).

Magnet (e.g., DynaMag™-15 Magnet, Life Technologies,
Cat. No. 12301D).

24-Well culture plates.

Matrigel (e.g., Corning, Cat. No. 354234).
Gelatin (e.g., Sigma, Cat. No. G9382).
Collagen (e.g., Sigma, Cat. No. C8919).

Gelatin-coating solution: PBS supplemented with 0.5 % gela-
tin and 0.1 mg/mL collagen.

Ice, fridge, or cold room.

Three-dimensional laboratory shaker.

3 Method

. Euthanize 5-8 mice using any ethically approved method

(see Note 1).

. Place the mice in decubitus supine position and dissect them to

remove the thoracic aorta (see Note 2 and Fig. la, b).

Place the aortas in cold PBS or saline solution (see Note 3 and
Fig. 1c).

. Under a stereomicroscope, use fine forceps to carefully remove

all fat tissue from the aorta (see Note 4 and Fig. 1d).

Dissect aortas longitudinally with a scalpel to obtain
0.5-0.8-mm-wide strips (see Fig. le).

In sterile conditions (se¢ Note 5) place the aortic strips lumen-
face down in the wells of a 24-well culture plate coated with
unset Matrigel. Incubate the plates in a humidified cell culture
incubator at 37 °C until the Matrigel solidifies (at least 2 h)
(see Notes 6 and 7).

. Cover the wells with 2 mL of EC medium and culture the aor-

tic strips for a minimum of 1 week (see Note 8 and Fig. 1f).
When cell colonies are formed (see Fig. 1g), remove the remain-
ing aortic tissue from the well and collect the cells as follows:

—  Wash the attached cells with PBS at least three times.

— Add trypsin and incubate at 37 °C to detach the cells
(usually 5 min).

— Block trypsin activity by adding EC medium supple-
mented with 10 % FBS, and pellet the cells by centrifuga-
tion at approximately 200 x g for 5 min.
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Fig. 1 Steps in mouse aortic endothelial cell extraction and culture. (a) Dissection of the animal to expose the
thoracic and abdominal cavities. (b) Isolation of the aorta and heart in the thoracic cavity. (c) Petri dish contain-
ing aorta and heart in saline solution or PBS. (d) Cleaned aorta. (e) Aortic strips in a Petri dish. (f) Aortic strips
in Matrigel-coated plates. (g) Migration of primary cell from an aortic strip (outlined by the red dashed line)
onto the surface of the culture plate. (h) Confluent EC monolayer

8.

10.

11.

12.
13.

14.

Resuspend the cells in EC medium containing 10 % of FBS
and plate them in gelatin-coated plates (see Note 9). Incubate
the cells to expand the culture (se¢ Note 10).

Select the ECs from the culture as follows:

— To each well add anti-CD102 antibody (3.5 pL/mL EC
medium) and incubate for 30 min at 4 °C in a shaker set
at low velocity (see Notes 11 and 12).

— Remove the medium containing the anti-CD102 anti-
body and wash the cells 2—-3 times with PBS.

To each well add EC medium containing an appropriate sec-
ondary antibody linked to magnetic beads (e.g., anti-rat IgG if
using rat IgG anti-mouse CDI102 as primary antibody).
Secondary antibody should be diluted 3.5 pL/mL EC
medium. Incubate for 30 min at 4 °C (see Note 13).

Wash the cells with PBS (2-3 times) and detach them with
trypsin (as described in step 7).

Use a magnet to retrieve cells bound to magnetic beads.

Wash the ECs retained on the magnet with PBS and culture
them in EC medium in gelatin-coated plates (as described
in step 8).

Expand the EC culture as necessary (sec Note 14).
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4 Notes

. For this procedure several euthanasia methods can be used, for

example, CO, inhalation or chemical anesthetics overdose.
Cervical dislocation carries a significant risk of damaging the
aorta and therefore of losing useful material for EC extraction.

. The abdominal aorta can also be used for endothelial cell iso-

lation, but its extraction and cleaning requires additional time
that prolongs the protocol. The duration of the procedure
strongly influences extraction efficiency and EC viability, and
therefore the shorter the dissection and cleaning time the bet-
ter the result.

. In many dissection procedures mice are transcardially perfused

with buffer to flush out blood from organs and tissues.
However, this procedure can damage or even remove the
endothelium, and therefore for EC extraction this step should
either be omitted or performed with extreme care.

. For this procedure, it is important that the aorta be dissected

as cleanly as possible from the beginning; this avoids excessive
handling in subsequent steps and thus increases final cell via-
bility. To maintain endothelium integrity during cleaning, it is
important to avoid pinching the aorta as much as possible.

. Working in sterile conditions is recommended throughout the

procedure in order to avoid contamination of the cell culture.
Unfortunately, sometimes this is not possible due to technical
limitations, especially during aorta isolation and cleaning.

. Prepare the coated plates ahead of time by chilling them on ice

and covering the wells with a solution of 200 pg/mL of cold
Matrigel; this will solidify upon incubation at 37 °C in the cell
culture incubator once the aortic strips are added.

. Usually the strips derived from 2 to 3 aortas are pooled

together in one well. Correct attachment of the aorta strips to
the well surface is critical for the success of the procedure.
Therefore try not to shake the culture plates accidentally when
placing them in the incubator or transporting them back to
the culture hood.

. EC medium should be changed at least once every 3 days and

always with extreme care to avoid detaching the artery explants.
Cell colonies should start to appear before day 7; however, due
to technical variability, this can take up to 2 weeks.

. ECs need to be cultured on gelatin-coated plates. The plates

can be prepared as follows: pour gelatin coating solution (see
Subheading 2, item 23) into each well to cover the surface
(0.5 mL per well for a 24-well plate), place the plates for at
least 1 h at 37 °C in a cell culture incubator, and remove the
leftover of gelatin by aspiration just before using the plates.
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10. EGCs are not the most abundant cell type in the aorta, and their
proliferation rate is relatively low compared with other cells
from the same blood vessel. To ensure a reasonable yield of
ECs at the end of the procedure, it is advisable to expand the
culture as much as possible before selection. However, it is
also important to consider that the other cell types present in
the culture can colonize the plate before ECs. In our hands, a
good quantity of ECs is obtained by expanding the cells until
60-70 % confluence before selection.

11. ECs can be selected with different antibodies (e.g., CD102,
CD31, CD106, or CD146) with similar results. Before choos-
ing an antibody, check that it is optimal for your particular set of
experiments. The procedure described here is based on selection
with an antibody to CD102, which is specifically expressed in
ECs and leukocytes. However, this antibody may not be appro-
priate if you do not work in an inflammatory context, because
expression of CD102 is very low in aorta in basal conditions.

12. Although low temperatures can be harmful to cultured cells,
we have found that the final yield of viable ECs increases if the
incubation with the specific primary antibody is performed at
4 °C. This temperature improves recognition of the specific
antigen at the cell surface and avoids loss of efficiency due to
antibody internalization.

13. In addition to selection with magnetic beads as described here,
many other systems are available for selection of a specific cell
population from a mixture of cell types, for example, use of flu-
orescent-labeled antibodies followed by flow cytometry sorting.

14. With prolonged time in culture, primary ECs undergo pro-
cesses of cell senescence and dedifferentiation, and therefore
should not be used for in vitro studies after more than 7-8
passages.
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Chapter 8

Isolation and Gulture of Aortic Smooth Muscle
Cells and In Vitro Calcification Assay

Ricardo Villa-Bellosta and Magda R. Hamczyk

Abstract

Elevated serum phosphorus is a major risk factor for vascular calcification, which is characterized by the
presence of calcium phosphate deposits, mainly hydroxyapatite crystals. In vitro studies of phosphate-
induced calcification show that vascular smooth muscle cells undergo calcification with features similar to
those observed in pathological vascular calcification in vivo, including the presence of hydroxyapatite crystals.
Here, we describe the double-collagenase digestion method for isolating vascular smooth muscle cells
from aorta, and a method for inducing calcification in vitro using high phosphate concentration.

Key words Vascular smooth muscle cells, Pi-induced calcification, Hydroxyapatite, Calcium phosphate
deposits, Aorta, Collagenase

1 Introduction

Cardiovascular complications due to arterial stiffening are the
principal cause of morbidity and mortality in patients with chronic
kidney disease [1, 2]. Medial calcification, also known as
Monckeberg’s medial calcinosis [3], occurs within the elastic
region of arteries and is almost exclusively associated with vascular
smooth muscle cells (VSMCs) [4]. In contrast, intimal calcification
occurs in atherosclerotic lesions and is associated with VSMCs and
also macrophages [5, 6]. Calcium-phosphate deposition, in the
form of hydroxyapatite crystals (Ca;o(POy)s(OH),), is the hallmark
of both medial and intimal calcification and can occur in the blood
vessels, myocardium, and cardiac valves [7].

Elevated serum phosphorus (in the form of inorganic phos-
phate, Pi) is a major risk factor for vascular calcification [8, 9].
Investigators in the 1980s discovered links between arterial calcifi-
cation and bone resorption. Similarities identified at the molecular
level between calcified artery and bone led Giachelli et al. [10] and
Bostrom et al. [11] to propose that vascular calcification occurs

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
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essentially through the same molecular mechanisms that govern
bone formation during embryonic development.

Vascular calcification has been extensively studied in cell cul-
ture models. For example, VSMCs spontaneously produce bone
mineral (hydroxyapatite) upon treatment with elevated phosphate
(2.7 mM) [12]. Under elevated phosphate conditions, the extra-
cellular matrix surrounding VSMCs undergoes calcification with
features similar to that observed in bone and in pathological vascu-
lar calcification in vivo, including the presence of hydroxyapatite
crystals [7, 13].

There are two major hypotheses regarding the fate of VSMCs
in phosphate-induced medial calcification. The first invokes a pro-
found transition to a bone-forming phenotype. Supporting this
notion, in vitro studies have shown that elevated phosphate results
in loss of VSMCs markers (SM a-actin, SM22a) and induces
expression of osteochondrogenic markers (Runx2/Cbfal) [14].
The transcription factor Runx2 /Cbfal induces the expression of
major components of the bone matrix, including type I collagen,
osteocalcin and osteopontin. The second hypothesis involves
apoptosis-dependent matrix mineralization, which has been
detected both in cultured human VSMCs [15, 16] and in arteries
from pediatric dialysis patients [17].

A common experimental approach is to study Pi-induced calcifi-
cation in VSMC:s in vitro. However, many laboratories lack methods
to extract these cells from arteries and to induce calcification with
high phosphate. This chapter describes these methods in 5 sections:
Subheading 3.1. Collagenase preparation; Subheading 3.2. Murine
aorta dissection; Subheading 3.3. Vascular smooth muscle cell isola-
tion and culture; Subheading 3.4. Pi-induced calcification induction;
and Subheading 3.5. Calcium phosphate deposit detection.

2 Materials

2.1 Collagenase
Preparation

2.2 Murine Aorta
Dissection

1. Collagenase type 2.

2. sMEM: Minimal essential medium (MEM) supplemented with
1 mM r-glutamine, 100 IU/mL penicillin and 100 pg/mL
streptomycin. Store at 4 °C.

3. Sterile syringe filter 0.22 pm.

1. 70 % ethanol in distilled H,O.
2. Dissection material (tweezers and scissors).

3. Phosphate-buffered saline (PBS): 1.54 mM KH,POy,,
155.17 mM NaCl and 2.70 mM Na,HPO,, pH 7.4 (se¢e Note 1),
sterilized by autoclaving.

4. Syringe and needle (25 G).
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. A pair of microdissection tweezers.

. PBS (as in Subheading 2.2, item 3).

. Sterile scalpel blade.

. Magnetic stirrer and a stir bar.

. Sterile forceps.

. Heat-inactivated fetal bovine serum (FBS). Incubate FBS at

56 °C during 30 min.

7. Pipettes, plates, tubes, and cell culture dishes.

8. Trypsin 1x.
2.4 Pi-Induced 1. 1 M Na,HPO, (disodium phosphate) stock solution in distilled
Calcification In Vitro H,O.
2. 1 M of NaH,PO, (monosodium phosphate) stock solution in
distilled H,O.
3. Distilled H,O.
4. Sterile syringe filter 0.22 pm.
5. sMEM (as in Subheading 2.1, item 2).
6. FBS (as in Subheading 2.3, item 5).
2.5 Calcium 1. 2 % (w/v) Alizarin Red S in distilled H,O.
P hasl”_’ate Deposit 2. 10 % NH,OH (ammonium hydroxide) in distilled H,O.
Detection 3. 3 % (w/v) paraformaldehyde in distilled H,O.
4. PBS (as in Subheading 2.2).
3 Methods
3.1 Collagenase 1. Dissolve 30 mg of type 2 collagenase in 15 mL of sSMEM
Preparation (see Note 2) in a clean non-sterile beaker, to obtain a 2 mg/mL
collagenase solution (see Note 3).
2. Filter the collagenase solution through a sterile 22 pm syringe
filter: 10 mL into a 50 mL sterile plastic tube and 5 mL into a
35 mm sterile culture dish. Store the dish and the tube for use
in Subheading 3.3, steps 5 and 11, respectively (see Fig. 1).
Use the collagenase solution on the day of preparation.
3.2 Mouse Aorta 1. Select mice from which aortas will be dissected. Usually 5-10
Dissection mice are required for one VSMC isolation procedure (see Note 4).
The same protocol can be used for rat aortas.
2. Euthanize the first mouse (see Note 5).
3. Spray the mouse with 70 % of ethanol and make an initial cut

in the lower part of the abdomen.



122 Ricardo Villa-Bellosta and Magda R. Hamczyk
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Fig. 1 Double-collagenase digestion procedure for VSMC isolation from aorta

4. Cut the skin from both sides to visualize the organs and the
rib cage.

5. Open the chest cavity by cutting the ribs from both sides to
access the heart.

6. Remove or move organs (liver, spleen, intestine, etc.) to reach the
aorta, which is visible as a white tube running along the spine.

7. With scissors, cut the abdominal aorta below the renal
arteries.

8. With a syringe, inject 5 mL of PBS into the left ventricle in
order to flush blood out of the aortic lumen.

9. Carefully dissect the aorta away from the vertebral column
using small surgical scissors (straight or curved) and forceps
(see Note 6). Start above the abdominal part of the aorta where
the diaphragm is attached and work towards the heart.

10. Separate the aorta from the heart; make a cut before the aortic
arch to obtain only the thoracic part (se¢ Note 7). Put the iso-
lated aorta in a culture dish containing PBS (see Fig. 2a).

11. Follow the same procedure (steps 2—7) for all mice. Store all the
dissected aortas in PBS until further use (next Subheading 3.3).

3.3 Vascular Smooth 1. Use a microscope and two microdissection tweezers to remove
Muscle Cell Isolation the tissue surrounding the newly isolated aortas (from
and Culture Subheading 3.1) and obtain clean aortas (see Fig. 2b).
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Fig. 2 Cleaning mouse aorta. (a) Aorta freshly dissected from a mouse. (b) Aorta after removal of the surrounding
tissue. (c) Removal of the adventitia (held with left tweezers) from the medial layer (held with right tweezers)

2. Transfer clean aortas into a culture dish containing fresh PBS.

. Putall aortas in a 35 mm dish containing 5 mL of the collage-

nase solution (Subheading 3.1, step 2). Incubate for 15 min at
37 °Cin 5 % CO, without agitation (se¢ Note 8).

4. Put one aorta in a culture dish with fresh PBS.

10.

11.

12.

. Viewing the aorta under a microscope, use two microdissec-

tion tweezers to remove the adventitia (see Fig. 2¢). The adven-
titia should be rolled oft the medial aorta in a manner similar
to removing a sock from a foot (se¢ Note 9).

. Repeat steps 4 and 5 for all the aortas.

. Place the medial aortas in a sterile culture dish containing ster-

ile PBS using a sterile scalpel blade. From this step work in
STERILE conditions!

. Cut each aorta into small fragments using a blade (se¢ Note 10).

. To release cells from the aortic fragments, place these in a

50 mL sterile tube containing the remaining collagenase solu-
tion (Subheading 3.1, step 2) and a magnetic stir bar and incu-
bate at 37 °C for 90 min (se¢ Note 11) on a magnetic stirrer
with gentle mixing (see Note 12).

At the end of the digestion period, remove the stir bar with
sterile forceps. Centrifuge the cell/collagenase mixture for
5 min at 300 xg. Remove the supernatant and resuspend the
cell pellet in 50 mL of sMEM.

Centrifuge the suspended cells for 5 min at 300 x4. Remove
the supernatant and resuspend the cell pellet in an appropriate
volume of sMEM supplemented with 10 % FBS (see Table 1).

Place the cells in two wells of a 12-well plate (se¢ Note 13).
Under the microscope, confirm the presence of round cells in
suspension (see Note 14). Incubate at 37 °C in 5 % CO,
atmosphere.
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Table 1
Growth area and medium volume for selected cell culture vessels

Approx. growth Recommended medium
area (cm?) volume (mL)

Multiple-well plates

6 well 9.5 1.9

12 well 3.8 0.8

24 well 1.9 0.4

48 well 0.95 0.2

Dishes

35 mm 9 1.8

60 mm 21 4.2

100 mm 55 11

Flasks

25 cm? 25 5

75 cm? 75 15

Fig. 3 Primary culture of vascular smooth muscle cells (VSMCs). VSMCs were incubated at 37 °C in 5 % CO,
with MEM supplemented with 1 mM L-glutamine, 100 IU/mL penicillin, 100 pg/mL streptomycin, and 10 % FBS.
(@) Groups of VSMCs after 2 days of culture. (b) A group of adherent VSMCs after 1 week of culture. (¢) VSMCs
replated after the first trypsinization passage

13. After 2 days, remove the sSMEM (with debris) and add fresh
sMEM supplemented with 10 % FBS. Under the microscope,
confirm the presence of adherent cells (see Fig. 3a).

14. Change the medium every 2 days (use sMEM supplemented
with 10 % FBS), each time observing cells under the microscope
to monitor cell growth.

15. When numerous cell colonies are formed (see Fig. 3b), wash
cells twice with PBS and add 0.5 mL of 1x trypsin per well
(see Note 15); incubate for ~5 min at 37 °C in 5 % CO, until
cells detach.

16. As soon as cells detach, collect them in a sterile tube (15 mL)
and add sMEM supplemented with 10 % FSB to a final volume
of 15 mL to neutralize trypsin action and avoid cell death.
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17.

18.

19.

20.

Vascular Calcification In Vitro 125

Centrifuge the cells for 5 min at 300 x 4. Discard the supernatant
and resuspend the pellet in an appropriate volume (see Table 1)
of sMEM supplemented with 10 % FBS.

Transfer the cell suspension to two wells of a 12-well plate.
The cells need to be relatively close to each other (see Fig. 3¢)
in order to grow properly. Cells plated at too low a density will
eventually die.

Change the medium (sMEM, 10 % FBS) every 2 days, and
continue culture until the cells reach confluence (se¢ Note 16).
Up to this point cells are considered at passage 0.

Trypsinize the cells (according to steps 15-18) to obtain suc-
cessive passages, reseeding cells at a 1:3 ratio (see Note 17).

. For calcification experiments use cells between passages 5 and

13. Grow the cells in sMEM supplemented with 10 % FBS
until they reach confluence and then aspirate the media, wash

with sterile PBS, and incubate overnight with sMEM supple-
mented with 0.1 % of FBS.

. Immediately before use, adjust the pH of the 1 M Na,HPO,

stock solution to 7.4 using the 1 M of NaH,PO, stock solu-

tion, to obtain a 1 M sodium phosphate buffer stock solution
(SPBSS) pH 7 4.

. Dilute 1 M SPBSS in distilled H,O to a final concentration of

100 mM (see Note 18).

. Filter the 100 mM SPBSS through a sterile 22 pm syringe filter

in the flow cabinet. Store at 4 °C until use.

. To make procalcitying medium, add an appropriate volume of

100 mM SPBSS to sMEM to obtain a final phosphate concen-
tration of 2 mM. The phosphate concentration of commercial
MEM is normally between 0.9 and 1.1 mM (it is very impor-
tant to check the medium formulation). Therefore add about
1 mL of 100 mM SPBSS to each 49 mL of sMEM supple-
mented with 0.1 % FBS.

. After overnight incubation with sMEM 0.1 % FBS, remove the

media and add procalcitying medium. Change the procalcifying
medium every day (over 6-7 days). Observe the cells micro-
scopically in order to detect formation phosphate calcium crys-
tals. Usually the deposits can be seen after 3 days of incubation
(see Fig. 4a).

. Immediately before use, adjust the pH of Alizarin Red S solution

(2% w/v) to 4.1-4.3 using 10 % NH,OH (see Note 19).

. Remove the procalcifying medium from the culture vessel and

wash the cells twice with PBS (see Note 20).

. Fix cells by incubating with 3 % paratormaldehyde for 10 min

at room temperature (se¢ Note 21), and then wash the cells
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Fig. 4 Alizarin Red S staining of vascular smooth muscle cells. Cultures were incubated with Alizarin Red S
solution (2 % w/v, pH 4.1-4.3) for 2 min and washed twice with PBS. Calcium phosphate deposits are visible
as red-orange staining. (a) VSMCs stained after prior incubation with procalcifying media containing 2.7 mM
inorganic phosphate for the indicated periods. (b) VSMCs stained after prior incubation with 1 mM (/eff) or
2.7 mM (right) inorganic phosphate for 5 days

twice with PBS. From this step, there is no need to work in
sterile conditions.

. Stain the fixed cells with Alizarin Red S Solution, pH 4.1-4.3,

from 30 s to 5 min. Usually 2 min will produce a good stain.

. Discard the Alizarin Red S solution and thoroughly wash the

culture vessel with PBS in the sink (see Note 22).

. Observe calcium deposits under the microscope; the reaction

produces a red-orange staining of calcium (see Fig. 4).

4 Notes

. Alternatively, Hanks’ Balanced Salt Solution (HBSS) or Earle’s

Balanced Salt Solution (EBSS) can be used.

. Minimal essential medium (MEM) is the best medium for

culturing VSMCs, but Dulbecco’s modified Eagle’s medium
(DMEM) can also be used in this step.
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. Collagenase activity is usually about 250 U/mg. For different

collagenase activities, adjust the amount of collagenase used
accordingly.

. The greater the number of aortas used for the procedure, the

higher the probability of obtaining a good VSMCs primary
culture.

. Euthanasia by cervical dislocation is NOT recommended for

this procedure, as it can damage the aorta.

. Alternatively, slide closed forceps or scissors under the aorta to

detach it from the spine.

. Different VSMC populations can be obtained from different

parts of the aorta, such as the abdominal aorta or aortic arch.

. The first digestion with collagenase makes the removal of the

adventitia possible. The adventitia needs to be removed from
the medial aorta in order to avoid contamination of VSMCs
with fibroblasts. Moreover, all endothelium is lost during this
digestion.

. This first digestion with collagenase makes the aorta more

fragile. Removing adventitia from the medial aorta is a tedious
procedure, usually taking about 5 min per aorta. It is not an
easy task and requires previous training.

Alternatively, sterile scissors with microdissection tweezers can
be used.

The incubation time might need to be adjusted depending on
the activity of collagenase.

The agitation is very important to ensure release of the cells.
Alternatively, an incubator with agitation (200 rpm) can be
used.

Ten aortas are usually required to provide enough cells for
8 cm? of primary culture, but the precise figure depends on the
quality of the collagenase digestion.

Some wells will contain a few undigested clumps of cells and
other debris; this will be aspirated from the dish during the first
medium change (Subheading 3.3, step 13).

The volume of 1x trypsin should be adjusted to the size of the
well (see Table 1).

Primary cultures of VSMCs grow slowly and generally reach
confluence in 1 week, but it might take longer depending on
the initial density and the quality of the collagenase digestion.

Plate cells obtained from each cm? of confluent culture on
~3 cm?. Surface areas of standard flasks, dishes, and plates are
indicated in Table 1.

Alternatively, 100 mM SPBSS, pH 7.4 can be prepared by mixing
1 M stock solutions according to Table 2.
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Table 2
Preparation of 100 mM sodium phosphate buffer stock solution

pH 1M NaHPO, (mL) 1M NaH,PO, (mL)  Distilled H,0 (mL)
6 1.2 8.8 90
6.2 1.78 8.22 90
6.4 2.55 7.45 90
6.6 3.52 6.48 90
6.8 4.63 5.37 90
7 5.77 4.23 90
7.2 6.84 3.16 90
7.4 7.74 2.26 90
7.6 8.45 1.55 90
7.8 8.96 1.04 90
8 9.32 0.68 90
19. The pH is critical, so make the solution fresh or check its pH if

20.

21.

22.

it is more than 1 month old.

At this point it is possible to use the cells for extraction of RNA or
protein; in this case, all subsequent steps should be ignored.

At this step other fixation methods can be applied: 100 %
methanol at =20 °C for 5 min; 1 % formaldehyde at room tem-
perature for 10 min; or 100 % acetone for 3 min at -20 °C.

Alternatively calcium phosphate deposits (CPD) can be quan-
tified by colorimetric assay using any of several commercial
kits for calcium quantification. In this case, the CPD should
be previously dissolved by incubation in 0.6 N HCI overnight
at 4 °C. This procedure is INCOMPATIBLE with Alizarin
Red S staining.
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Chapter 9

Immunostaining of Macrophages, Endothelial
Cells, and Smooth Muscle Cells in the Atherosclerotic
Mouse Aorta

Prashanthi Menon and Edward A. Fisher

Abstract

The atherosclerotic mouse aorta consists of a heterogeneous population of cells, including macrophages,
endothelial cells, and smooth muscle cells that play critical roles in cardiovascular disease. Identification
of these vascular cells in the vessel wall is important to understanding their function in pathological conditions.
Immunohistochemistry is an invaluable technique used to detect the presence of cells in different tissues.
Here, we describe immunohistochemical techniques commonly used for the detection of the vascular cells
in the atherosclerotic mouse aorta using cell type-specific markers.

Key words Atherosclerosis, Mouse aorta, Immunohistochemistry, Macrophages, Endothelial cells,
Smooth muscle cells

1 Introduction

Atherosclerotic lesions in hypercholesterolemic mice develop diffusely
in the arteries. Different sites of the aorta, namely the aortic root,
ascending aorta, the brachiocephalic artery (BCA), the aortic arch
and the abdominal aorta are preferentially susceptible to lesion for-
mation depending on the experimental conditions and the mouse
model employed. The undiseased aorta is composed mainly of endo-
thelial cells (ECs) and a medial layer of smooth muscle cells
(SMCs). As atherosclerosis advances, lesions contain a heteroge-
nous population of cells, including macrophages, ECs, SMCs, and
T- and B-lymphocytes [1, 2]. Immunohistochemistry (IHC) is an
invaluable technique used for the detection and localization of
these different cell types using labeled antibodies specifically
directed against proteins associated with particular cell types. This
technique uses the principle of visualization of antigen—antibody
interactions either by fluorescent dyes or enzyme conversion of
substrates to colored compounds [3].

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
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IHC is typically performed using frozen sections or fixed and
paratfin-embedded sections. The choice between frozen vs. fixed
and paraffin-embedded sections depends on the final use of the
samples. If the sections are to be used for both IHC and to isolate
RNA from cells in the sections using laser capture microdissection
(LCM), then frozen sectioning needs to be done [4]. On the other
hand, if RNA isolation is not a consideration and maximum reten-
tion of tissue architecture is desired, fixation and embedding in
paraffin blocks is the better choice. It should be noted that although
the final immunostaining protocols are essentially the same for
both types of tissue preparation (frozen and paraffin), in practice, a
particular antibody might work better with one type of preparation
than the other. Sometimes this is noted by the supplier of the
antibodies or by a technical specialist at the supplier.

The main aim of immunostaining is to detect the expression of
the antigen of interest with the least background and without false
positive results. Immunostaining can be done by direct or indirect
methods. In the direct method, the primary antibody has directly
attached a fluorophore or enzyme, such as alkaline phosphatase or
horseradish peroxidase. This enables faster detection in that it is a
one-step procedure. The drawback, however, is that each antibody
used needs to be conjugated to the fluorophore or enzyme. The
indirect method typically involves a two-step process, and some-
times a multistep process. In the two-step detection method, the
primary antibody is recognized by a secondary antibody conju-
gated with a fluorescent group or an enzyme. The primary anti-
body, which has the specificity for the antigen of interest, is from
one species (e.g., a mouse IgM), and the secondary antibody,
which has specificity for the source of the primary antibody, is from
another species (e.g. a rabbit anti-mouse IgM). Binding of the sec-
ondary to the primary antibody is detected by either the fluores-
cence emitted by the bound fluorescently labeled secondary
antibody resulting from being excited at the recommended wave-
length, or by adding an adequate colorimetric substrate when
using enzyme-conjugated secondary antibodies. In this way, any
primary antibody can be used, and commercially supplied second-
ary antibodies with an adequate detection system are purchased.
Alternatively, the avidin—biotin complex (ABC) is commonly used
as an indirect multistep detection method, which relies on the
strong affinity of avidin or streptavidin for the vitamin biotin.
Streptavidin (from Streptomyces avidinii) and avidin (from chicken
egg) both possess four binding sites for biotin, which can be easily
conjugated to proteins. In the ABC method, secondary antibodies
are conjugated to biotin and function as links between tissue-
bound primary antibodies and an avidin-peroxidase or phosphatase
complex. In general, the sensitivity or signal amplification of
the assay increases with its complexity (i.e., multistep >two-
step > single-step). As noted earlier, the atherosclerotic mouse aorta
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is composed of a heterogenous population of cells. Indirect methods
that involve multiple steps where the signal is significantly ampli-
fied are commonly used to detect the different cells in atheroscle-
rotic lesions.

This chapter focuses on the methods used to detect macro-
phages, ECs and SMCs in mouse aortic atherosclerotic plaques
using cell type-specific markers. In addition, troubleshooting
strategies and optimization notes are provided.

2 Materials

1. Control and experimentally treated mouse models of athero-
sclerosis (see Note 1).

. Forceps.
. Micro-scissors.

. Adhesive tape.

G2 ~NEIS I 8]

. Gravity flow apparatus to perfuse/fix tissues: We use a simple
gravity flow apparatus by suspending the perfusate (saline/
sucrose) at a height of 60 cm above the mouse thus maintaining
a perfusion pressure of 60-100 mmHg and a flow rate of
1-3 ml/min (Fig. 1) [5].

. 25-G butterfly needle.

. Dissecting light microscope.

. Cotton swabs.

Nele RN BN

. Aluminum foil.

10. -80 °C freezer.

11. Cryosection plastic molds.
12. Embedding cassettes.

13. Cryostat or microtome.

14. Poly-L-lysine-coated glass slides (e.g., Fisher scientific, Cat.
No. NC9895478).

15. Glass cover slips.

16. Nalil polish.

17. Paraffin blocks.

18. Oven.

19. Brush.

20. Water bath.

21. Coplin jar.

22. Microwave oven or pressure cooker.

23. Cleaning wipes (e.g., KimWipes, Kimberly-Clark).
24. Hydrophobic marker.
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Fig. 1 Gravity flow apparatus for vascular perfusion. Perfusant is suspended at a
height of 60 cm above the mice to be perfused so as to maintain a pressure of
60—100 mmHg and a flow rate of 1-3 ml/min

25.
26.
27.
28.
29.
30.
31.

Humidified chamber.

Cold room (4 °C) or fridge

Anesthetics and equipment for euthanizing mice.

Paraffin wax.

70, 80, 95, and 100 % ethanol (dilutions in distilled water).
Acetone.

Phosphate-buftfered saline (PBS) that does not contain calcium
or magnesium since the ions may interfere with the detection
process.



32.

33.
34.
35.
36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.
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Neutral-buffered formalin or 4 % paraformaldehyde (PFA)
diluted in PBS.

Isopentane or dry ice.

Proteases (e.g., proteinase K, trypsin and pepsin).
10 mM citrate buffer (pH 6.0).

1 mM EDTA bufter (pH 8.0).

3 % hydrogen peroxide (H,0O,) dissolved in methanol or 0.3 %
H,0, dissolved in PBS.

Blocking solution: 5 % normal goat or rabbit serum, or
ready-to-use protein block serum-free reagent (DAKO, Cat.
No. X0909).

Biotinylated secondary antibodies raised in species adequate
for the primary antibodies used for detection (e.g.: poly-
clonal rabbit anti-rat antibodies if primary antibody is made
in rat).

Primary antibodies: rat monoclonal anti-mouse CD68 (e.g.,
AbSerotec, Cat. No. MCA1957), rat monoclonal anti-CD31
antibody (e.g., BD Pharmingen, Cat. No. 550274), and mouse
monoclonal a-SMC actin antibody (e.g., Sigma, ClonelA4,
Cat. No. A2547).

Vectastain ABC alkaline phosphatase kit (e.g., Vector laboratories,
Cat. No. AK 5000), or Vectastain ABC peroxidase kit (Vector
laboratories, Cat. No. PK 4000). In both cases, to prepare
ABC reagent, add two drops of reagent A to 5 ml PBS, vortex,
and add two drops of reagent B.

3,3" diaminobenzidine (DAB) peroxidase substrate kit (e.g.,
Vector laboratories Cat. No. SK4100): mix 2.5 ml double-distilled
water (ddH,O), one drop buffer stock solution, two drops DAB
stock solution, one drop H,O, solution, and vortex.

Vector red alkaline phosphatase substrate kit (e.g., Vector
Laboratories, Cat. No. SK5100): Just before use, add two drops
reagent A to 5 ml Tris—HCI bufter, pH 8.5, vortex, and add two
drops reagent B.

Meyer’s hematoxylin (e.g., Sigma Aldrich, Cat. No.
MHS1-100 ml).

Bluing solution: 250 ml ddH,0O +500 pl ammonium hydroxide
(0.2 % ammonium hydroxide solution).

Xylene.

Xylene-based mounting media (e.g. DAKO or Permount
mounting media).

Optimal cutting temperature (OCT) embedding compound
(Tissue-Tek, Cat. No. 4583).
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3 Methods

3.1 Harvesting
Mouse Aorta

1. Euthanize the mouse according to your institutional animal

care and use committee approved protocol. We anesthetize the
mice using a cocktail of ketamine (100 mg/ml) and xylazine
(10 mg/ml). The injectable dose recommended is 0.01 ml/g
of the body weight of the animal. After injection, allow
10-15 min for the mice to be completely sedated. Check for
loss of reflex response by toe pinching or tail pinching. This is
necessary to judge the animal’s level of responsiveness to pain-
tul stimuli under anesthesia.

. Once the animal is sedated, secure the four paws to the surface

spreading them as far as possible with the help of adhesive tape.
Wet with 70 % ethanol the area where the incision is to be
made.

. With the help of forceps and scissors, make an incision by

cutting the ribs lateral to the sternum to open the thoracic cavity
and thus expose the heart.

. Perfuse (for frozen sections) or perfuse and fix (for paraffin

sections) at a physiological pressure using a gravity flow
apparatus (Fig. 1) so as to keep the arteries patent, but not
over-distended. Prior to perfusion, flush the tubes of the sus-
pended container with the perfusate (saline) to remove air bub-
bles. Suspend the perfusate at a height of 60 ¢cm above the
mouse maintaining a perfusion pressure of 60-100 mmHg and
a flow rate of 1-3 ml/min [5]. This way the arteries are not
collapsed or stretched by using excessive or insufficient perfu-
sion pressure, respectively. Insert the 25-G needle attached to
the gravity flow apparatus into the left ventricle of the mouse to
start perfusion. Make an incision at the right atrium or the
hepatic vein. Maintain the flow rate of the perfusate (saline) at
1-3 ml/min so that the pressure is maintained. Perfuse till the
liver turns pale in color, which indicates circulating red blood
cells have been removed systemically.

. Remove the lungs, kidneys, and gastrointestinal and repro-

ductive organs.

. Using a dissection microscope, isolate the aortic arch by carefully

dissecting the ascending aorta, aortic arch along with BCA, left
common carotid artery and left subclavian artery along with
1 mm of descending aorta attached to the aorta. Remove the
excess of fat with the help of'a cotton swab.

. If the aortic root is required, make an incision at the level of

the upper level of atria, and cut the heart/aortic root tissue
away from the aorta.

. Proceed to embedding as outlined below in Subheading 3.2

or 3.3 (see Note 2).



3.2 Preparation
of Frozen Sections
(See Notes 3 and 4)

3.3 Preparation
of Paraffin-Embedded
Sections (See Note 5)
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. Fill separate plastic cryomolds with OCT compound for

embedding the heart/aortic tissue and the aortic arch.

. With the help of forceps, take the heart/aortic root tissue and

embed it in the cryomold containing OCT. Place the axis of
the aorta perpendicular to the base of the mold.

. For the aortic arch, make an incision between the left common

artery and left subclavian artery. Embed the two portions such
that the aortic arches are perpendicular to the mold (i.e., they
are facing the user).

. Freeze the tissues rapidly by placing the molds in dry ice to

which isopentane is added.

. Cover the tissue molds with aluminum foil and store in -80 °C

freezer until cryosections are required.

. To section frozen tissue, cut the tissue at 5—6 pm in thickness

with a cryostat. Using a thin brush, gently move the curled
portion of the section over the cryostat stage. Pick the sections
with the help of a brush and place them on poly-L-lysine-
coated slides. Poly-L-lysine-coated slides are used to improve
tissue adhesion especially since the aortic sections can easily
dislodge from the slides during the staining process. For IHC,
place 4-5 sections per slide.

. Store the cut cryosections in —80 °C freezer immediately. Do not

fix the slides before freezing. Fix the slides only if proceeding
immediately to immunostaining.

. Perform THC to detect different vascular cells (see below).

Although we have used uncut frozen tissues for up to one year,
once they are sectioned, they should be further processed
within a week if RNA is to be isolated from some of the
sections.

. Fix the harvested tissues overnight at 4 °C using 4 % parafor-

maldehyde prepared in PBS or 10 % neutral buffered formalin.
Since the aortic tissues are small, overnight tissue fixation is
optimal. Usually the fixative volume should be 10x times the
tissue volume.

. Wash the tissues gently with PBS three times, 5 min each.
. Store the tissues in 70 % ethanol till they are ready to be embed-

ded in paraffin blocks.

. Transfer tissues to embedding cassettes and dehydrate as

follows:

(a) 70 % Ethanol, two changes, 1 h each.
(b) 80 % Ethanol, two changes, 1 h each.
(c) 95 % Ethanol, two changes, 1 h each.
(d) 100 % Ethanol, three changes, 1 h each.
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10.

11.

3.4 Processing 1.
of Paraffin-Embedded 2
Aortic Sections

for Immunostaining

(e) Xylene, three changes, 1 h each.
(f) Paraffin wax (56-58 °C), two changes, 1.5 h each.

. Embed the tissues into paraffin blocks.

. To section paraffin blocks, trim and mount the blocks on to the

microtome. Take care to trim the paraffin blocks such that
there is an optimal cutting surface area that includes the sam-
ple with a small paraffin frame.

. Using the microtome, cut the tissues in 3—10-pm thick slices.

Commonly used thickness for IHC of the mouse aorta is
5-6 pm. Use a brush to gently hold the sections. If the micro-
tome is adjusted properly, the paraffin sections should come
out as a ribbon.

. Place paraffin ribbons or a slice in 40—45 °C water bath using a

second wet brush. As the sections expand on the water bath,
the wrinkles on the sections vanish.

. Gently scoop out the floating paraffin sections using microscope

glass slides and position the section with the help of a brush.

Dry the sections overnight at 37 °C (lower temperatures are
better for subsequent antibody detection).

Sections are ready for immunostaining (see Subheading 3.4) or
can be stored at room temperature (RT) for an extended
period of time.

Bake slides in 56 °C oven for 1 h to melt the wax.

. Deparaffinize the tissue sections as follows:

(a) Xylene: three changes, 5 min each.

(b) 100 % Alcohol: two changes, 2 min each.
(c) 95 % Alcohol: two washes, 2 min each.
(d) 70 % Alcohol: three changes, 2 min each.
(e) ddH,O: one change, 2 min.

. Retrieve masked antigens using either protease-induced or

heat-induced method (see Note 6):

(a) Protease-induced epitope retrieval: Incubate with prote-
ases (e.g., proteinase K, trypsin and pepsin) to cleave
the peptides that mask the epitopes in paratfin sections.
The optimal time and duration of this protocol should be
predetermined for each antibody.

(b) Heat-induced epitope retrieval: Heating is performed
using a microwave oven or a pressure cooker. This proto-
col typically involves 5-min periods of heat followed by
replacement of the buffer. The heat-induced method is
especially time, temperature, buffer, and pH sensitive;
therefore the optimal conditions must be determined
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empirically by the user. For aortic tissue, heat-induced
epitope retrieval is usually performed in 10 mM citrate
buffer (pH 6.0) or 1 mM EDTA buffer (pH 8.0) for a
total of 15 min. Slides must be cooled for 30-40 min
before proceeding to immunostaining.

4. Wash sections in PBS, three changes, 5 min each.

10.

11.

NG

10.

11.

. Block endogenous peroxidase activity by incubating with

3 % H,0O, dissolved in methanol or 0.3 % H,O, dissolved in
PBS (10 min at RT). Prepare this solution just before use
(see Note 7).

. Wash slides once in ddH,O for 5 min.
. Rinse in PBS for 5 min with two changes. Carefully dry slides

with Kimwipes without touching the tissue sections.

. Outline sections with a hydrophobic marker.

. Block nonspecific binding by incubating for 20 min at RT with

blocking solution (DAKO protein block serum-free buffer or
5 % normal goat or rabbit serum).

Gently remove excess liquid off the slides and wipe around
tissues.

Incubate with specific primary and secondary antibodies to
proceed with the detection of different vascular cells as out-
lined in Subheadings 3.6, 3.7, or 3.8 (see Note 8).

. Take frozen slides out of =80 °C freezer and let them warm up

to RT for 2 min.

. Fix sections in ice-cold acetone for 10 min.
. Air-dry sections for 30 s at RT. Do not let the sections dry out.

. Transfer slides to a Coplin jar and wash in PBS three times for

5 min each.

. Block endogenous peroxidase activity by incubating with freshly

prepared 3 % H,O, dissolved in methanol or 0.3 % H,O,
dissolved in PBS (10 min at RT) (sec Note 7).

. Wash slides once in ddH,O for 5 min.
. Rinse in PBS for 5 min with two changes. Carefully dry sections

with Kimwipes without touching the tissue sections.

. Outline sections with a hydrophobic marker.

. Block nonspecific binding by incubating for 20 min at RT with

blocking solution (DAKO protein block serum-free buffer or
5 % normal goat or rabbit serum).

Gently remove excess liquid oft the slides and wipe around tissue
sections.

Incubate with specific primary and secondary antibodies and
proceed to the detection of different vascular cells as outlined
in Subheadings 3.6, 3.7, or 3.8 (see Note 8).
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3.6 CD68 CD68 is a macrophage marker frequently used in mouse atheroscle-
Immunostaining rosis studies. Other markers for macrophages include F4 /80, CD64
Protocol (FCyR1), MerTK, and CD115 (CSF1R) [6]. Here we outline the
for Macrophages protocol for CD68 staining of frozen mouse aortic sections.

1. Follow steps 1-10 under Subheading 3.5 for frozen sections.

2. Primary antibody (see Note 9): For routine staining, incubate
frozen sections for 1 h with rat monoclonal anti-mouse CD68
diluted 1:250 in 4 % normal rabbit serum. This step is critical
since over-incubation would result in false positive results. For
rapid CD68 stain for LCM purposes, incubate sections at RT
for 1 min using an antibody concentration of 1:50. Proceed as
tollows for either application (routine or LCM).

3. Rinse sections in PBS, three times, 5 min each.

4. Secondary antibody: Incubate sections for 20 min with bioti-
nylated rabbit anti-rat antibody diluted 1:200 in blocking
solution.

5. While the tissues are incubated with secondary antibody,
prepare Vectastain ABC alkaline phosphatase solution in PBS
(to be used in step 7 below) (see Note 10). The ABC complex
solution needs to be prepared 30 min prior to be used.

6. Rinse in PBS, three times, 5 min each.

7. Incubate sections for 20 min with Vectastain ABC alkaline phos-
phatase solution (20 min for routine staining, 5 min for LCM).

8. Rinse in PBS, three times, 5 min each for routine staining or
2 min each for LCM.

9. Incubate sections in freshly prepared Vector red solution to get
the desired stain intensity (approximately 8—10 min).

10. Place slides in ddH,O for 5 min to stop the reaction.

11. Counter stain with hematoxylin and dehydrate sections as
follows:

(a) Hematoxylin: 1 min.

(b) Bluing solution: 30 s.

(c) 70 % Ethanol: one change, 2 min.
(d) 95 % Ethanol: one change, 2 min.
(e) 100 % Ethanol: one change, 2 min.
() 100 % Xylene, three changes, 2 min.

12. Mount section with DAKO or Permount mounting media and
cover slip.

13. Seal around the edges of the section with nail polish and place
slides horizontal to dry.

Using this protocol, the macrophages are stained red and are
easy to identify in the light background. An example of the CD68
immunostaining is shown in Fig. 2.
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Fig. 2 Immunostaining of macrophages in the mouse atherosclerotic lesions.
Atherosclerotic lesions from ApoE-/- mice fed Western diet for 16 weeks were
immunostained for the macrophage-specific marker CD68 (reddish-brown
stain). L lumen, / intima, M media. From Rong JX et al. Circulation.2001,;
104:2447-2452

CD31 is a 130-kDa transmembrane glycoprotein also designated
as PECAM-1 (platelet endothelial cell adhesion molecule 1). Itis a
constituent of the endothelial intercellular junction which plays a
major role in the adhesion cascade between ECs and the circulat-
ing monocytes, promoting their entry into atherosclerotic sites,
where they become macrophages. CD31 is commonly used as a
standard marker of ECs. Other commonly used EC markers in the
mouse aorta include VE-Cadherin, Von Willebrand factor (VWE),
and VEGFR2 /Flkl /KDR [7, 8]. The protocol outlined below is
for CD31 immunostaining using DAB peroxidase substrate, but a
similar design can be used for any EC marker using the appropriate
primary and secondary antibodies.

1. Follow steps 1-10 under Subheading 3.5 for frozen sections.

2. Primary antibody (se¢ Note 9): Incubate sections with rat
monoclonal anti-CD31 antibody (diluted 1:100 in blocking
buffer) for 1 h at RT or at 4 °C overnight, in a humidified
chamber.
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. Rinse in PBS, three changes, 5 min each.

. Secondary antibody: Add biotinylated anti-rat antibody diluted

1:200 in PBS and incubate for 30 min at RT in a humidified
chamber.

. Rinse in PBS, three changes, 5 min each.

. Incubate sections with Vectastain ABC peroxidase reagent for

30 min at RT in a humidified chamber (se¢ Note 10).

7. Rinse in PBS, three changes, 3 min each.

10.

11.

. Stain slides with DAB peroxidase substrate for 2-5 min till the

desired intensity. Prepare the DAB solution just prior to use
(see item 42 in Subheading 2, and Note 11).

. Counterstain with hematoxylin for 1-2 min. Wash slides in

ddH,O. Staining time is important to reduce intensity of
hematoxylin. If required, an extra wash may be performed to
remove excess stain.

Dehydrate slides and mount them with mounting media. Seal
the edges as outlined for CD68 staining in Subheading 3.6,
steps 10-13.

Using this protocol, ECs appear as a thin monolayer of cells lining
the luminal surface of the vessel wall. An example of CD31
staining in the mouse atherosclerotic lesion is shown in Fig. 3.

3.8 «a-Smooth Actin a-Smooth muscle (a-SMC) actin is an isoform typical of contractile
Immunostaining SMC:s that is present in high amounts in microfilament bundles of
Protocol for SMC vascular SMCs (VSMCs) and in pericytes (cells surrounding small
vessels, such as capillaries), thus representing the contractile capac-
ity of these cell types. a-SMC actin is considered one of the best

Fig. 3 Immunostaining of endothelial cells in the mouse atherosclerotic lesions. Frozen sections were prepared
from the aorta of ApoE-/- mice fed Western diet for 16 weeks. Left. Confocal images of CD31 immunofluores-
cent stain. Red: Nuclei are stained blue with DAPI and overlaid with CD31 in the bright-field image. L lumen.
P Menon and E. Fisher, unpublished data



3.9 Troubleshooting
Strategies

3.9.1 Tissue Detachment
from Slides
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markers of VSMCs. Other markers for VSMCs include myosin
heavy chain, a-tropomyosin, and calponin [9, 10]. Normally,
a-SMC actin stains the medial layer of an artery, but staining can be
found within complex atherosclerotic plaques because of migra-
tion of VSMC from the media. Note though that the differentia-
tion status of intimal VSMCs can change and the expression of any
marker of the contractile state can therefore decrease during
atherosclerosis. The protocol outlined below will be for a-SMC
actin immunostaining in frozen sections, but a similar design can
be used for any VSMC marker using the appropriate primary and
secondary antibodies.

1. Follow steps 1-10 outlined in Subheading 3.5 for frozen
sections.

2. Incubate sections with mouse monoclonal a-SMC actin antibody
diluted 1:400 in blocking solution (1 h or overnight at 4 °C in
a humidified chamber) (see Note 9).

3. Rinse in PBS, three changes, 5 min each.

4. Add biotinylated anti-mouse secondary antibody diluted to
1:200 in PBS. Incubate for 30 min at RT in a humidified
chamber.

5. Rinse in PBS, three times, 5 min each.

6. Add Vectastain ABC peroxidase solution and incubate sections
for 30 min at RT in humidified chamber (see Note 10).

7. Rinse in PBS, three times, 3 min each.

8. Stain slides with DAB peroxidase substrate for 2-5 min till the

desired intensity. Prepare the DAB solution just prior to use
(see item 42 in Subheading 2 and Note 11).

9. Counterstain for 1-2 min with 1x hematoxylin. Wash slides in
ddH,O. Perform an extra wash to remove excess stain.

10. Dehydrate and mount with cover slip as described for CD68
staining in Subheading 3.6, steps 10-13.

Using this protocol, membrane /cytoplasmic stain of a-smooth
muscle actin is observed. An example of smooth muscle a-actin
immunostaining is shown in Fig. 4.

Antibody standardization for IHC applications can be challenging,
especially in a mouse aorta where tissue surface area is small.
The following troubleshooting protocol assumes that aortic tissues
are frozen sections and fixed in acetone.

1. Use poly-L-lysine-coated glass slides to increase adherence.

2. Inadequate fixing of sections: Increase fixing time in acetone.
Rinse well with PBS to remove residual acetone. Inadequate
or over fixing will impair the binding of primary antibody to
specific epitopes.
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3.9.2 High Background

L

Fig. 4 Immunostaining of smooth muscle cells in the mouse atherosclerotic lesions.
Immunostaining of smooth muscle a-actin (red stain) in atherosclerotic lesions of
ApoE-/- mice fed Western diet for 16 weeks. L lumen, /intima, M media. Note the
two positive areas, at the bottom of the section, where the bands of the internal
elastic laminae are visible, are the VSMC in the medial layer (M) of the artery. In the
intimal area () are VSMCs that migrated from the media and continue to express
smooth muscle a-actin. From Rong JX et al. Circulation.2007; 104.2447-2452

3. Drying out of tissues: Incubate sections in a humidified chamber
throughout the staining process to prevent tissues from drying.

4. Transfer slides gently between washes to avoid sections from
coming oft the slides.

1. Endogenous enzyme activity not quenched (for peroxidase-based
detection on antigen-epitope complexes): Block endogenous
activity by increasing the incubation time or the concentration
of the blocking reagent.

2. When using normal serum as blocking reagent, make sure that
it is from the same species in which the secondary antibody is
generated. For example, normal goat serum is used as a blocking
reagent when the secondary antibody is generated in goat.
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in Samples
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Alternatively, if high background still persists, DAKO protein
block serum-free reagent can be used.

. Primary antibody concentration is too high: Decrease the

concentration and/or incubation time, and/or increase wash
times.

. Secondary antibody concentration is too high: Decrease the

concentration and/or incubation time, and/or increase wash
time. Secondary antibodies can sometimes recognize endoge-
nous tissue immunoglobulins. To rule out false-positive results,
run control experiments in which tissue sections are incubated
with secondary antibody only to observe background stain
(see Note 8).

. Chromogen concentration is high (for enzyme-based detection

systems): Reduce concentration and incubation time.

. Buffer washes are not sufficient: Add an extra wash or extend

the time of each wash.

. Counterstain stain too strong: decrease incubation time or

increase wash time. Counterstains can sometime obscure the
THC reaction. Use a counterstain that does not interfere with
the IHC staining.

. Over or under--fixed tissue: Optimize fixing protocol by

increasing/decreasing fixing times.

. Primary antibody concentration is too low: Increase concen-

tration or incubation time, or both.

. Secondary antibody concentration is too low: Increase concen-

tration or incubation time, or both.

. Chromogen incubation time is too short: Increase incubation

till desired intensity is obtained.

4 Notes

. Typically a mouse based on deficiency of either apolipoprotein E

(apoE-/-) or the LDL receptor (LDLr-/-), or their variants,
is fed a high-fat and cholesterol-enriched diet (Western diet)
for a period long enough to develop the desired stage of athero-
sclerosis to be studied. In our lab, we use a 16-week diet period
so that the lesions that develop are complex and similar to those
in people with coronary artery disease, with multiple cell types
present and with a necrotic core beginning to form [11, 12].

. Mouse aorta embedding and processing is a critical step to get

consistent results. All aortic tissues (control and experimental)
should be processed exactly the same way since variations in
this process can lead to inconsistencies.
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. Frozen tissues can be prepared by embedding them in OCT

compound before freezing them quickly in the presence of
isopentane on dry ice. Tissues can be snap-frozen. This method
is beneficial especially when tissues are used for detecting post-
translational modifications of proteins, such as phosphorylation.
Frozen tissue sections fixed in acetone are also frequently used
when direct or indirect immunofluorescence is the detection
method of choice, in cases where formalin fixation can some-
times produce weaker results depending on the antibody.

. Molds with frozen tissues can be stored at —-80 °C for up to

1 year. They can then be trimmed and cut into cryosections
with the help of a cryostat. They can be re-processed in ace-
tone and re-hydrated in buffer before IHC. One of the pri-
mary reasons for using frozen tissue or sections is a faster
examination that eliminates the time required for processing
and de-waxing compared to paraffin sections. Moreover, fro-
zen tissue sections are typically fixed using acetone or alcohol,
thus avoiding the requirement to retrieve epitopes masked by
formaldehyde cross-linking in paraffin sections. More impor-
tantly, RNA isolation can also be performed by LCM in frozen
sections if gene expression profiling is necessary. In paraffin
sections, antigen-retrieving methods can sometimes destroy
the epitopes, thus making the antibodies unusable.

. Paraffin embedding is the best method to preserve tissue

morphology. However, before embedding, tissues have to be
treated in fixatives like neutral buffered formalin or 4 % para-
formaldehyde in PBS overnight at 4 °C. Inadequately fixed
tissues can dehydrate during tissue processing, resulting in
hard and brittle specimens. Once embedded in paraffin, tissue
blocks can be stored at RT for a long time (i.e., years). Paraffin
sections can then be obtained by cutting the tissue blocks with
the help of a microtome. As noted above, two limitations of
paraffin sections are that it is hard to isolate RNA (though
special kits are now available), and antigen retrieval processes
can sometimes destroy the epitope of interest.

. Antigens can become masked during the preparation of the

tissue. In such cases, “antigen retrieval” methods are used to
achieve better access to the epitopes recognized by the primary
antibody. The method of antigen retrieval usually depends on
the target antigen and the type of antibody used.

. The presence of endogenous peroxidases in the tissue can

severely limit the interpretation of immunoperoxidase staining in
frozen tissues. Hence it is necessary to quench the endogenous
peroxidase activity in aortic tissue sections.

. Negative control experiments to rule out false-positive results

due to unspecific binding of primary and secondary antibodies
or to artifacts of the detection system, as well as positive control
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experiments should be performed for all IHC studies. Different
non-mutually exclusive strategies can be used for negative
control studies, such as incubating with isotype-matched
immunoglobulins instead of adding primary antibodies, or
omitting the secondary antibody. For positive control experi-
ments, IHC should be performed with sections of a tissue
known to contain the cells of interest. Control tissue should be
from the same species as the experimental tissues.

9. Incubation time for the primary antibody usually depends on
the antigen of interest. The protocols outlined here are based
on a default incubation time of 30-60 min. When increasing
or decreasing the antibody concentration, incubation times
may have to be adjusted accordingly. To obtain best results, it
is recommended that each user performs titration assays to
determine the optimum primary working dilution of both the
primary and secondary antibodies.

10. The ABC reagent is best when freshly prepared. Allow 30 min
at RT for complex formation before incubation with sections.

11. Incubation time with DAB depends on several factors, including
the concentration and incubation time of antibodies used and
the amount of the antigen of interest present in the tissue.
Optimize time accordingly to prevent over staining and high
background. DAB gives a brown reaction product. If a black
reaction product is required, add one drop of nickel solution
to the DAB solution. The solution should be prepared fresh.
DAB and nickel chloride are toxic and carcinogenic; therefore
gloves, eye protector, and lab coat must be worn while per-
forming the experiment. Dispose according to institutional
regulations.
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Chapter 10

Immunostaining of Lymphocytes in Mouse
Atherosclerotic Plaque

Anton Gistera and Daniel F.J. Ketelhuth

Abstract

Immunostaining can be defined as a method for identification of constituents in situ, ¢.g., proteins, using
specific antigen—antibody interactions, visualized by color or fluorescence. In experimental research of
atherosclerosis, immunostaining is a key method used for the characterization of the cellular composition
in the atherosclerotic plaques. This includes the quantification of macrophages, smooth muscle cells, and
lymphocytes—especially T lymphocytes. In this chapter we focus on basic protocols for characterization of
lymphocytes and /or local T lymphocyte-related antigens in mouse atherosclerotic lesions.

Key words Immunostaining, Immunohistochemistry, Immunofluorescence, Lymphocytes,
T lymphocytes, Atherosclerosis

1 Introduction

Atherosclerosis is a chronic inflammatory condition initiated by
retention and accumulation of apolipoprotein B100 (ApoB100)-
containing lipoproteins in the artery wall, in particular LDL, lead-
ing to maladaptive responses of macrophages and lymphocytes and
the formation of atherosclerotic plaques [1].

Different genetically modified mice are fundamental instru-
ments for experimental atherosclerosis research, e.g., Apoe”~ and
Ldlr7~ mice. These models simulate the human disease and are the
most commonly used experimental models of atherosclerosis, initi-
ating the disease with fatty streaks that develop to fibroproliferative
plaques with relative abundance of T lymphocyte infiltration and
necrotic cores [2, 3]. T lymphocytes are in fact found in all stages
of disease, while B lymphocytes only can be occasionally found in
the vessel wall, and are more prevalent in the connective tissue sur-
rounding the advanced atheroma, or where tertiary lymphoid
organs are formed [4, 5].

Immunostaining is a potent method to demonstrate both the
presence and location of particular cells or molecules of interest.

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
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Immunostaining has been instrumental to understand and
characterize the atherosclerotic process. This has led to formula-
tion of new concepts concerning the pathogenesis of atherosclero-
sis, and to proposals of new targets for prevention, diagnosis, and
therapy [6]. Immunohistochemistry (IHC) and immunofluores-
cence (IF) are the main immunostaining techniques employed for
the detection of lymphocytes in mouse atheromas. Both techniques
refer to the specific antigen—antibody interactions where the anti-
body can be tagged with a “visible label,” e.g., an antibody tagged
with an enzyme that catalyzes the formation of a precipitate from a
specific substrate in situ, and which can be visualized by light
microscopy; or a “fluorescent label,” e.g., an antibody tagged with
a fluorochrome that emits light after being excited with light of a
certain wavelength, and can be visualized by fluorescent or confo-
cal microscopy.

This chapter describes the IHC and IF methods for the detec-
tion, characterization, and quantification of lymphocyte-related
antigens in mouse atherosclerotic plaques: CD3, pan T lympho-
cyte marker; CD4, T-helper lymphocyte marker, CD8, T-cytotoxic
lymphocyte marker; FoxP3, regulatory T lymphocyte (Treg)
marker; TA® (H2b haplotype of MHC-II), cell surface molecule
needed for antigen presentation to T-helper CD4 lymphocytes,
and CD19, B lymphocyte marker. Further, a short description for
standardized tissue preparation is provided.

2 Materials

Prepare all solutions using ultrapure water (prepared by purifying
deionized or distilled water, typically 18.2 MQ-cm at 25 °C), and
analytical grade reagents.

1. Mounting medium for cryosectioning (e.g., Tissue-Tek
O.C.T.—Optimal Cutting Temperature—compound, Sakura)
(see Note 1).

2. Microscope slides: ready-to-use microscope slides are sug-
gested for the described protocols (e.g., Menzel-Glizer
SuperFrost Plus—Thermo Scientific).

3. Fixation reagent: Pure ice-cold acetone.

4. Peroxidase-antiperoxidase (PAP) pen for immunostaining
(5 mm tip width).

5. Rinsing buffer: Tris-buffered saline (TBS—50 mM Tris—Cl,
150 mM NaCl), pH 7.6.

6. Staining buffer: 5 % horse serum in rinsing buffer (see Note 2).

7. Quenching solution: 0.3 % hydrogen peroxide solution in rins-
ing bufter (see Note 3).
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8.

9.

10.

11.

12.

13.

14.

15.

16.

17.
18.

Immunostaining of Lymphocytes in Mouse Atheroma 151

Avidin and biotin blocking solutions (e.g., Avidin/Biotin
blocking kit, Vector).

Avidin-biotin complex (e.g., Vectastain ABC kit, Vector)
(see Note 4).

Developing solutions: For example, 3, 3’-diaminobenzidine
(DAB) peroxidase substrate kit—brown color (Vector); Nova
Red substrate kit—red color (Vector) (see Note 5). All neces-
sary reagents are provided in the kits. DAB solution is prepared
by mixing 468 pl ultra-pure H,O, 8 pl bufter, 16 pl DAB, and
8 pl H,O,, or as specified by the manufacturer. Nova Red solu-
tion is prepared by mixing 464 pl ultra-pure H,O, 12 pl reagent
1, 8 pl reagent 2, 8 pl reagent 3, and 8 pl H,O,, or as specified
by the manufacturer.

Hematoxylin solution: Hematoxylin QS (Vector), or Mayer’s
Hematoxylin solution (see Note 6).

Dehydration solutions: 95 and 99 % ethanol solutions in ultra-
pure water, and pure Xylene (see Note 7).

Mounting media: For example, Pertex (Histolab), rapid dry-
ing mounting medium; or Kaisers Glycerinegelatine (Merck),
water-soluble mounting medium (see Note 8).

Autofluorescence blocking solution: 0.03 % Sudan Black in
70 % ethanol.

4’, 6-Diamidino-2-phenylindole (DAPI) working solution:
DAPI (e.g., D8417, Sigma) diluted 1:20,000 times in Rinsing
bufter (see Note 9).

Fluorescence mounting medium (e.g., S3023, Dako).

Sealing agent: Transparent nail polish.

Primary and secondary antibodies: Suggested primary anti-
bodies are described in Table 1, secondary antibodies in
Table 2, and streptavidin conjugates in Table 3 (se¢ Note 10).

Suggested primary antibodies to evaluate lymphocyte-related antigens

Target antigen Host species (label) Clone Dilution = Comment

Mouse CD3 Hamster 500A2 1:100 Permeabilization step required
Mouse CD4 Rat H129.19 1:100

Mouse CD8 Rat 53-6.7 1:100

Mouse FoxP3 Rat FJK-16s 1:50 Permeabilization step required
Mouse I-Ab Mouse (biotinylated) KH74 1:300

Mouse CD19 Rat 1D3 1:100
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Table 2
Suggested secondary antibodies

Target antibody Host species (label)  Cat. no. Source Dilution

Rat IgG Rabbit (biotinylated) BA-4001  Vector  1:200
Hamster IgG Goat (biotinylated) BA-9100 Vector  1:200

Table 3
Suggested streptavidin conjugates

Target Conjugates Cat. no. Source Dilution
Biotin Streptavidin-DyLight 488 SA-5488  Vector  1:400
Biotin Streptavidin-DyLight 594 SA-5594  Vector  1:400

19. Phosphate-buffered saline (PBS): 1.54 mM KH2PO4,
155.17 mM NaCl and 2.71 mM Na,HPO,, pH 7 .4, sterilized
by autoclaving.

20. Tepid water.

3 Methods

3.1 Sectioning
of Aortic Roots
and Slide Preparation

In order to optimize the results of the immunostaining, the collec-
tion, preservation, and processing of organs should be performed
in a standardized way.

1. After dissection, the hearts should be kept in PBS on ice until
the mounting, or be directly mounted in mounting medium
and being snap frozen. The embedded hearts should be kept at
-80 °C until the cryosectioning is performed.

2. For sectioning of the aortic roots, it is recommended to use
the method described by Nicoletti et al. [7]. Briefly, the prox-
imal 800 pm of the aortic root is serially sectioned on a cryo-
stat, with each section 10 pm thick. “Point Zero,” where the
aortic root begins, is located where the cusps of the aortic
valves start to be visible and is found by sectioning the heart
in an upstanding position in a caudal-to-cranial direction.
From this point, 10 pm thick sections, starting at the
90-880 pm levels (distance from “Point Zero™) are collected
to slides following scheme of Fig. 1. The first 90 pm of sec-
tions are used to adjust the angle to get all three cusps visible
and aligned.
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Formaldehyde fixed slides for Oil Red O (ORO) staining (3 slides)

390 790| [400 800 [410 810
290  690] 1300 700| (310 710
190  590] 1200 600 [210 610
90  490] |100 _500f [110 510

Formaldehyde fixed slides for Picrosirius Red Staining of collagen (8 slides)
130 230 330 430 530 630 730 830

120 220 320 420 520 620 720 820

Acetone fixed slides for IHC and IF staining (16 slides)

180 280 380 480 580 680 780 880
170 270 370 470 570 670 770 870
160 260 360 460 560 660 760 860
150 250 350 450 550 650 750 850
140 240 340 440 540 640 740 840

Fig. 1 Template for aortic root sectioning and organization of slides
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3.2 Tissue Fixation

3.3 Immunostaining

3.3.1 Immunohisto-
chemistry of Acetone-Fixed
Frozen Sections

1.

2.

3.

Immerse the slides into fixation reagent for 10 min on ice
(see Note 11).

Remove the slides from fixation reagent and let them dry, at
room temperature, for 1 h.

After fixation, slides should be stored at -20 °C until staining.

All steps are conducted in room temperature unless otherwise
stated.

1.

10.

11.
12.

13.
14.

15.
16.

17.
18.
19.
20.

Encircle sections on slides with a PAP pen (see Note 12).

2. Equilibrate sections with rinsing bufter for 5 min (see Note 13).
3.
4

. Rinse sections with rinsing buffer, three times for 5 min

Add Quenching solution for 15-30 min (se¢ Note 3).

(see Note 14).

. Incubate sections with avidin solution (from Avidin and Biotin

blocking solution, Vector, item 8 in Subheading 2) for 15 min.
Rinse briefly after incubation.

. Incubate sections with biotin solution (from Avidin and Biotin

blocking solution, Vector, item 8 in Subheading 2) for 15 min.

. Rinse with rinsing bufter, three times for 5 min.

. Block the sections with staining buffer for 30 min. Remove the

excess of staining buffer from sections, but do not rinse the
slides after the incubation.

. Add the primary antibody diluted in Staining buffer

(see Note 15).

Incubate the slides overnight at 4 °C, or 1 h at room
temperature.

Rinse with rinsing buffer, three times for 5 min.

Add secondary antibody (biotinylated) diluted in staining buf-
fer. Incubate the slides for 30 min.

Rinse with rinsing bufter, three times for 5 min.

Incubate sections with avidin-biotin complex for 30 min
(see Note 4).

Rinse the slides with rinsing buffer, three times for 5 min.

Add the developing solution of your choice. Color develop-
ment takes typically 3-10 min with DAB solution, and
5-15 min with Nova Red solution (se¢ Note 16).

Rinse the sections with ultra-pure water.
Stain with hematoxylin for 30-60 s (se¢ Notes 6 and 17).
Rinse with tepid tap water (see Note 17).

Dehydrate the sections by adding the slides into 95 % ethanol
solution for 5 min. Next, transfer the slide to 99 % ethanol
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- Lumen o IA®

- Atheroma < |

Fig. 2 Sample photomicrographs of immunostained acetone-fixed aortic root sections from Apoe~-mice. (a)
Shows CD4, and (b) IA® immunostaining of acetone-fixed cryosections. Cell nuclei are stained in blue by hema-
toxylin. Positive examples of DAB-stained cells (brown) are indicated with arrows. Images were acquired using
a light microscope at 200x magnification

21.

solution for an additional 5 min. Lastly, transfer the slides to
pure xylene for 1 min.
Carefully add mounting medium to the slides in order to avoid

air bubble formation. Cover the slides with cover slips and let
them dry for 24 h, in a ventilated hood.

22. Analyze the slides using a light microscope. Representative

THC stainings of CD4 and IA® are shown in Fig. 2.

3.3.2  Immunofiuore- All steps are conducted at room temperature unless otherwise
scence Staining stated.

of Acetone-Fixed Frozen
Sections

1.

10.

Encircle sections on slides with a PAP pen (see Note 12).

2. Equilibrate sections with rinsing bufter for 5 min (se¢ Note 18).
3.
4

. Rinse sections with rinsing buffer, three times for 5 min

Add quenching solution for 15-30 min (se¢ Note 3).

(see Note 14).

. Incubate sections with avidin solution (from Avidin and Biotin

blocking solution, Vector, item 8 in Subheading 2) for 15 min.
Rinse briefly after incubation.

. Incubate sections with biotin solution (from Avidin and Biotin

blocking solution, Vector, item 8 in Subheading 2) for 15 min.

. Rinse slides with rinsing buffer, three times for 5 min.

. Block the sections with staining buffer, for 30 min. Remove

the excess of staining buffer from sections, but do not rinse the
slides after the incubation.

. Add the primary antibody diluted in staining buffer

(see Note 15).

Incubate the slides overnight at 4 °C, or 1 h at room
temperature.
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11.
12.

13.
14.

15.
16.
17.
18.
19.
20.

21.

22.

Rinse with rinsing buffer, three times for 5 min.

Add secondary antibody (biotinylated) diluted in staining buf-
fer. Incubate the slides for 30 min.

Rinse with rinsing buffer, three times for 5 min.

Add streptavidin fluorochrome conjugates diluted in staining
buffer. Incubate the slides for 45 min (se¢ Notes 18 and 19).

Rinse with rinsing bufter, three times for 5 min.

Add autofluorescence blocking solution for 5-15 min.
Rinse the slides with rinsing buffer, three times for 5 min.
Incubate with DAPI for 20 min.

Rinse with rinsing bufter, three times for 5 min.

Add fluorescence mounting medium to the slides, and be care-
ful to avoid air bubble formation. Cover the slides with cover
slips and let them dry for 24 h.

Surround the cover slip with sealing agent and store the slides
at 4 °C.

Analyze the slides using fluorescence or confocal microscope.

4 Notes

. The O.C.T. mounting medium contains water-soluble glycols

and resins, which provides a supportive matrix for cryostat sec-
tioning, it surrounds but do not infiltrate the tissue, and leaves
no residue on slides during the staining procedure. It freezes at
approximately -20 °C. Paraffin-embedded tissues are easier to
cut and preserve better their morphology. However, it is not
recommended to perform immunostaining of lymphocytes on
paraffin-embedded tissues using the described protocol.

. Prepare as much staining buffer as you need for your experiment.

The solution is stable for 1 week at 4 °C. It is advisable to store
frozen horse serum aliquots at —20 °C that can be quickly thawed
for the preparation of the staining solution. Frozen horse serum
aliquots are stable for at least 6 months at —20 °C. Do not refreeze
serum remains. Staining of some antigens requires cell permeabi-
lization with the addition of 0.1 % Tween to the staining buffer
(1 ml Tween-20 in 1000 ml staining buffer).

. Endogenous peroxidase activity is blocked by treatment of tis-

sue sections with hydrogen peroxidase prior to incubation with
HRP, which reduces the staining background. Cell surface
markers such as CD4 could be destroyed during the hydrogen
peroxide quenching, therefore it is only recommended to use
a low concentration of it, diluted in rinsing buffer. Note that
precaution is needed in order to handle and use hydrogen



10.

11.

12.
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peroxide. The incubation time with the quenching solution
can be determined visually—quenching can be considered fin-
ished when the formation of gas bubble diminishes.

. Vectastain ABC kit (Vector) contains the reagents required for

the preparation of the complex. The Complex should always
be freshly prepared, at least 30 min prior to its use, following
the manufacturer’s instructions.

. DAB is toxic and harmful; be sure to work in adequate venti-

lated environment, and wear eye protection and chemical-
resistant gloves. When choosing which Developing solution to
use, it should be noticed that Nova Red is less toxic than DAB.

. Hematoxylin QS provides ready-to-use solution in a drip-type

bottle, which facilitates its direct application to the sections in
the slide. This is convenient when staining small batches of
slides. For larger slide batches, the use of Mayer’s Hematoxylin
is reccommended.

. Xylene is an aromatic solvent, flammable of modest acute tox-

icity. Its handling should be conducted in a fume-hood.

. Kaisers Glycerinegelatine is a water-soluble mounting medium.

It eliminates the need for dehydrating the slides, which can
damage some developing solutions (not DAB and Nova Red).
This mounting medium does not preserve the hematoxylin
staining adequately over time. Therefore, the use of Pertex is
preferable. Further, the low viscosity of Pertex can prevent the
formation of air bubbles that interferes with analysis.

. DAPI is a fluorescent dye that binds to DNA and stains the

nucleus of cells. DAPI has absorption maximum at 358 nm
and its emission maximum at 461 nm.

Dilution recommendations are given in the tables. Indeed, all
antibodies should be tested individually when setting up the
method. It is suggested to perform serial dilutions of the pri-
mary antibodies, e.g., 1:100, 1:200, 1:400, 1:800, and 1:1600,
and select the best dilution based on the intensity and specific-
ity of the stainings.

For immunostaining of lymphocytes, acetone fixation of the
sections is strongly recommended. Formaldehyde (4 % aque-
ous solution, phosphate buffered) is another convenient fixa-
tion reagent, but it creates cross-linking of amino groups which
most often destroys the epitopes recognized by the antibodies
described in this protocol. Nevertheless, formaldehyde is the
fixation of choice for Oil Red O staining of lipids and Picrosirius
Red staining of collagen (Fig. 1).

PAP pen provides a water repellant barrier to define the area of
staining which is especially important for the staining of mul-
tiple targets on slides with multiple sections. The PAP pen
markings are removed in xylene, used in the dehydration step.
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13.

14.

15.

16.

17.

18.

19.

Use a pipette to add 50-70 pl liquid per section. Make sure
that the whole section is covered—the tissue section should
never dry out during the staining procedure.

Always use large amounts of rinsing buffer. Remove the prior
reagent by carefully dripping some rinsing buffer over the sec-
tion with a pipette before putting slides in a common beaker
filled with rinsing buffer. This step needs to be very carefully
performed after the primary antibody incubation.

IA® staining described in this protocol utilizes a directly conju-
gated biotinylated primary antibody—no secondary antibody
is needed. In case this staining is performed in parallel with
antigens that need secondary antibodies, add staining buffer
“without antibody” during the secondary antibody step.

The incubation times of the developing solutions need to be
adjusted in order to obtain perfect results. It is recommended to
start with a short incubation time with immediate evaluation
under the microscope. If the staining is not satisfactory, con-
tinue the incubation of the slides with the developing solution.
Notice that all slides should be incubated the same time in order
to obtain comparable staining intensity between samples.

Hematoxylin stains negatively charged sites, in particular
nuclear DNA. The acidic hematoxylin solution gives a reddish
hematein staining of the nucleus, which is converted to a blue
complex after washing with water, and gives a good contrast as
a counterstain. For Mayer’s Hematoxylin solution, the recom-
mended staining time ranges between 1 and 5 min. The exact
time needs to be determined by evaluation of the staining
results under a microscope.

Protect the slides from light when performing immunofluores-
cence staining because the fluorochromes will be bleached if
exposed to light. Keep the slides at 4 °C and in the dark if
analysis will be performed later.

Choosing which fluorochrome to use will depend of the avail-
able detection possibilities. In Table 3, two recommendable
fluorochromes are listed. DyLight 488 excited with blue laser,
at 493 nm, emits a green fluorescence, at 518 nm. Dylight 594
excited with an orange laser, at 592 nm, emits a red fluores-
cence, at 617 nm.

Acknowledgements

We gratefully acknowledge Inger Bodin and Linda Haglund for
their technical assistant, standardization, and optimization of
immunostaining methods at our Unit. We thank Konstantinos
Polyzos for preparation of representative micrographs. We thank



Immunostaining of Lymphocytes in Mouse Atheroma 159

Antonino Nicoletti, Xinghua Zhou, Anna-Karin Robertson, and
Inger Bodin for the implementation of the laboratory’s sectioning

protocol.

References

1.

Hansson GK (2005) Inflammation, atheroscle-
rosis, and coronary artery disease. N Engl ] Med
352:1685-1695

. Nakashima Y, Plump AS, Raines EW et al (1994)

ApoE-deficient mice develop lesions of all phases
of atherosclerosis throughout the arterial tree.
Arterioscler Thromb 14:133-140

. Ishibashi S, Goldstein JL, Brown MS et al

(1994) Massive xanthomatosis and atheroscle-
rosis in cholesterol-fed low density lipoprotein
receptor-negative mice. J Clin Invest 93:
1885-1893

. Ketelhuth DF, Hansson GK (2011) Cellular

immunity, low-density lipoprotein and athero-

sclerosis: break of tolerance in the artery wall.
Thromb Haemost 106:779-786

. Zhou X, Stemme S, Hansson GK (1996)

Evidence for a local immune response in athero-
sclerosis. CD4+ T cells infiltrate lesions of
apolipoprotein-E-deficient mice. Am ] Pathol
149:359-366

. Libby P, Ridker PM, Hansson GK (2011)

Progress and challenges in translating the biol-
ogy of atherosclerosis. Nature 473:317-325

. Nicoletti A, Kaveri S, Caligiuri G et al (1998)

Immunoglobulin treatment reduces atheroscle-
rosis in apo E knockout mice. J Clin Invest
102:910-918






Chapter 11

Flow Cytometric Analysis of Inmune Cells
Within Murine Aorta

Breanne N. Gjurich, Parésa L. Taghavie-Moghadam,
and Elena V. Galkina

Abstract

The immune system plays a critical role in the modulation of atherogenesis at all stages of the disease.
However, there are many technical difficulties when studying the immune system within murine aortas.
Common techniques such as PCR and immunohistochemistry have answered many questions about the
presence of immune cells and mediators of inflammation within the aorta yet many questions remain unan-
swered due to the limitations of these techniques. On the other hand, cumulatively the flow cytometry
approach has propelled the immunology field forward but it has been challenging to apply this technique
to aortic tissues. Here, we describe the methodology to isolate and characterize the immune cells within
the murine aorta and provide examples of functional assays for aortic leukocytes using flow cytometry. The
method involves the harvesting and enzymatic digestion of the aorta, extracellular and intracellular protein
staining, and a subsequent flow cytometric analysis.

Key words Atherosclerosis, Mouse aorta, Flow cytometry, Leukocytes

1 Introduction

Atherosclerosis is characterized by the formation of calcified
plaques in the large- and medium-sized blood vessels due to
changes in lipid metabolism, the activation of vascular wall compo-
nents, and an increased pro-inflammatory immune response within
the aortic wall. Mice are common models for atherosclerotic stud-
ies because of the ease of genetic manipulation and relatively quick
progression of disease, where atherosclerotic plaques can be
detected in aged or high-fat diet-fed animals [1]. However, the
murine model also poses several challenges for immunological
analysis due the size and the number of cells obtained from the
aorta.

The aorta contains a heterogeneous population of endothelial
cells, smooth muscles cells, and leukocytes. Leukocytes play a
pivotal role in modulating disease pathogenesis and inflammation.

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
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Several leukocyte populations and their corresponding subsets
including macrophages, dendritic cells, neutrophils, mast cells, and
T and B lymphocytes reside within the aortic intima, media, and
adventitia [2]. Interestingly, small numbers of leukocytes are found
within healthy, non-inflamed aortas but this number increases with
the progression of atherosclerosis [3]. The change in aortic leuko-
cyte populations is due to altered influx and efflux rates of leuko-
cytes as well as changes in the proliferation and apoptotic rates of
specific leukocyte subsets within the aorta [2]. Thus, it is not only
difficult to identify these small numbers of cells within minimal
amounts of available tissue, but understanding the dynamic pheno-
type and functions of these leukocytes is another challenge.

Techniques such as polymerase chain reaction (PCR) and
immunohistochemistry (IHC) offered a firm foundation for our
understanding of the immunological composition of the aorta.
However, both of these techniques have several limitations that
are further highlighted when studying atherosclerosis in the
murine model. The small quantities of material needed for analysis
makes PCR useful; however, to study the immune composition
several markers are often needed to identify one cell type. On the
other hand, immunohistochemistry offers the ability to use several
cell markers simultaneously to identify single cell populations,
their location within the aortic tissue, and any interacting part-
ners. However, when performing immunohistochemistry on aor-
tic tissue samples, functions of a specific cell population cannot be
explored, and the data is only semiquantitative, which may be dif-
ficult to analyze when addressing questions focused on small
numbers of cells.

With the advancements of flow cytometry, studying the
immune composition of mouse aortas has become increasingly
feasible. Flow cytometry provides a method to identify and quan-
tify subpopulations within a heterogeneous sample. Additionally,
flow cytometry can be used to analyze certain functional proper-
ties of cells such as proliferation, apoptotic state, or cytokine pro-
duction. Flow cytometry has been successfully used to analyze the
immune response with several solid tissues including kidney, skin,
and heart [4-6]. Several investigators attempted to use flow
cytometry to analyze the aorta, but remnant tissue debris, high
auto-fluorescence, and loss of cells [7-9] made the analysis chal-
lenging. Recently, Galkina et al. developed a flow cytometry-based
method using a combination of multiple enzymes to analyze aor-
tic leukocytes [ 3]. The use of CD45, a common leukocyte marker,
significantly improved the quality of samples permitting the exclu-
sion of highly autofluorescent non-CD45 vascular cells from leu-
kocyte analysis. Since then, several modifications for this protocol
and varying enzyme combinations were proposed for flow cytom-
etry analysis [10-13].
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Despite the benefits of flow cytometry, this technique also has
limitations, some of which are common with PCR and THC. The
amount of material required for quantification of aortic leukocytes
by flow cytometry is larger than PCR, but like PCR, the specific
location of analyzed cells cannot be identified. Furthermore, the
enzymatic digestion of samples can alter the expression of surface
markers and may increase autofluorescence that must be accounted
for during analysis [9]. Despite these limitations, flow cytometry
allows the simultaneous use of multiple markers to identify a cell
type resulting in a more detailed analysis of the aortic sample.
Additionally, flow cytometry provides quantitative and qualitative
results.

Here, we describe the method to prepare and complete flow
cytometric analysis on leukocytes isolated from atherosclerotic
Apolipoprotein E-null (Apoe”’~) murine aortas (Fig. 1). This
includes harvesting the aorta, treatment by enzymatic digestion,
cell retrieval, flow cytometric preparation, and sample collection,
followed by a detailed description of the analysis performed to
identify the aortic leukocyte populations and potential functional
applications.

2 Materials

2.1 Harvest Aorta

2.2 Enzymatic
Digestion

2.3 Cell Suspension

1. Microdissection tools.

2. Surgical microscope (e.g., Diagnostic Instruments Inc.,
Sterling Heights, Michigan).

3. 1x Phosphate-buftered saline (PBS): 2.7 mM potassium chlo-
ride, 1.5 mM potassium phosphate monobasic, 137.9 mM
sodium chloride, 8.1 mM sodium phosphate dibasic.

4. 2 % heparin diluted in PBS.

5. 12x75 mm, 5 mL polystyrene round-bottom test tube (FACS
tubes).

1. Collagenase, Type 1 (e.g., Worthington Biochemicals,
Lakewood, New Jersey).

2. Collagenase, Type XI (e.g., Sigma Aldrich, St. Louis, Missourt).

3. Deoxyribonuclease I (DNase) from bovine pancreas, type II
(e.g., Sigma Aldrich).

4. Hyaluronidase from bovine testes, type 1-s (e.g., Sigma Aldrich).
5. Water bath.

1. 70 pm nylon cell strainer.
2. Syringe without needle.

3. Table-top, swinging bucket centrifuge 5810R.
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Place
aorta in
2mL
enzyme
cocktail.

Make cell

suspension
using 70m
cell strainer.

Vortex and
centrifuge (spin)
at 1400 rpm for 5
min. Decant. Add
1 mL PBS.

Count cells.
Spin

| <L

remaining
cells in FACS

tube. Decant.

Add Fc block,
incubate 10 min in
dark at RT. Then
add 50 Ul of Ab
cocktail, incubate
20 min in dark at
RT or 40 min at
+4C.

Add 1 mL PBS.
Spin FACS tubes
at 1400 RPM for 5
min. Decant.
Repeat.

— c— — —— € |z €&~ — €

Fix in 100 pl
of PFA and

store at4 C,
or run flow
cytometry

immediately.

3.1 Harvest of aorta

3.2 Enzymatic digestion
3.3 Cell Suspension

TIP: Count
leukocyte number.
Change the field of

focus when
counting for better
visual.

3.4 Cell Counts

TIP: Creating a
master mix of the
antibodies creates
less variability
between multiple
samples in the
same FACS run.

3.5 Staining

TIP: If fixing cells in
PFA, make sure
cells are
suspended before
placing them at
4°C, they are less
likely to clump.

Fig. 1 Schematic describing aortic flow cytometry protocol

4. Red blood cell lysis buffer: 155 mM ammonium chloride

(NH,Cl), 10 mM potassium bicarbonate (KHCO3;), and
1.27 mM ethylenediaminetetraacetic acid (EDTA) diluted in
distilled water, pH 7.4. Others are commercially available.



2.4 Cell Gounting

2.5 Extracellular
Staining

2.6 Intracellular
Staining

2.7 Aortic Sample
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. 0.4 % solution Trypan blue.

2. Bright-line hemacytometer.

w

[ I ST NS ]

. Light microscope.

. Fc blocking antibodies (CD16,/CD32).

. Antibodies applicable for flow cytometry.
. Fixable Viability Dye (eBioscience, CA).
. 2 % Paratormaldehyde (PFA).

. RPMI-1640 medium supplemented with 10 % fetal bovine

serum, heat inactivated (FBS), and 1 % penicillin-streptomycin.

. Phorbol 12-myristate 13-acetate (PMA).

Tonomycin calcium salt from Streptomyces Conglobatus.

. Golgi Plug solution containing brefeldin A (BD Biosciences).
. Humidified incubator with CO, tank.
. Cytofix/Perm kit (BD Biosciences).

. Flow cytometry acquisition instrument (e.g., 8-color updated

Acquisition BD FACS Calibur, BD Biosciences/Cytek).
and Analysis 2. FACS tubes with cell strainer caps.

3. Flow cytometry analysis software (e.g., Flow]Jo).
3 Method

3.1 Harvest Aorta

3.2 Enzymatic
Digestion

. After euthanizing the mouse, remove all blood via cardiac

puncture (see Note 1).

. Open the abdominal and chest cavities and gently perfuse the

aorta with PBS containing 2 % heparin to remove blood from
the vessels.

. Carefully remove any surrounding adipose tissue and dissect

aorta (including branches within the arch), keeping the adven-
titia intact (see Note 2).

4. Place aorta in a FACS tube in 2 mL of PBS on ice.

. Collect the spleen to prepare single-control samples for flow

cytometer parameter settings (see step 4 in Subheading 3.3
and step 1 in Subheading 3.5 for details).

. Place 35 pL of enzyme digestion solution in the FACS tube

containing the aorta and 2 mL of PBS. Aortas can be cut into
small pieces to improve digestion of the tissues.

Final enzyme digestion solution concentration (diluted in
PBS) is:
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3.3 CGCell Suspension

3.4 Cell Counts

3.5 Extracellular
Staining

450 U/mL collagenase type 1.
125 U/mL collagenase type XI.
60 U/mL hyaluronidase type I-s.
60 U/mL DNase-I.

. Incubate for 45-60 min at 37 °C, and cover tubes with caps

(see Note 3).

. Use 70 pm cell strainer and syringe to release cells from

digested aortic tissue returning cells to FACS tube.

. Centrifuge at 368 rcfat 4 °C for 5 min, and then decant super-

natant (see Notes 4 and 5).

. Resuspend in 1 mL of PBS and place on ice.

4. For splenic tissue: Prepare single-cell suspension using a 70 pm

cell strainer, remove red blood cells using lysis buffer, wash
cells twice with PBS, then centrifuge, and decant as done with
aortic samples. Resuspend in PBS.

. Pipet or vortex the cell suspension to ensure that it is

homogenous.

. Count the number of aortic leukocytes using trypan blue to

exclude nonviable cells.

. Calculate the number of aortic leukocytes (see Note 6).

4. Centrifuge cells at 368 rcf, 4 °C for 5 min and then decant

supernatant (see Note 5).

. Following the same procedure, count the number of splenic

leukocytes.

. See Note 7 for an explanation of the appropriate controls

to use.

. Ifinterested in intracellular staining, see Subheading 3.6 before

proceeding with extracellular staining.

. Perform staining on aortic cell suspension using a standard

flow cytometry protocol. Briefly, incubate 1.0-1.5x10° cells
with 10 pg/ml of Fc blocking buffer (see Note 8) (0.5-1.0 x 10¢
splenic cells should be used for each control sample).

. Incubate for 10 min at room temperature to inhibit nonspe-

cific binding of antibodies.

. Add antibodies of interest at appropriate dilutions to 100 pL of

diluted Fc blocking buffer and briefly vortex (see Notes 8-12).

. If completing the viability staining, incorporate with the extra-

cellular antibody staining here.

. Incubate samples in the dark for 20 min at room temperature

or 40 min at 4 °C.



3.6 Intracellular
Cytokine Staining

3.7 Aortic Sample
Acquisition

10.
11.
12.
13.
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. After the antibody incubation, add 1 mL of PBS to wash.
. Centrifuge at 368 rcf at 4 °C for 5 min and decant the super-

natant (see Note 5).

Repeat steps 8 and 9.

If completing intracellular staining, go to Subheading 3.6.
After washing, fix cells in 100 pL of 2 % PFA (see Note 13).
Store overnight at 4 °C in the dark (see Note 14).

. After counting cells, resuspend cells in FACS tube or cell cul-

ture plate with RPMI-1640 medium supplemented with 10 %
FBS and 1 % Penicillin /Streptomycin.

. Add to the medium 10 ng/mL PMA, 500 ng/mL ionomycin

C, and 500 ng/mL Golgi Plug (final concentrations in
medium) to stimulate cytokine production.

. Plate cells at a concentration of 1x 10° cells/mL.

4. Incubate at 37 °C with 5 % CO, for 5 h.

11.

. If incubating in a cell culture plate, wash and remove cells,

placing them in FACS tube.

. Centrifuge at 368 rcf for 5 min in 4 °C, and then decant the

supernatant (see Note 5).

. Wash the cells once with PBS.
. Centrifuge at 368 rcf for 5 min in 4 °C and decant the super-

natant (see Note 5).

. Stop here and complete Subheading 3.5.
10.

After completing extracellular staining without fixation, use
CytoFix/Perm kit to prepare cells for intracellular cytokine
staining (follow the manufacturer’s protocol and see Note 8).

After BD protocol completion, fix cells in 2 % PFA
(see Note 14).

. Set up flow cytometer and settings according to the manufac-

turer’s protocol (see Note 15) and filter the samples using the
cell strainer.

. Use unstained and single samples prepared from the spleen to

set the appropriate forward (FSC) and side (SSC) scatter as
well as gain values for the fluorescent channels to depict clear
negative and positive populations for each fluorophore used.
Then, begin collecting control samples (see Note 17).

. Run samples of interest (see Notes 16-19). For aortic samples,

first ensure that the FSC and SSC thresholds are set appropri-
ately (Fig. 2).

. When sample volume reaches lower limit, add sheath fluid to

sample, briefly vortex, and place back for collection. Continue
collecting cells to ensure that all cells are recorded (see Note 19).



168 Breanne N. Gjurich et al.

3.8 Analysis

Correct Incorrect
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Fig. 2 Setting of appropriate FSC and SSC for aortic tissue sample. FSC and SSC
can be slightly altered between different tissue samples. Depicted here are rep-
resentative FACS plots of the FSC and SSC of aortic cell suspensions, in which
different gains were used to set up FSC/SSC parameters. (Leff) Correctly posi-
tioned leukocytes between 50 and 100 K on FSC and between 25 and 50 K on
SSC versus (right) incorrect positioning where the leukocyte population is shifted
too much to the right

1. Using flow cytometric analysis software set the appropriate
compensation values using the single controls.

2. For the aortic samples, gate out cellular debris less than ~40 K
on the FSC axis (Fig. 3a, Plot #1).

3. From the gated cells, identify CD45* cells as leukocytes (Fig. 3a,
Plot #2) using the unstained aorta and/or the CD45 isotype
control staining (Fig. 3a, Plot #4) as control references.

4. Once appropriately identified, check the FSC and SSC of the
CD45* gated cells and again gate out cellular debris less than
40 K on the FSC axis (Fig. 3a, Plot #3).

5. If viability staining was used, identify all live cells (Fig. 3b, lef?).
A sample that was heat shocked at 70 °C can be used as a posi-
tive control to set the appropriate gates (Fig. 3b, right).

6. Begin analyzing the aortic immune composition by first estab-
lishing where the populations are located on the FACS plots
using the isotype and FMO gates (Fig. 4, right panels). Apply
these gates directly to the samples of interest. Total leukocyte
populations can be detected from the CD45* population
(Fig. 5) and more specific analysis of leukocyte subset popula-
tions can be detected using additional markers (Figs. 4 and 5)
(see Note 20).

7. If cell types express various levels of a specific marker of inter-
est, use the histogram feature to identify low/intermediate/
high populations (see Fig. 4c¢).
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Fig. 3 Initial gating scheme for aortic cell samples (a) (1) Gate out events that are
less than 40 K on the FSC axis. (2) Next, establish the gate for CD45 positive
staining using the unstained aortic sample and/or isotype control staining for
CD45 in aortic tissues (see Fig. 3a (4) as an example). (3) From the established
CD45* population, gate out additional events that are less than 40 K on the FSC
axis. (b) To avoid high autofluorescent background and nonspecific staining for
aortic cells, a viability dye can be used. (Leff) Representative FACS plot for aortic
sample with Fixable Viability Dye ef506 demonstrates 68.2 % of viable aortic
cells within the analyzed sample. (Righf) Gates for nonviable and viable cells can
be determined by using heat shocked positive control sample
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Fig. 4 Characterization of several subpopulations of leukocytes within the murine
aorta. Flow cytometric analysis of aortas allows analyzing the distribution of
leukocyte subpopulations within the murine aortas using both extracellular and
intracellular markers. Aortic cell suspensions were prepared from a whole Apoe~~
aorta and stained with various antibodies against CD45, CD4, IFNy, CD19, IgD,
CD5, CD43, CD11b, and Ly6C. Cells were gated on CD45* cells and debris
was excluded based on the FSC/SSC profiles. (@) To distinguish the T helper 1
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Fig. 5 Variety of immune cells present within the murine aorta. Identification of
several leukocyte subpopulations and the characterization of the immune com-
position of the aorta can be provided by flow cytometry. Aortic cell suspensions
were prepared from a whole Apoe~~ aorta (as we described in the text) and
stained for CD45, TCRap, CD19, and CD11b. Cells were gated on CD45* leuko-
cytes and debris was excluded based on the FSC/SCC profiles. Representative
FACS plot of aortic cells isolated from Apoe~- aortas stained with (a) anti-TCRap,
CD19, and (b) anti-CD11b Abs. Gates set up are based on FMO and isotype con-
trols (not shown). (c) Composition of immune cells (%) in aortas of 40-50-week-
old Apoe~~ mice (n=12)

<

Fig. 4 (continued) subset (Th1) of CD4+ cells within Apoe~- aortas, PMA-
stimulated CD4+ cells were stained with anti-IFNy antibodies (/eff) and analyzed
based on isotype control staining (righ?). (b) Detection of several B cell subsets
within Apoe~- aortas. Regulatory B cells are identified as CD19+CD5*IgD", then
gated as CD43-, whereas B1a are CD43" cells. Gating is determined by isotype
staining (righd. (¢) Distinction of monocyte subsets within CD11b* population.
Pro-inflammatory monocytes were identified as Ly6C" myeloid cells and Ly6C°"
myeloid cells as patrolling monocytes. Positive Ly6C staining is based on isotype
control staining [14]
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Fig. 6 Functional applications of flow cytometry on aortic tissue. (a) L-Selectin-
sufficient and -deficient splenic B cells were individually labeled with carboxy-
fluorescein succinimidyl ester (CFSE) and CellTrace Violet (Invitrogen),
respectively, and then intravenously injected via tail vein into a 50-week old
Apoe~- recipient fed chow diet. After 16 h post-injection, aortas were harvested
and stained with antibodies against CD45 and CD19. Migrated L-selectin-
sufficient B cells were identified as CD45+*CD19+*CFSE* and L-selectin—deficient
B cells as CD45+*CD19+CellTrace Violet* (/eff). The migration is analyzed by gates
set from a non-injected mouse (right). (b) 50-week-old Apoe~- mice were intra-
peritoneally injected with BrdU every 12 h, aortas harvested 24 h after the initial
injection. Aortas were digested and aortic cell suspensions were prepared and
stained with antibodies against CD45, CD19, and BrdU (3). Proliferating
CD45*CD19* B cells were identified by positive BrdU staining (/eff) in comparison
to the isotype control (right)

8. For functional assays, the gating scheme will be dependent on
the experimental design (see Fig. 6 for examples of possible
functions of leukocytes measured by flow cytometry).

9. Data can be represented as a percentage or cell number.
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4 Notes

. Additional aortas may need to be harvested to prepare the

appropriate amount of control samples (refer to Note 7 for
details about controls).

. For adventitial removal, the aorta must be incubated in an

enzyme solution [10, 13] to loosen the adventitial layer prior
to the enzymatic digestion referred to in Subheading 3.2.
Avoid freeze-thawing the enzyme solutions as this reduces
their activity.

. Vortex occasionally throughout incubation. If aorta is not

completely digested after 45-60-min incubation, incubate for
another 10 min and check again. When resuspending, it should
not be difficult to break apart the aorta, if it is this is a sign that
the digestion is not complete. Important: Do not over digest.

. After centrifugation, there should be a light hazy pellet at the

bottom of the tube.

. Do not disrupt the pellet while decanting.
6. Typically, a 50-week-old Apoe”~ mouse fed chow diet has

0.91+0.08x10° total aortic leukocytes. This number is
increased in comparison to C57BL/6 mice [3]. If cell num-
bers are low, it may be beneficial to pool several aortas together
to have sufficient numbers for running on the flow cytometer.

. Appropriate controls for flow cytometry:

— Unstained splenic and aortic cell suspensions.

— “Singles”: prepared from splenic cell suspension. Each
tube contains only one fluorophore-conjugated antibody
that is used in the antibody cocktail for the samples of
interest.

- “FMO?” (fluorescent minus one): prepared from aortic cell
suspension. This sample contains all the appropriate fluo-
rophore-conjugated antibodies except one.

— “Isotypes” prepared from aortic cell suspension. This sam-
ple contains all the appropriate fluorophore-conjugated
antibodies, but one is replaced by the appropriate isotype
(containing the same fluorophore) which is recommended
by the manufacturer of each antibody. Be sure to use the
same amount of isotype antibody that is actually used in
the sample of interest.

. To reduce variability, make a master mix for all appropriate

samples for the Fc block and for staining.

. Optimization of the antibody concentration should be deter-

mined prior to staining using practice tissue.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Enzymatic digestion of the aorta does interfere with the
antigen sensitivity of some antibodies [3]. Determine if anti-
gens of interest are affected by enzymatic digestion prior to
experiment.

Prepare all controls (singles, FMOs, isotypes) simultaneously
with samples of interest.

Incorporating a red blood cell marker such as TER-119 will
help to identify levels of blood contamination within the ana-
lyzed samples [3].

Some fluorophore-conjugated antibodies are not stable upon
PFA fixation; test during optimization.

If running within several hours after staining, resuspend cells in
PBS rather than PFA.

For our acquisition, we use an 8-color updated BD FACS
Calibur.

ESC, SSC, and antibody intensity will likely be different
between tissues (Fig. 2).

Vortex each sample prior to running on flow cytometer to
ensure homogeneity.

When starting to collect the first aortic sample, make sure that
the distribution of leukocytes on FSC and SSC looks appropri-
ate. Ideally this is done by using an unstained aortic sample.
Lymphocyte populations are typically set at the following
values: FSC: 50 K, SSC: 25 K (see Fig. 2).

Occasionally run water between samples to clean the
instrument.

In some cases it may be necessary to concatenate several files or
analyzed samples to increase the number of events seen. This
will generate a clearer larger population and is often useful
when studying a small leukocyte population.
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Chapter 12

In Vitro Differentiation of Naive CD4* T Cells: A Tool
for Understanding the Development of Atherosclerosis

Salvador Iborra and Jose M. Gonzalez-Granado

Abstract

A complete knowledge of atherosclerosis requires a better understanding of how innate and adaptive
immunity operate systemically and locally within the arterial wall. T-helper 1 (Thl) lymphocyte responses
have proatherogenic effects in mice, contrasting with the responses of T regulatory cells (Tregs), which can
suppress growth of atherosclerotic lesions. An imbalance in the differentiation of T-helper cells may therefore
impact the development, size, and stability of atherosclerosis plaques. This chapter describes a method to
isolate naive CD4* T cells from atherosclerosis-prone mouse peripheral blood lymphocytes and to differ-
entiate these CD4* T cells in vitro to various T helper cell lineages. These techniques allow the analysis of
T lymphocytes in vitro, a necessary step in the study of molecular mechanisms involved in the inflammatory
responses that trigger atherosclerosis.

Key words T cell differentiation, Th1, Th2, Th17, Atherosclerosis, Immunomagnetic isolation

1 Introduction

Atherosclerosis is the leading cause of morbidity and mortality
worldwide. Accumulated evidence shows that the immune system
is a major contributor to chronic atherosclerotic lesion develop-
ment and the destabilization of established arterial lesions, leading
to acute clinical events such as myocardial infarction and stroke
[1]. Analysis of human and animal lesions and the experimental
manipulation of animal models confirm that atherosclerotic lesions
originate in chronic inflammatory responses to lipoprotein deposi-
tions in the arterial intima. These inflammatory responses are
attributable to the activation of the two main branches of the
immune system, the innate and adaptive immune responses. A full
knowledge of atherosclerosis therefore requires better understand-
ing about how innate and adaptive immunity operate systemically
and locally within the arterial wall at all stages of disease progres-
sion. Important information about the contribution of adaptive
immunity to atherosclerosis has come from several genetically

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
vol. 1339, DOI 10.1007/978-1-4939-2929-0_12, © Springer Science+Business Media New York 2015

177



178

Salvador Iborra and Jose M. Gonzalez-Granado

modified animal models. For example, depletion of CD4* T cells
using monoclonal antibodies in C57BL/6 mice fed a high-fat diet
rich in cholesterol reduces the size of aortic lesions, suggesting a
proatherogenic effects of CD4* T cells [2]. Consistent with this
finding, CD4* T cells are found in early and advanced lesions of
apolipoprotein E-deficient (Apoe7~) mice fed standard chow or a
high-fat diet. These cells express the activation marker CD25
and are surrounded by major histocompatibility complex (MHC)
class II expression in the lesion, suggesting local antigen presenta-
tion to CD4* T cells and their activation within plaques [3].

Naive CD4* T cells are activated upon recognition of a peptide
derived from a cognate antigen presented in the context of class 11
MHC on denderitic cells (DCs). This interaction triggers a process
of division and differentiation into at least four possible T-helper
(Th) cell subsets: Thl, Th2, Thl7, and induced T-regulatory
(iTreg) cells. This classification is based on the pattern of cytokines
these cells produce: Thl cells produce interferon y (IFN-y) and
tumor necrosis factor p (TNFE-f); Th2 cells produce interleukin 4
(IL-4), IL-13, IL-5, and IL-10; Thl7 cells produce IL-17A,
IL-17F, and IL-22; and iTreg cells produce IL-10 and transform-
ing growth factor p (TGF-p) [4]. The fate decision of naive CD4*
T cells towards the distinct Th subsets is determined by a combi-
nation of factors that include the initial profile of cytokines
released by the activated CD4* T cells themselves and cues
from the innate immune system and other cell types present during
the course of differentiation in the early phase of the immune
response [4].

The role of adaptive immunity in atherosclerosis has been stud-
ied by deleting the entire adaptive immune system in atherosclerosis-
prone models such as Apoe’~ or low-density lipoprotein
receptor—deficient (Ldly~~) mice. This is achieved by crossing these
mice with strains lacking B and T cells, for example Ragl”~ or
Ray27~ mice, which lack the V(D)J recombinase required to form
lymphocyte antigen receptor genes, or SCID mice, which carry
mutations in a gene encoding a DNA repair enzyme required for
antigen receptor gene formation. Apoe”~ Ragl~~ or Apoe”’~Rag2"/~
mice fed regular chow have moderate levels of plasma cholesterol
and fewer lesions than the parent Apoe”~ strain [5, 6]. Levels of
atherosclerosis below controls are also found in Apoe~ SCID mice
fed regular chow and Ldlr~ Ray2”~ mice fed a high-fat diet [7].
These studies suggest a significant proatherogenic role for the adap-
tive immune system; however, the approaches used in these studies
removed both the pro- and anti-inflammatory effects of T cells, B
cells, and antibodies, and clarification of the role of individual com-
ponents therefore required more selective genetic manipulations.
Studies in Ldly’~ mice also deficient for the genes encoding I1L-18
[8], IFN-y receptor [9], IFN-y [10], or the Thl lineage-defining
transcription factor T-bet [11] have shown that Thl responses have
a proatherogenic effect in mice. These findings correlate with the
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presence of IFN-y and activated CD4* T cells in human lesions
[12, 13]. Contrasting with this effect, studies in Apoe~ and Ldlr~~
mice show that iTregs suppress atherosclerotic lesion growth [14].
Effects on the growth of atheromas are not limited to Th cell sub-
sets; cytokines themselves also have pro- and anti-atherogenic prop-
erties, as demonstrated by the pro-atherogenic effect of the genetic
ablation of IL-10 in C57BL,/6 mice [15] and of the reconstitution
of irradiated Ldlr/~ mice with I/10~~ bone marrow [16]. Similar
effects have been observed for TGF-f, with the T-cell-restricted
expression of a dominant-negative TGF-f receptor increasing
inflammation and atherosclerosis development in Apoe~~ mice [17].
The development and characterization of additional mouse mod-
els in future years will improve our knowledge of the role of T helper
cells in the pathophysiology of atherosclerosis. The continued use of
tissue culture systems is essential for analysis of the phenotype and
cytokine profile of CD4* Th cells, in order to better define the indi-
vidual roles that these cells play in atherosclerosis. This chapter
describes protocols for the in vitro differentiation of mouse-derived
naive CD4* T cells into polyclonal T helper cells (Thl, Th2, Th17).

2 Materials

All buffers and stock solutions should be prepared with distilled
and deionized water and analytical grade reagents.

1. Phosphate-buffered saline (PBS): 1.9 mM NaH,PO, (anhy-
drous), 8.1 mM Na,HPO, (anhydrous), 154 mM NaCl. Adjust
to pH 7.2-7.4 with 1 M NaOH or 1 M HCI and autoclave or
filter through sterile 0.2-pm filter. Store at room temperature.

2. PBS+BSA + EDTA: PBS containing 0.5 % (w/v) bovine serum
albumin (BSA) and 5 mM EDTA.

3. Complete medium (RPMI + FBS + Na-Pyr +2-ME + Pen /Str):
RPMI-1640 culture medium (RPMI), 10 % (v/v) fetal bovine
serum (FBS), 1 % (v/v) penicillin/streptomycin solution
(Pen/Str), 50 pM 2-mercaptoethanol (2-ME),1 mM sodium
pyruvate (Na-Pyr).

4. Red blood cell lysing buffer: 0.15 M NH4Cl, 10 mM KHCO;,
0.1 mM Na,EDTA.

Adjust to pH 7.2-7.4 with 1 N HCI. Filter through sterile
0.2-pm filter and store at room temperature.

5. Intracellular permeabilization buffer: PBS containing 0.1 %
(w/v) BSA, 0.01 M HEPES, 0.3 % (w/v) saponin.

6. PFA +sucrose: 2 % (w/v) paraformaldehyde, 1 % (w/v) sucrose.
Warm to 60 °C to facilitate dissolution and adjust to pH 7.2—
7.4 with 1 M NaOH.

7. 70 % ethanol.
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8. Scissors (straight or angled).
9. Curved forceps.
10. 60x 15 mm Petri-dish.
11. Frosted microscopy slides.
12. Freshly removed organs from mice.
13. 6-ml syringe with 19-G needle or 70 pm cell strainer.
14. 0.4 % trypan blue (store in dark bottle and filter after pro-
longed storage).
15. Hemocytometer (also known as Neubauer chamber).
16. Light microscope.
17. Streptavidin-coated magnetic microbeads.
18. Magnet (i.e. MACS separator, Miltenyi Biotec).
19. Biotinylated monoclonal antibodies against CD4, IgM, B220,
CD19, MHCII, CDl1c, CD11b, CD44, CD8a, and DX5.
20. Mouse recombinant interleukins (I1L-2, I1.-4), (IL-6), (IL-12).
21. Transforming growth factor p (TGF-p (10 ng/ml).
22. Phorbol 12-myristate-13-acetate (PMA) (10 ng/ml).
23. Ionomycin (1 pg/ml).
24. Brefeldin A (3-10 pg/ml).
25. 6-, 12-,48-, and 96-well plates.
26. 15- or 50-ml disposable conical tubes with screw caps.
27. Fluorescent-labeled primary antibodies against CD4 and CD3.
28. Primary antibodies against CD3, CD28, IL-4, IL-12, and
interferon-y (IFN-y).
29. Centrifuges.
30. Water bath.
31. Cytometer.
32. Cell culture incubator.
33. Cell culture hood.
34. 0.1 % saponin.
3 Methods
3.1 Dissection 1. Euthanize mice by CO, inhalation in a CO, chamber with lid.
of Spleen 2. Place the mice face up on absorbent paper.
and Lymph Nodes 3. Wet the fur with 70 % ethanol to minimize fur entering the
peritoneum.
4. Using forceps, make a skin incision in the abdomen to separate

the skin from the body. Make an incision in the peritoneal wall
to access to the peritoneum.



3.2 Preparation
of Single-Gell
Suspensions

3.3 Removal of Red
Blood Cells

from the Single-Cell
Spleen Preparation

3.4 Viable Cell
Counting by Trypan
Blue Exclusion
(See Note 8)
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. Remove the spleen using forceps.

6. Clean the spleen from the connective tissue and place it in cold

PBS +BSA + EDTA on ice.

. Remove the lymph nodes using curved forceps and place them

in cold PBS + BSA+EDTA on ice (see Notes 1 and 2).

. Place each lymphoid organ in a 60 x15-mm petri dish with

5 ml cold PBS+BSA+EDTA (dish on ice) for single-cell
suspension preparation.

. Disaggregate the tissues (spleen or lymph nodes) by placing

them between the frosted areas of two microscope slides and
applying pressure in a circular motion (se¢ Notes 3 and 4).

. Filter the cell suspension through a 70-pm cell strainer, collecting

the dispersed cells in a 50-ml or 15-ml dispensable conical tube
(see Notes 5 and 6).

. Add 5 ml cold PBS + BSA+ EDTA.
4. Centrifuge for 10 min at 200xy4 at 4 °C and discard the

supc€rnatant.

. Resuspend the pellet in 30 ml (spleen) or 5 ml (lymph node)

cold PBS + BSA+ EDTA.

. Centrifuge for 10 min at 200xyg at 4 °C and discard

supernatant.

. Resuspend the lymph node pelletin4 ml cold PBS + BSA+ EDTA

for counting; resuspend the spleen pellet in 10 ml of cold
PBS+BSA+EDTA for removal of red blood cells (se¢ Note 7).

. Centrifuge spleen suspension for 10 min at 4 °C at 200 x g and

discard supernatant.

. Resuspend the pellet in 1 ml cold erythrocyte lysis buffer and

maintain on ice for 5 min with intermittent manual shaking.

. Add 10 ml of cold PBS + BSA+EDTA.
4. Centrifuge for 10 min at 4 °C at 200xg and discard

supernatant.

. Resuspend the pellet in 10 ml cold PBS + BSA+ EDTA.
6. Centrifuge for 10 min at 4 °C at 200xg and discard

supcernatant.

. Resuspend the pellet in 10 ml cold PBS+BSA+EDTA for

counting.

. Centrifuge an aliquot of cell suspension for 5 min at 100 x4

and discard supernatant.

. Resuspend the pellet in 1 ml PBS or serum-free complete

medium (sec Note 9).
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3. Mix 10-20 pl of the cell suspension with the same amount of
0.4 % trypan blue and incubate for 3 min at room temperature
(see Note 10 and 11).

4. Put the glass cover on the hemocytometer (se¢ Note 12).

5. With a micropipette, take up 10 pl of the trypan-blue-stained
cell suspension.

6. Place the micropipette tip close to the edge of the glass cover
at the center of the hemocytometer. Apply the solution slowly to
allow the liquid to enter the chamber uniformly by capillarity
action (see Note 13).

7. Place the hemocytometer on the microscope stage and illumi-
nate the sample with visible light.

8. Count the number of trypan-blue positive and negative cells in
the squares and calculate the concentration according to the
hemocytometer manufacturer’s instructions (see Notes 14

and 15).
3.5 Immuno- The protocol is illustrated in Fig. 1. See Notes 16-19 before starting
magnetic Selection the procedure.

of Naive CD4" T Cells 1. Calculate the amount of streptavidin-coated magnetic micro-

beads required, based on the number of cells and the capacity
of the beads as indicated by the manufacturer.

1

Single-CleII Biotinylated l 1
preparation antibodies ./

Magnetic Magnet
columns

I £ Magnetic cellular

‘&’ retention Elution
- _o|r
.
Cells Iabeled .N@ -
with - 5
biotinylated antibodies - i — L]
. | A I ;9 &
Streptavidin- “'.
microbeads « . Cell labeled with
. magnetic microbeads Q
NEgeie Qellular Posmve CeIIuIar
Fraction

Fraction

Fig. 1 Immunomagnetic selection of cells. (1) The biotinylated antibodies are bound to the positive cells. (2) The
streptavidin-microbeads bind to the biotinylated antibodies. (3) The magnetic columns are placed in the magnet.
The solution containing the antibody-bound single-cell suspension and the streptavidin-microbeads is passed
through the column. (4) The complex formed by cells, biotinylated antibodies and streptavidin microbeads is
retained on the columns, while the negative cell fraction is recovered. (5) Columns are separated from the
magnet and the positive cell fraction can be eluted and recovered
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2. Transfer the desired volume of magnetic beads to a tube.

W

NeRe RERN BN

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

2.

. Add the same volume of cold PBS + BSA+EDTA.

. Place the tube on a magnet for 1 min and carefully discard the

supernatant by aspiration while the tube is still attached to the
magnet.

. Remove the tube from the magnet and resuspend the washed

beads in 1 ml of cold PBS + BSA+EDTA.

. Transfer the desired number of cells to a 15-ml conical tube.
. Centrifuge the sample for 10 min at 200 x g and 4 °C.
. Discard the supernatant.

. Add the mixture of biotinylated antibodies to the cell pellet in

a small volume of cold PBS+BSA+EDTA (se¢e Note 19).
Incubate on ice for 15 min (see Note 20).

Add 1-3 ml of cold PBS + BSA+ EDTA.
Centrifuge the sample for 10 min 200 x4 and 4 °C.
Discard the supernatant containing the unbound antibodies.

Resuspend the cell pellet in the solution containing the opti-
mal amount of washed streptavidin-coated magnetic beads
(obtained in step 5 above) (see Note 21).

Incubate for 15 min at 4 °C. Filter the dissociated tissue
through a cell strainer with 30-pm pore size (see Notes 22).

Pass the suspension through a magnetic column bound to a
magnet (see Note 23).

Recover the flow-through in a 15-ml conical tube. This frac-
tion contains the cells that were not bound to the mixture of
antibodies. In the case of negative selection, this fraction will
contain the CD4* T cells.

Fill the column with a proper volume of PBS + BSA+EDTA,
following the manufacturer instructions, and remove the col-
umn from the magnet to recover the positive fraction. In the
case of positive selection, this fraction will contain the CD4*
T cells (see Notes 24 and 25).

Add RPMI+FBS+Na-Pyr+2-ME+Pen/Str to adjust cell
concentration to 8 x 10° cells/ml.

Count the cells, following the protocol described in
Subheading 3.4 (Fig. 2).

. Add PBS to the anti-CD3 antibody to reach a final concentra-

tion of 10 pg/ml.

Coat 96-well round-bottom plates with anti-CD3 antibody by
adding 30 pl/well of the anti-CD3 solution. Fill control wells
with 30 pl of PBS (see Notes 26 and 27).

. Incubate plates for 90 min at 37 °C (see Note 28).
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Fig. 2 Flow cytometry plots showing the percentage of CD4+ and B220* lympho-
cytes before and after immunomagnetic separation

4. Fill the wells with 200 pl of cold PBS to wash out the excess
antibody. Invert the plates quickly to empty the wells and refill
them with PBS. Repeat this step two or three times.

5. Block the wells by adding 100 pl of 3 % FBS in PBS for 15 min

at room temperature.

6. To complete medium containing 1 pg/ml anti-CD28, add the
appropriate mix of cytokines and antibodies for the differentia-
tion to each Th subset, as follows.

(a) For ThO differentiation: anti-IFNy (4 pg/ml) and anti-1L-4
(4 pg/ml) antibodies and cytokine IL-2 (10 ng/ml).

(b) For Thl differentiation: anti-1L.-4 antibody (4 pg/ml) and
cytokines I1L.-2 (10 ng/ml) and IL-12 (10 ng/ml).

(c) For Th2 differentiation: anti-IFNy antibody (4 pg/ml)
and cytokines IL-4 (10 ng/ml) and IL-2 (10 ng/ml).

(d) For Thl7 differentiation: anti-IFNy (4 pg/ml) and anti-
IL-4 antibodies (4 pg/ml), and cytokines IL-6 (20 ng/ml),
TGF-p (10 ng/ml), and IL-23 (10 ng/ml).

7. Remove the blocking solution from the CD3-coated wells
(step 5 above) and to each well add 2 x 105 cells and 200 pl of
medium containing the corresponding mix of cytokines and
antibodies.

8. Incubate the cells at 37 °C, 5 % CO, for 4-5 days.

9. Check the cultures every 1 or 2 days. If the medium starts to
turn yellow, replace it with fresh medium containing the
corresponding antibody and cytokine mix but excluding the
anti-CD3 and anti-CD28 antibodies.



3.7 Quantification
of Th Populations by
Intracellular Staining

10.
11.
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On day 5, centrifuge the plates for 10 min at 200 x 4.

Discard the supernatant by aspiration and resuspend the cells
at 2x10° cells/ml in complete medium supplemented with
IL-2 (5 ng/ml). Expand the culture for a further 2-3 days.

The percentage of each Th cell subset can be determined from the
profile of cytokines they produce.

1.

Plate 200 pl of cell suspension (2 x 10° cells/ml) in each well of
296 well plate and stimulate them with ionomycin (1 pM) and
PMA (10 ng/ml) for 4-6 h at 37 °C in the incubator.

2. Add Brefeldin A (3-10 pg/ml) for the last 4 h to block cyto-
kine secretion to the medium. Incubate the cells with
fluorophore-conjugated anti-CD4 antibody for 15 min and
4 °C.

3. Add 200 pl of PBS.

4. Centrifuge the plates for 10 min at 200 x4 and 4 °C.

5. Fix the cells by adding 100 pl of 2 % paraformaldehyde/1 %
sucrose for 20 min at room temperature.

6. Add 1 ml of PBS.

7. Centrifuge for 10 min 200 x4 and 4 °C.

8. Discard supernatant.

9. Permeabilize the cells by adding 50 pl of intracellular permea-
bilization buffer and incubating for 30 min at 4 °C.

10. Add 2 ml of PBS.

11. Centrifuge for 10 min at 200 xg and 4 °C.

12. Discard supernatant by aspiration or by quickly inverting the
96-well plate.

13. Add 30 pl of a mixture of diluted fluorophore-conjugated anti-
bodies against IFNy, 1L-4, and IL17 (in PBS+0.1 % saponin)
and incubate for 30 min (se¢ Note 29).

14. Add 2 ml of PBS+0.1 % saponin.

15. Centrifuge for 10 min 200x g and 4 °C.

16. Discard supernatant by aspiration or by quickly inverting the
96-well plate.

17. Analyze cell populations by flow cytometry (Fig. 3).

4 Notes
1. In naive mice, lymph nodes are smaller and more difficult to

dissect than spleen. Lymph nodes are nonetheless the most
abundant lymphatic organs and the frequency of CD4* T cells
in them is two to threefold higher than in spleen.
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Fig. 3 Flow cytometry plots showing the percentage of IFNy* and IL4+ CD4+ cells
after selection. Isolated naive CD4* T cells were stimulated with plate-bound anti
CD3 and soluble anti-CD28 antibodies in medium containing an antibody and
cytokine cocktail for differentiation to the Th1 or the Th2 subset. Cells were
examined after 4 days

2. The major lymph nodes are the axillary, cervical inguinal, and
mesenteric lymph nodes.

3. This action must be performed in an ice container to keep cells
in cold PBS + BSA+ EDTA at all times.

4. Wet the frosted area of the microscope slides with PBS before
disaggregating the organs.

5. To maximize cell recovery, the cell strainer should be wetted
before filtering the cell suspension; use 1 ml of PBS containing
0.5 % BSA and 5 mM EDTA.

6. Alternatively, the cells can be dispersed by drawing the suspen-
sion up and down several times through al9-G needle attached
to a 6-ml syringe.

7. 50-150 x 10° cells can be recovered from the spleen of a healthy
6—-8 week-old mouse.

8. This assay allows the number of live cells present in a cell sus-
pension to be counted; trypan blue cannot penetrate in cells
with an intact plasma membrane, so only nonviable cells will be
clearly stained.

9. Staining must be performed in serum-free conditions because
trypan blue binds with greater affinity to serum proteins than
to cellular proteins, and this can interfere with cell counting.
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Longer incubations will affect cell viability and can distort the
results.

The correct range for counting with this method is between
250,000 cells/ml and 2.5x10° cells/ml, with 10°¢ cells/ml
being optimal.

Hemocytometers are also known as Neubauer chambers.
Repeat the operation if bubbles appear or the glass cover moves.

Concentrations below 250,000 cells/ml will not give an accu-
rate estimate of the original concentration. Concentrations
above 2.5x10° cells/ml increase the probability of counting
errors. In this case it is better to dilute the sample to obtain a
final concentration closer to the optimal 10° cells/ml.

The formula used for counting in the large squares of the
hemocytometer is usually Concentration=Number of
cells x 10,000 /Number of squares.

If the sample is diluted before counting, the concentration
should be multiplied by the dilution factor to obtain the origi-
nal concentration.

CD4 T cells are isolated by negative or positive selection with
a mixture of biotinylated monoclonal antibodies against sur-
face markers. Cells are stained with biotinylated primary anti-
bodies and then bound to streptavidin-coated magnetic
microbeads. Cells pass through a column of the magnetic
beads, and positively marked cells are retained upon exposure
to a magnetic field, whereas negatively marked cells are recov-
ered in the elute. The magnetic field is then removed and the
positively marked cells can be recovered.

Positive selection yields a purer population of recovered cells,
but the recovered cells will be bound to the antibodies used for
selection. In contrast, negative selection yields a less pure pop-
ulation, but the desired cells are antibody-free.

All solutions and equipment used in the selection procedure
must be sterile.

The cocktail used for negative selection can include antibodies
against IgM, B220, CD19, MHCII, CDll1c, Cdl1b, CD44,
CD8a, and DX5. For positive selection, use anti mouse CD4.

The optimal concentration of antibodies should be determined
empirically or be that recommended by the manufacturer.

The optimal amount of beads should be determined empiri-
cally or be that recommended by the manufacturer.

It is essential to use single-cell suspensions for cell separation
to prevent clogging up of the magnetic column.

Cell separation columns are fast separators suitable for any cell
type labeled with microbeads, and do not compromise cell



function. A well-known brand is MACS cell separation columns,

CD4* T cell purity can be determined by staining a small
aliquot of the positive and negative fractions with fluorophore-
labeled anti mouse CD4* and CD3* antibodies for 15 min at
4 °C and checking the cells by flow cytometry.

Do not use fluorescent streptavidin and biotinylated CD4*
antibodies to determine purity because fluorescent streptavidin
will bind any cell-bound biotinylated antibody remaining from

Round bottom plates are usually more efficient than flat-bottom
plates in centrifugation and washing processes.

Check that the bottom of the well is completely covered.

Plates can be incubated at 37 °C for 90 min, washed, and
maintained in 150 pl of PBS at 4 °C until the next day.

Saponin must be included in every antibody staining and washing
step in order to maintain membrane permeability.
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Chapter 13

Quantification of Apoptosis in Mouse
Atherosclerotic Lesions

Nichola L. Figg and Martin R. Bennett

Abstract

Apoptosis is a key process occurring in atherosclerosis, both in humans and in animal models. Apoptosis
occurs in all cell types studied thus far, and thus lineage marking is often necessary. Apoptosis should be
ascertained using a combination of morphological features and activation of specific pathways (e.g., terminal
UTP nick end labeling—TUNEL). Both TUNEL and cryptic epitope antibodies (e.g., cleaved caspase 3)
can be used, although they will often give different frequencies. Apoptotic frequency but not rate can be
estimated from these methods, as we do not know the timing of apoptosis or how much of the process is
marked by each method. We describe the morphological and immunohistochemical methods used in our
laboratory to detect apoptotic cells in animal and human atherosclerotic plaques.

Key words Apoptosis, Atherosclerosis, TUNEL, Caspase

1 Introduction

Apoptosis describes an evolutionarily conserved mode of cell death
with characteristic morphological and biochemical features. These
features underpin the criteria used for identifying and measuring
apoptosis in any tissue, including in atherosclerotic plaques.
Apoptosis is accompanied by condensation of the nuclear chroma-
tin, resulting in a very dark (pyknotic) nucleus, often with nuclear
fragmentation (Fig. 1). Apoptosis is regulated by activation of cas-
pases, cysteine proteases responsible both for transmitting the
apoptotic signals and also for cleaving important intracellular sub-
strates that act as markers, for example other caspases and DNA
(reviewed in ref. [2]).

The most frequently used markers for apoptosis are terminal
UTP nick end labeling (TUNEL) which assays unprotected DNA
ends (Fig. 2), and antibodies to neo-epitopes that appear due to
caspase cleavage, including caspases themselves (Figs. 3 and 4).
However, the markers of apoptosis (for example TUNEL and
cleaved caspase 3) measure frequency, mark different points or

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
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Fig. 1 Morphology of normal and apoptotic smooth muscle cell nuclei. (a) Control mouse carotid artery dem-
onstrating normal nuclear morphology. (b) Carotid artery showing nuclear condensation (filled arrows) com-
pared to normal nuclei (open arrows) on H and E staining. Scale bars represent 50 um. From ref. [1] with
permission

Fig. 2 Apoptosis of smooth muscle cells by TUNEL. «-SMA (/eft panel) and TUNEL (right panel) in mouse plaque.
Arrows indicate TUNEL-positive cells in the fibrous cap. Scale bars represent 200 um. From ref. [3], with
permission

durations of the process, and may even be positive in cells long
after the process has finished, for example if the apoptotic body is
not cleared [5]. As in most cases we do not know how long apop-
tosis takes in vivo, and how much of the process is identified by the
markers, we cannot ascribe rates of apoptosis. If either the duration
of apoptosis or the length of time marked difters between tissues or
even the same tissue under different conditions, then the measured
‘frequency’ may not be an accurate assessment of how much apop-
tosis is occurring.

This caveat is also important when ascribing changes in death
frequencies to changes in apoptotic body clearance; clearance is a
kinetic process that needs to be measured at least at two separate
time points for a rate to be calculated, and assumes no change in
generation of bodies, and no change in the duration of the process
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Fig. 3 Apoptosis of macrophages by cleaved caspase 3. (a, b) Double labeling for mac-3 (b/ue) and cleaved
caspase 3 (brown) demonstrating apoptotic macrophage. From ref. [4], with permission

¥ ° ! ',“E-J"‘
Fig. 4 Apoptosis of smooth muscle cells by cleaved caspase 3. (a) Brachiocephalic artery plaque double-
labeled for cleaved caspase 3 (brown) and SMA (blug). (b) and (¢), High power of area outlined in (a) showing

caspase 3-positive, SMA-negative cell (b) or caspase 3 positive, SMA-positive cell (¢) (arrows). Reproduced
from ref. [4], with permission

that is marked. We recently described a system whereby the kinetics
of vascular smooth muscle cell clearance can be estimated in vivo.
The system relies upon a single, defined, time-limited stimulus to
induce apoptosis. We found that the half-life of apoptotic body
clearance in the vessel wall was approximately 3 days, which could
be delayed by challenging animals with a high-fat diet [6],
confirming that the frequency of apoptosis observed depends upon
the generation rate and the clearance rate.
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Detection and particularly quantification of apoptosis generally
requires a combination of techniques, as each is prone to artifact
(see Notes 1 and 2), particularly in certain regions of the plaque
where non-apoptotic debris collects, such as the necrotic core.
Typical nuclear morphology together with TUNEL and /or cleaved
caspases is usually sufficient. Identification of the lineage of the cell
undergoing apoptosis is also difficult, as morphological features
and lineage markers may be lost during cell death, and identifica-
tion of a dead cell on adjacent sections is challenging (see Notes
3 and 4). Double labeling of apoptosis and a lineage marker is
therefore preferred. Although apoptosis can also be detected in
tissue sections using vital dyes (e.g., propidium iodide adminis-
tered shortly before death [7]), or internucleosomal DNA frag-
mentation, these assays are not suitable for banked tissue, and
therefore will not be considered here.

2 Materials

1. Human and mouse paraffin sections mounted on glass slides
suitable for microscopic examination.

. Proteinase K.
. Digoxigenin-dUTP.
. Cleaved caspase 3 antibody (e.g., Cell Signaling, cat. no. 9661).

. TUNEL assay kit (e.g., Roche Diagnostics, cat. no. 03 333
574 001). Contains:

(a) Terminal Transferase (TdT) in 60 mM K-phosphate,
150 mM KCl, 1 mM 2-mercaptoethanol, 0.5 % Triton
X-100, 50 % glycerol.

(b) TdT Reaction Buffer 5x concentration: 1 M potassium
cacodylate, 125 mM Tris—HCI, 1.25 mg,/ml bovine serum
albumin (BSA).

(¢) 25 mM CoCl, solution.

6. Tris-buftered saline (TBS) bufter: 50 mM Tris-HCI, 150 mM
sodium chloride, pH 7.6 (6.05 g Tris and 8.76 g sodium chlo-
ride in 800 ml of double distilled water, adjust pH, then make
up volume to 1 L).

32 WO IV )

7. Antigen unmasking solution, citrate-based (e.g., Vector
Antigen Unmasking Solution, cat. no. H3300).

8. Diaminobenzidine (DAB) solution.

9. 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/Nitro blue tet-
razolium (NBT) (e.g., Vector Kit SK5400). Prepared as follows:

(a) To 5 ml of 100 mM Tris—HCI, pH 9.5 bufter add 2 drops
of Reagent 1. Mix well.

(b) Add 2 drops of Reagent 2. Mix well.
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(c) Add 2 drops of Reagent 3. Mix well.

Phosphate-buffered saline (PBS) (e.g., Sigma, cat. no. D8537).
Blocking buffer in Subheading 3.1. 10 % BSA in TBS.
Blocking buffer in Subheading 3.2. 5 % BSA in PBS.

Anti-digoxigenin alkaline phosphatase (anti-sheep F’ab frag-
ments) (e.g., Roche Diagnostics: 11 093274 910).

a-smooth muscle actin antibody (e.g., Dako M0851).

Horse anti-mouse secondary antibody (e.g., Vector
Laboratories BA2000).

Alkaline phosphatase substrate III (e.g., Vector Kit SK-5300).
Prepared as follows:

(a) To 5 ml of 100 mM-200 mM Tris-HCI, pH 8.2-8.5
bufter.

(b) Add two drops (80 pl) of Reagent 1.
(c) Add two drops (80 pl) of Reagent 2.
(d) Add two drops (45 pl) of Reagent 3.
(

e) Mix well before use.

Aqueous mountant solution (e.g., VectaMount H-5000.
Vector Laboratories).

Microscope.

Xylene.

Descending series of ethanol: 100 %, 90 %, 70 % ethanol

(e.g., Fisher: E/0650DF/P17).
0.3 % hydrogen peroxide in PBS.
5 % goat serum in PBS.

ABC complex (e.g., VECTASTAIN RTU Elite PK 7100
Vector Laboratories).

Goat anti-rabbit secondary antibody.

3 Methods

3.1 TUNEL

. Deparaffinize human or mouse paraffin sections mounted on

slides with xylene. Use xylene, two times 5 min each.

. Rehydrate in descending series of ethanol solutions. 2x 100 %

cthanolx5 min, 1x90 % ethanolx5 min, 1x70 % ectha-
nol x5 min, 2 x double distilled water x5 min.

. Wash in tap water, then double-distilled water. Two

times x 2 min each.

. Incubate with 50 pg/ml proteinase K; 3-5 min at room tem-

perature, pH 7.5.

. Wash in double-distilled water for 2 min, four times.
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3.2 Double-Labeling
Protocols (TUNEL
with Lineage-Specific
Antibody)

10.
11.
12.

13.

14.
15.

16.

17.

18.
19.

—

8]

. Immerse in TdT buffer for 5 min at room temperature.

. Remove excess TdT bufter with filter paper, but still leaving

the section with a minimum coverage of buffer.

. Incubate with TdT enzyme (0.05-0.2 U /ul)+ Digoxigenin-

dUTP in TdT buffer in a lidded box lined with wet paper and
place in a regulated oven-incubator at 37 °C for 30 min.

. Terminate the reaction by transferring the slides to TB buffer

for 15 min at room temperature.
Wash in double-distilled water with a rinser bottle.
Place slides in TBS for 5 min.

Cover sections with blocking buffer (10 % bovine serum albu-
min in TBS) for 10 min at room temperature.

Incubate with anti-digoxigenin alkaline phosphatase (e.g.,
anti-sheep F’ab fragments in blocking buffer) 1:100/1 h at
room temperature.

Wash with TBS for 5 min two times.

Incubate with a chromogenic substrate solution for alkaline
phosphatase (e.g., BCIP/NBT). Develop the reaction product
microscopically until visible staining develops.

Wash in double-distilled water with a rinser bottle, then place
slides in a rack and wash in double distilled water two times for
2 min each.

Counterstain if required with 1 % eosin. Dip slides for 15 s in
eosin, dehydrate rapidly through water, alcohols, and xylene.
Provides a background morphology stain.

Mount sections with aqueous mountant.

The % of apoptotic cells is quantified by eye as the % of cells
that demonstrate the apoptotic nuclear phenotype together
with a specific marker (TUNEL or cleaved caspase)—see
Figs. 1, 2, 3, and 4. Positive control tissue should also be
included as proof that the method has worked (detection of
apoptotic cells) (see Note 5).

. Block sections with 5 % bovine serum albumin in PBS for

10 min at room temperature.

. Tip off excess (as indicated in Subheading 3.1, step 7).

. Incubate sections with a-smooth muscle actin antibody (start-

ing dilution as indicated by your supplier, you may have to
optimize) in 10 % BSA for 1 h at room temperature (e.g., Dako
MO0851 diluted 1:500).

4. Wash sections in PBS buffer, 3 x5 min.

. Incubate sections with horse-anti mouse secondary antibody

(starting dilution as indicated by your supplier, you may have
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to optimize) for 30 min at room temperature (e.g., Vector
BA-1400 diluted 1:500).

. Wash sections in PBS buffer, 3 x5 min.
. Incubate sections with pre-prepared Vector ABC-Alkaline

Phosphatase (SK-5000) solution for 30 min at room
temperature.

. Wash sections in PBS buffer, 3 x5 min.

. Incubate sections with alkaline phosphatase substrate. Monitor

the reaction using a microscope. Stop reaction when visible
chromogen of desired intensity appears (see Figs. 2 and 3).

Wash briefly in PBS.
Wash in double-distilled H,O.
Coverslip and mount with aqueous mounting medium.

Look for nuclear staining of TUNEL and cytoplasmic staining
of surrounding cell under the microscope (see Figs. 2, 3, and 4).
Quantify as % cells having a TUNEL-positive nucleus/total
number of that lineage of cells.

Positive Control: Human Tonsil Sections.

Negative Control: Human Tonsil with Antibody Peptide Block or
Rabbit IgG (sec Note 5).

1.

11.
12.

Deparaffinize in xylene. Rehydrate in descending series of eth-
anol solutions (as Subheading 2, item 1). Rinse in tap water,
then double-distilled water.

. Microwave sections in antigen unmasking solution for 1 min

on full power followed by 9 min at medium power.

. Cool to room temperature for 20 min.
. Wash sections in double-distilled water twice for 5 min each.

. Incubate sections in 3 % hydrogen peroxide in methanol for

10 min.

. Wash sections twice for 5 min each in PBS.

. Incubate sections with 5 % goat serum for 1 h at room

temperature.

. Tip off excess serum and incubate sections with primary

cleaved caspase 3 antibody in 5 % goat serum overnight at 4 °C
(e.g., Cell Signaling, cat. no. 9661 diluted 1:50).

. Wash twice for 5 min each in PBS.
10.

Incubate sections with secondary antibody according to sup-
plier (e.g., Dako Goat anti-Rabbit in 5 % Goat Serum at 1: 400
for 30 min).

Wash twice for 5 min each in PBS.

Incubate sections with ABComplex for 30 min.
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13.
14.

15.
16.

Wash twice for 5 min each with PBS.

Apply DAB solution and monitor reaction closely using a
microscope. Stop reaction when easily visible cytoplasmic stain
appears. Wash thoroughly with double distilled water for 5 min.

Counterstain as required.

Dehydrate, clear in two changes of xylene, coverslip and mount
(e.g., Histomount, National Diagnostics HS-103 or DPX,
Sigma 44581).

4 Notes

. It is exceedingly easy to get high TUNEL frequencies in ath-

erosclerotic plaques due to artifact, most likely because dead
cells release DNA that reacts under the TUNEL conditions.
Indeed, some early papers described apoptosis frequencies of
up to 40 % in some parts of the plaque [8]. Other papers have
revised these numbers in mouse animal models and humans to
1-2 % under normal circumstances [4, 9-11]. Artifact is par-
ticularly common in the necrotic core region where there are
many dead cells and interpretation of apoptosis frequencies in
this region should be particularly careful. For this reason,
TUNEL must be combined with other morphological features
before definitive quantification, including nuclear condensa-
tion and fragmentation (Fig. 1). TUNEL-positive cells also
appear to be above the plane of the section.

. Cleaved caspase 3 is less prone to artifact, but the frequencies

are much lower than TUNEL, most likely because it only
marks a small part of the apoptotic process.

. Although single labeling with serial sections can help identify

the lineage of the apoptotic cell, double labeling is preferable.
Both TUNEL and cleaved caspase 3 work well with lineage-
specific antibodies in plaques.

. Apoptosis in atherosclerotic plaques is mostly around the

“necrotic core” region. This does not automatically mean that
the most frequent cell that undergoes apoptosis in the plaque
is the macrophage, as many cells lose their lineage markers
either in atherosclerosis (e.g., VSMCs) or as they die.

. Positive control tissues should be included in any assay for

TUNEL or cleaved caspases. Tissues with a rapid turnover
such as tonsil or gut are appropriate. For human tonsil, look
tor apoptotic bodies in tingle-body macrophages within ger-
minal centers. For gut, most apoptosis occurs at the tips of villi.
Negative controls are the same tissues, but prior peptide block-
ing of the primary antibody or use of rabbit IgG instead of the
primary antibody.
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Chapter 14

Quantification of Gellular Proliferation in Mouse
Atherosclerotic Lesions

José J. Fuster

Abstract

Excessive cell proliferation within atherosclerotic plaques plays an important role in the progression of
atherosclerosis. Macrophage proliferation in particular has become a major focus of attention in the car-
diovascular field because it appears to mediate most of macrophage expansion in mouse atherosclerotic
arteries. Therefore, quantification of cell proliferation is an essential part of the characterization of athero-
sclerotic plaques in experimental studies. This chapter describes two variants of a simple immunostaining
protocol that allow for the quantification of cellular proliferation in mouse atherosclerotic lesions based on
the detection of the proliferation-associated antigen Ki-67.

Key words Cellular proliferation, Atherosclerosis, Ki-67, Mac3, SM-a-actin

1 Introduction

Exacerbated cellular proliferation in atherosclerotic arteries has
been identified in both humans and experimental animals [1-4].
Furthermore, studies with genetically modified mice support its
major role in the growth of atherosclerotic plaques [5-9].
Consistently, a recent study elegantly showed that macrophage
burden in murine atherosclerosis is mediated predominantly by
local macrophage proliferation rather than monocyte recruitment
and differentiation [10]. However, the stimuli that induce macro-
phage proliferation in the plaque, and how typical cardiovascular
risk factors affect lesional cell proliferation, remain largely unknown.
Therefore, quantification of cellular proliferation has become an
essential part of the characterization of atherosclerotic plaques in
preclinical studies.

Quantification of cellular proliferation in tissues is typically
achieved by immunological techniques that use monoclonal anti-
bodies to specifically detect proliferation-associated antigens. One
of the most popular methods involves the detection of
bromodeoxyuridine (BrdU), a synthetic thymidine analog that is

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
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incorporated into the DNA of dividing cells. However, this
technique requires the administration of BrdU, and therefore it
cannot be used in humans and is not a valid option for the retro-
spective analysis of tissue specimens. The alternatives described here
use a monoclonal antibody to detect the proliferation-associated
antigen Ki-67, a nuclear protein that is expressed exclusively in pro-
liferating cells [11]. In contrast to other endogenous proliferation
markers that are expressed at specific stages of the mitotic cell cycle,
Ki-67 is expressed during all active phases of the cell cycle (G1, S,
G2, and M). Therefore it represents an excellent tool to evaluate
the total amount of proliferating cells in a given sample.

This chapter describes two variants of a simple immunostain-
ing protocol that allows the quantification of cellular proliferation
in mouse atherosclerotic plaques based on the detection of Ki-67 in
formalin-fixed paraffin-embedded histological sections. The first
protocol described here uses immunohistochemistry to detect total
Ki-67-positive cells in tissue sections. The second protocol describes
a triple immunofluorescent staining that has been previously used
to specifically evaluate the proliferation of macrophages and vascu-
lar smooth muscle cells (VSMCs) [12], the most abundant cell
types in atherosclerotic lesions.

2 Materials

2.1 Gommon
to Subheadings 3.1
and 3.2

1. Histology equipment: Paraffin embedding station, embedding
molds, microtome, heated water bath, microscope slides and
coverslips, staining racks and dishes, oven.

. Xylene.
. Ethanol, histological grade (100 % and 95 %).
. Deionized water (dH,0O).

. Phosphate Buffered Saline (PBS): 137 mM NaCl, 2,7 mM
KCl, 10 mM Na,HPO,, 1.8 mM KH,PO, in dH,O0. For 1 L,
add 8 g NaCl, 0.2 g KCl, 1.44 g Na,HPO,, and 0.24 g KH,PO,
to 800 ml dH,0. Adjust the pH to 7.4 with HCI, and then
add dH,O to 1 L. PBS can also be made as a 10x stock
solution.

[S2NN" —NEIN I S

6. Antigen unmasking solution: 10 mM sodium citrate, pH 6
buffer. 1.5-2 L are required per experiment. This unmasking
solution is commercially available as a concentrate (e.g., Vector
Labs, H-3300), or it can be prepared as follows: For 2 L, add
5.88 g sodium citrate trisodium salt dihydrate to 2 L dH,O,
and adjust pH to 6.0 with 1 M HCI.

7. Blocking Solution: 5 % Normal Horse Serum (Cat. No.
$-2000, Vector Labs) in PBS.


http://en.wikipedia.org/wiki/Cell_cycle#Cell cycle

2.2 Specific
to Subheading 3.1

2.3 Specific
to Subheading 3.2
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. Ki-67 antibody (rabbit monoclonal, clone SP6). Available

from different vendors (e.g., Cat. No. VP-RMO04, Vector
Labs). Recommended dilution: 1,/100.

. Pressure cooker.
. Liquid repellent pen (e.g., Cat. No. H-4000, Vector Labs).

. 3 % hydrogen peroxide. For 200 ml, add 20 ml 30 % H,O, to

180 ml PBS.

. Biotinylated horse anti-rabbit IgG antibody (e.g., Cat. No.

BA-1100, Vector Labs, recommended dilution: 1,/500).

. Streptavidin-horseradish ~ peroxidase ~(HRP) conjugate.

Auvailable from different vendors, both as a concentrate (1 mg/
ml) or as a ready-to-use working solution (1 pg/ml, e.g., Cat.
No. SA-5004, Vector Labs).

. 3,3’-Diaminobenzidine (DAB), available from different

vendors (e.g., Cat. No. SK-4100, Vector Labs).

. Harris Hematoxylin solution (e.g., Cat. No. HHS80, SIGMA).

Filter immediately before use.

. Differentiation Solution: 1 % Acid Alcohol Solution. For

200 ml, add 2 ml HCI to 200 ml 70 % ethanol and mix well.

. Mounting medium 1 (e.g., Eukitt®, Cat. No. 03989, Sigma,

or VectaMount, Cat. No. H-5000, Vector Labs).

. Ethanol, histological grade (70 % and 50 %).

. Light microscope equipped with a digital camera.

. Mac3/LAMP2 antibody (rat monoclonal, clone M3/84).

Available from different vendors (e.g., Cat. No. sc-19991,
Santa Cruz Biotechnologies, recommended dilution: 1,/300)
(see Note 1).

. a-SMA antibody (mouse monoclonal), Cy3-conjugated (e.g.,

Cat. No. C6198, Sigma, recommended dilution: 1/50)
(see Note 2).

. Alexa Fluor® 633-conjugated goat anti-rabbit IgG (e.g., Cat.

No. A-21071, Life Technologies, recommended dilution:
1,/500).

. Alexa Fluor® 488-conjugated goat anti-rat IgG, preadsorbed

against mouse IgG (e.g., Cat. No. A-11006, Life Technologies,
recommended dilution: 1,/500) (se¢ Note 3).

. Diamidino-2-phenylindole (DAPI) nuclear counterstain.

Available from multiple vendors (e.g., Cat. No. EN62248,
Thermo Scientific Pierce). Recommended working concentra-
tion: 1 pg/ml in PBS.



204 José J. Fuster

6. Mounting medium 2 (e.g., Slowfade® Gold Antifade Reagent,
Cat. No. §36937, Life Technologies).

7. Confocal fluorescent microscope.

3 Methods

3.1 Immunohisto-
chemical Staining
of Ki-67 in Mouse
Aorta

These protocols allow the quantification of cellular proliferation
in histological sections of atherosclerotic arteries obtained from
hyperlipidemic mice (e.g., LDLR-deficient, apoE-deficient mice).
Similar protocols can be used for the analysis of human samples
(see Note 4). Information on basic histology methods can be
found elsewhere [13]. Carry out all procedures at room tempera-
ture unless otherwise specified. Do not let the sections dry; this
would cause nonspecific antibody binding and therefore high
background staining.

1. Deparaffinization. Before immunostaining, sections must be
deparaffinized and rehydrated. Incomplete removal of paraffin
can cause poor staining. Place the slides in a rack and warm the
sections at 55 °C for 10 min or until paraffin starts to melt. Then
treat the slides in staining dishes as follows (see Notes 5 and 6):

—  Xylene: 3 washes, 4 min each
— 100 % ethanol: 3x4 min

— 95 % ethanol: 2 x4 min

— 70 % ethanol: 2x2 min

— 50 % ethanol: 2x2 min

— dH,O; 2 x5 min (see Note 7)

2. Antigen unmasking. Ki-67 staining requires heat-mediated
antigen unmasking. This works best in a pressure cooker, espe-
cially with old specimens (se¢ Note 8). Pour 1.5-2 L of antigen
unmasking solution into the cooker, and cover it, but do not
lock lid. Bring solution to a boil, and put the slides into the
cooker. Cover and lock lid. As soon as the cooker has pressur-
ized, start timing, and remove the cooker from the heat source
after 2 min, then run under cold water until it is safe to open.
Let slides cool in the cooker for 30 min, and then wash in a
staining dish with PBS for 5 min.

3. Inactivation of endogenous peroxidase activity. Incubate the
slides in 3 % hydrogen peroxide for 30 min. Wash in PBS for
5 min.

4. Blocking of nonspecific interactions. Wipe off excess buffer from
slides and, using a liquid repellent pen, draw a circle around
each tissue section (this will minimize the volume of solution
required to cover the tissue). Add to each section 40 pl of
blocking solution and incubate for 60 min.



3.2 Combined
Immunofluorescent
Staining of Ki-67
and the Cell-Type
Specific Markers
Mac3 (Macrophages)
and o-SMA (VSMCs)
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. Incubation with primary antibody. Drain the blocking solution

from slides and apply to each section 40 pl of diluted anti-Ki-
67 antibody (1,/100 in blocking solution). Incubate for 2 h at
room temperature or overnight at 4 °C.

. Wash in PBS, 3 x5 min.

. Incubation with secondary antibody. Apply to each section

40 pl of diluted biotinylated anti-rabbit IgG antibody
(1/500 in blocking solution). Incubate for 30 min at room
temperature.

. Wash in PBS, 3 x5 min.
. Incubation with streptavidin—HRP. Apply to each section 40 pl

of HRP-conjugated streptavidin working solution. Incubate
for 30 min at room temperature.

Wash in PBS, 3x5 min.

Signal development. Add to each section 40 pl of DAB working
solution and incubate until brown precipitates are formed.
This should be monitored under a light microscope. Stop the
reaction with dH,O as soon as brown nuclei can be detected in
the tissue (typically after 2—-10 min incubation).

Nuclei counterstaining. Incubate slides in a staining dish with
hematoxylin solution for 1-2 min. Rinse slides for 5 min in
running tap water. Remove background by immersing in dif-
ferentiation solution for 1-2 s. Rinse for 5 min in running tap
water.

Delydration. Wash slides in staining dishes as follows:
— 70 % ethanol: 2 min.

— 95 % ethanol: 2 min.

— 100 % ethanol: 2 min

—  Xylene: 2 min

Mount slides using mounting medinm 1.

Observation under light microscope, image acquisition and
analysis (se¢ Note 9). Figure 1 shows a representative image of
this immunohistochemical staining.

. Perform steps 1, 2 and 4 of Subheading 3.1.

. Incubation with primary antibodies. Drain the blocking solu-

tion from slides. Use a liquid repellent pen to draw a circle
around each tissue section. Apply to each section 40 pl of
diluted primary antibody solution. Best results are obtained by
combining all three primary antibodies in the same solution
(1/100 Ki-67, 1/50 a-SMA, 1,/300 Mac3 in blocking solu-
tion). Incubate for 2 h at 37 °C or overnight at 4 °C.
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MEDIA  ADVENTITIA

INTIMA

Fig. 1 Representative image of Ki-67 immunohistochemical staining in mouse
early-stage atherosclerotic plaques. apoE-KO mice were fed a high-fat/high-
cholesterol diet for 6 weeks. 6 pm-thick histological sections were obtained from
the ascending aorta and stained as described in the text. The media of the vas-
cular wall is delineated by discontinuous lines. Ki-67-positive nuclei correspond-
ing to proliferating cells are stained dark brown with DAB

3. Wash in PBS, 3 x5 min.

4. Incubation with secondary antibodies. Apply to each section
40 pl of diluted secondary antibody solution (containing
1/500 Alexa Fluor® 633-conjugated anti-Rabbit IgG, and
1,/500 Alexa Fluor® 488-conjugated anti-Rat IgG in blocking
solution) (see Note 10). Incubate for 30 min at room
temperature.

5. Wash in PBS, 3 x5 min.

6. Nuclei counterstaining. Apply to each section 40 pl of DAPI
working solution and incubate for 5 min (se¢ Note 11).

7. Mount slides using mounting medium 2.

8. Observation under confocal fluorescence microscope, image
acquisition and analysis (se¢e Notes 12-15). Figure 2 shows
representative images of this immunofluorescent staining.

4 Notes

1. Mac3 is one of the most popular murine macrophage markers.
However, there are other antibodies specific for macrophage
markers that can be used with this same protocol, such as anti-
F4 /80 (e.g., rat monoclonal, clone Cl:A3-1, Cat. No. MCA497,
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Fig. 2 Representative images of triple immunofluorescent staining of Ki-67 and the cell type-specific markers
Mac3 and o-SMA in mouse atherosclerotic plaques. apoE-KO mice were fed a high-fat/high cholesterol diet
for 12 weeks (a—c) or 6 weeks (d). 6 pm-thick histological sections were obtained from the ascending aorta
and stained as described in the text. Atherosclerotic plaques are delineated by discontinuous lines. (a)
Immunofluorescent staining of an advanced atherosclerotic plaque exhibiting Mac3-positive macrophages
(green), a-SMA-positive VSMCs (red), Ki-67-positive nuclei (white) and total nuclei stained with DAPI (blue).
Squared regions are shown at higher magnification (b, ¢). Arrows point to Ki-67-positive cells. (d)
Immunofluorescent staining of an early lesion (fatty streak) consisting almost exclusively of Mac3-positive
macrophages (green). Proliferating macrophages are positive for Ki-67 (red)

Serotec MCA497) or anti-CD68 (e.g., rat monoclonal, clone
A-11, Cat. No. MCA1957, Serotec).

2. a-SMA (smooth-muscle specific a-actin isoform) is the best
VSMC marker in mouse tissues, but the intensity of its staining
varies depending on the differentiation state of the cells.
Atherosclerosis progression is known to involve a phenotypic
switching of VSMCs, from a contractile to a synthetic pheno-
type, which is paralleled by a reduction in the expression of
a-SMA. Consistently, the intensity of a-SMA staining in ath-
erosclerotic arteries is typically much stronger in medial than
intimal VSMCs. While dilutions of this antibody higher than
1,/50 will allow the detection of medial VSMCs, they may not
stain intimal VSMCs properly.
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10.

11.

. Given the high cross-reactivity between mouse and rat IgG

and the abundance of immunoglobulins in atherosclerotic
lesions, it is essential to use secondary antibodies that have
been adsorbed against mouse IgG and/or mouse serum.

. The same Ki-67 and a-SMA antibodies listed here can be used

for the analysis of human samples. However, Mac3 is not a good
marker of human macrophages, so it should be replaced by anti-
bodies specific to human macrophages (e.g., anti-CD68).

. Do not wash slides for longer periods of time, particularly in

xylene or 100 % ethanol solutions, since this would negatively
affect tissue integrity and adhesion to the slide.

. Solvent solutions used for deparaffinization can be reused sev-

eral times. I typically replace them after 10 uses.

. After deparaffinization and rehydration, sections can be kept in

dH,O at 4 °C for up to 2 days, if required.

. Although best results are achieved with a pressure cooker, a

conventional water bath can also be used for heat-mediated
antigen unmasking. To do this, preheat the water bath with
staining dish containing citrate buffer until temperature reaches
95-100 °C. Then immerse slides and incubate for 30 min.

. Cellular proliferation in the atherosclerotic artery can be

expressed as the number of Ki-67-positive cells per mm? of
plaque area. However, when there are clear differences in
lesion cellularity (e.g., due to changes in cell death within the
plaque, or different stages of plaque development) is essential
to also calculate the percentage of Ki-67-positive cells in the
entire cell population. In addition, since typically there are
marked differences in the amount of proliferating cells in the
different layers of the vascular wall, it is generally advisable to
evaluate separately the percentage of Ki-67-positive cells in the
intima (plaque), the media, and the adventitia. Cellular prolif-
eration is typically abundant in the intima and the adventitia,
and much less frequent in the media. It is also highly recom-
mended to analyze cellular proliferation in different aortic seg-
ments (e.g., aortic root and ascending thoracic aorta), and in
at least three sections per vascular region.

Most immunohistochemical protocols recommend blocking
nonspecific interactions with a 3-5 % solution of serum from
the same host species as the secondary antibody. However, 1
find that a 5 % horse serum solution works well for most immu-
nostainings, including Ki-67 staining, regardless of the host
species of the secondary antibody. Alternatively, a 3 % goat
serum solution in PBS can be used.

The choice of fluorescent nuclear stain greatly depends on the
laser lines available in the confocal microscope being used for
image acquisition. In confocal microscopes lacking the proper
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laser line to excite DAPI, TO-PRO3 (Cat. No. T3605, Life
Technologies) is a good alternative. However, because of its
emission wavelength (661 nm), it requires the use of different
fluorescently labeled secondary antibodies and is not compati-
ble with the triple Ki-67/Mac3/a-SMA staining. Two inde-
pendent double stainings (Ki-67/Mac3 and Ki-67/a-SMA)
are required in this case.

Confocal microscopy is essential for observation and image
acquisition in these experiments, since it typically allows a bet-
ter discrimination of the different fluorophores, eliminates blur
and flare from out-of-focus planes, and greatly improves axial
resolution. Best results are generally obtained with 40x or 63x
oil immersion objectives.

Bleed-through of fluorescence emission due to spectral overlap
of the different fluorophores can sometimes be a problem. The
phenomenon is usually manifested by the emission of one fluo-
rophore being detected in the channel assigned for a second
fluorophore. In the protocol described here, bleed-through is
particularly frequent with Alexa Fluor® 488 and Cy3 given their
clear spectral overlap and the very high intensity of a-SMA-Cy3
staining. Bleed-through can be reduced by using optimized
fluorescence filter sets or confocal microscopes with spectral
detection capability, which allows the user to define precisely
the wavelength detection range for each fluorophore. In addi-
tion, it is recommended to excite and collect the emission of
individual fluorophores sequentially. Finally, every experiment
should include one single stain control for each fluorophore, in
order to set up the imaging conditions accordingly.

Elastic fibers in the media exhibit strong autofluorescence,
which is usually detected in the same channel as the Alexa
Fluor® 488 fluorophore used for Mac3 staining. However, this
generally does not affect the quantification of Mac3-positive
macrophages. On the contrary, the autofluorescence is some-
times useful, since it helps to identify the media in the tissue
section.

Fluorescently labeled Ki-67-positive cells in the atherosclerotic
plaque can also be detected by flow cytometry, although this
requires the digestion of the aorta immediately after harvest in
order to produce single-cell suspensions [ 14 ], which may affect
cellular phenotype. In addition, some cell types are difficult to
extract from tissues, so some cell populations within the aorta
may not be properly analyzed. Furthermore, this approach
typically involves the digestion of the entire aortic wall, and
therefore it doesn’t allow the quantification of cellular prolif-
eration in its different layers, namely intima, media, and adven-
titia, which typically exhibit markedly different rates of cellular
proliferation.
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Chapter 15

Quantification of In Vitro Macrophage Cholesterol Efflux
and In Vivo Macrophage-Specific Reverse Cholesterol
Transport

Joan Carles Escola-Gil, Miriam Lee-Rueckert, David Santos,
Lidia Cedo, Francisco Blanco-Vaca, and Josep Julve

Abstract

Promotion of reverse cholesterol transport (RCT) is thought to be a major HDL-mediated mechanism for
protecting against atherosclerosis. Preclinical studies support the concept that increasing cholesterol efflux
from macrophages may confer atheroprotective benefits independently of the plasma HDL-cholesterol
concentration. The application of the macrophage-to-feces RCT method in genetically engineered mice
has provided evidence that this major HDL property correlates closely with changes in atherosclerosis
susceptibility. This chapter provides details on the methodologies currently used to measure in vitro cho-
lesterol efflux from macrophages or in vivo macrophage-specific RCT. The general principles and tech-
niques described herein may be applied to measure the in vitro cholesterol efflux capacity of human serum
in macrophage cultures and to evaluate the effect of different experimental pathophysiological conditions
or the efficacy of different therapeutic strategies on the modulation of in vivo macrophage-RCT in mice.

Key words Cholesterol, Cholesterol efflux, HDL, Macrophage, Method, Reverse cholesterol
transport

1 Introduction

High-density lipoproteins (HDLs) show a broad range of biological
activity [1]. The promotion of reverse cholesterol transport (RCT)
from arterial wall macrophages is widely considered a major mecha-
nism responsible for HDL-mediated atheroprotection [2]. The clas-
sic steps of the biliary RCT pathway comprise cholesterol efflux from
lipid-laden macrophages located in the arterial wall, followed by
transfer of the cholesterol to the liver from where it is partly elimi-
nated via bile into the intestine and ultimately to feces [3] (Fig. 1).
The efflux of macrophage cholesterol to HDL occurs by passive
diffusion, facilitated by scavenger receptor class B type I (SR-BI) or,
more efficiently, by a unidirectional mechanism mediated by the

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
vol. 1339, DOI 10.1007/978-1-4939-2929-0_15, © Springer Science+Business Media New York 2015
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Fig. 1 Schematic diagram of the biliary macrophage-RCT pathway. Cholesteryl esters (CE) stored in lipid drop-
lets of macrophage foam cells are hydrolyzed by neutral cholesteryl ester hydrolases. Lipid-poor nascent
prep-migrating HDL particles acquire free cholesterol (FC) from macrophage foam cells via ABCA1, whereas
the ABCG1 transporter facilitates cholesterol efflux from macrophages to a-HDL particles. FC is esterified to
CE within nascent HDL particles by lecithin-cholesterol acyltransferase (LCAT), thereby generating mature
a-HDL. The liver selectively takes up HDL-associated CE via scavenger receptor class B member 1 (SR-BI) and
excretes HDL-derived cholesterol into the bile as FC or as bile acids (BA) after conversion. An alternative non-
biliary route for the transfer of cholesterol from the blood directly to the intestinal lumen is thought to contrib-
ute to fecal macrophage-derived cholesterol excretion (not shown)

ATP-binding cassette transporters ABCAl and ABCGI1 [4].
Functional analysis of the cholesterol efflux capacity of serum may
provide useful data to assess the impact of particular clinical and
experimental situations that induce qualitative or quantitative
changes in the biological activity of key physiological cholesterol
acceptors, such as HDL particles and apolipoprotein (apo) A-I,
which is the main protein component of HDL. Recent data [5]
have revealed that the HDL-mediated cholesterol efflux ability
from macrophages, a metric of HDL function, may be clinically
relevant since it displays a strong inverse association with both the
carotid intima-media thickness and the presence of angiographically
confirmed coronary disease, independently of the plasma HDL-
cholesterol concentration.

The in vitro cholesterol efflux method allows the determina-
tion of the rate of cholesterol efflux from cultured cells to plasma
acceptors (see Fig. 2 for a schematic diagram of the method
steps). Radioactive labeling of cholesterol and its incorporation
in cholesterol-donor cells provides an effective and sensitive
method for detecting total cholesterol efflux from cultured
human monocyte-derived macrophages or mouse macrophages.



1. Cell seeding and loading with [ 3H]cholesterol

[3H]cholesterol-containing RPMI medium

24 h incubation

2. Cell equilibration and conditioning

Serum-free medium with 0.2% fatty
acid-free albumin
+
Optionally, cholesterol transporter
inducers may be added

Overnight incubation

3. Cellular cholesterol efflux

Serum-free medium
with/without cholesterol
acceptors

Cholesterol efflux

4. Quantification of [3H]-radioactivity
THE
Counts in medium

A
Y

Counts in cells

Fig. 2 Steps of cholesterol efflux method. 7: Macrophages are seeded and grown
for two days in RPMI growth medium. If the starting cell typed are monocytes, the
cells must be differentiated into macrophages by adding PMA to the macrophage
growth medium. The differentiation of monocytes into macrophages typically
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However, it should be noted that the efflux of labeled choles-
terol from the radiolabeled cells does not necessarily represent
the release of cholesterol mass but rather reflect the bidirectional
exchange of cholesterol. Sankaranarayanan et al. [6] showed that
net movement of cholesterol occurs when the cholesterol donor
cells are cholesterol enriched, but not when they are cholesterol
normal. The fractional release of label from cholesterol-enriched
cells provides an estimate of the “efflux efficiency” of the studied
acceptor. However, to quantify the mass movement of the cho-
lesterol, changes in the cell cholesterol mass must be measured
[6]. Rodent macrophages expressing preferentially specific cho-
lesterol efflux pathways are usually used in the efflux method.
However, the regulation of cholesterol efflux transporters
appears to differ among cells from different species. This is the
case of cAMP, which strongly stimulates lipid efflux in mouse
macrophages but not in human macrophages [7]. Differentiation
of human monocytes into macrophages requires incubation of
the cells for several days with different polarizing factors. This
may affect the expression of ABC transporters in the differenti-
ated macrophages and, accordingly, the cholesterol efflux effi-
ciency of the generated cells [8].

For cholesterol efflux assays, cells are usually seeded in multiwell
plates and maintained in growth medium until labeling with [*H]
cholesterol. For cell labeling, [*H Jcholesterol is added to the cells in
growth medium, and the cells are incubated for 24 or 48 h, depend-
ing on the study. Cell labeling with [3H]cholesterol is followed by
equilibration of the radiolabeled cholesterol among all intracellular
cholesterol pools with serum-free medium, supplemented with
fatty acid free-albumin for 18 h. When appropriate, the induction of
the expression of specific cellular cholesterol transporters may be
considered during this step. After equilibration, cholesterol efflux is

<

Fig. 2 (continued) stops the cells growing, and the cells are then prepared for
radiolabeled cholesterol loading. Macrophages or monocyte-derived macro-
phages are incubated for 24 h with a loading medium containing radiolabeled
cholesterol. 2: Excess radiolabeled cholesterol is then removed, and the cells are
washed and incubated with a serum-free medium, which is supplemented with
fatty acid-free BSA for 18 h to allow equilibration of the radiolabeled cholesterol
with the intracellular cholesterol pools. If required, the cells can be treated during
this step to modulate the expression of specific cholesterol transporters (cell
conditioning). 3: After equilibration, the medium is removed, and the cell cultures
washed before adding the cholesterol acceptors. The incubation of the macro-
phages in serum-free cell culture medium in the presence or absence of the
acceptors for a specific period allows the estimation of the acceptor-induced
release rate of radiolabeled cholesterol from macrophages. 4: The relative cho-
lesterol efflux is calculated as the percentage of the [*H] counts released in the
medium divided by the total [*H] counts (medium + cells)
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measured by incubating the cholesterol-labeled cells in the presence
of extracellular cholesterol acceptors. To calculate the relative
release of acceptor-mediated radiolabeled cholesterol from the cells,
the radioactivity in the medium corresponding to the effluxed cho-
lesterol and that remaining in the cells is quantified. Although mac-
rophages are most frequently used, the assay can also be applied to
other types of cells, such as FubAH hepatoma cells and adipocytes,
to obtain mechanistic information; FuSAH hepatoma cells efflux
cholesterol mainly via SR-BI and aqueous diffusion [9], and adipo-
cytes efflux cholesterol via the SR-BI and ABCAI but not the
ABCGI pathways [10].

The efflux of cellular cholesterol to HDL initiates RCT in all
tissues, but the fraction that originates from the macrophage foam
cells located in the intima is considered the only RCT component
directly involved in atherosclerosis [2]. The key methodological
problem for quantifying in vivo RCT from macrophages, which are
the most important cholesterol-accumulating cell type in athero-
sclerosis, is that the macrophage cholesterol pool is a minor con-
tributor to the total RCT from peripheral cells. To overcome this
quantitative problem, Zhang et al. [11] developed an assay for
measuring in vivo macrophage-to-feces RCT (macrophage-RCT)
by tracing the reverse [*H]cholesterol transport from lipid-laden
macrophages to feces in mice. In this assay, mouse macrophages or
macrophage-like cells were loaded with acetylated low-density
lipoproteins (LDL) and [*H]cholesterol and then injected intra-
peritoneally into recipient animals. After injection, the appearance
of [*H]tracer in serum was determined at different time points
and, most importantly, collected continuously in the feces during
the time frame of the assay. The time course of such experiments is
usually 48 h. This method distinguishes between the amount of
fecal radioactivity in neutral sterols and bile acids (a schematic out-
line of this methodology is depicted in Fig. 3). The method can be
used to study the role of different therapies and pathways relevant
for RCT and HDL-mediated atheroprotection [12, 13]. Under
certain experimental settings, the macrophage-RCT rate should be
measured within a time spam shorter than 48 h. Therefore, a mod-
ified method has been used with pharmacological studies involving
short-term transient activation of in vivo events that affect the cho-
lesterol efflux capacity of HDL or acute pathophysiological condi-
tions induced in mice [14, 15]. To evaluate the macrophage-RCT
rate within a short time (i.e., in a period not sufficient to support
the transfer of macrophage-derived cholesterol into feces), the
tracer radioactivity in the intraluminal intestinal contents can be
quantitated. The assay follows the same steps used in radiolabeling,
injection of the macrophages, and processing of serum and liver
samples. The only difference is that the macrophage-derived radio-
activity of the intraluminal contents of the intestine is quantitated
rather than that of the excreted feces. It should be noted that these
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Fig. 3 Steps of the macrophage-to-feces RCT method. This method follows the fate of [*H]cholesterol from
mouse macrophages injected into the peritoneal cavity of the mouse. 7: Mouse macrophages or macrophage-
like cells are loaded with ac-LDL and [*H]cholesterol to become foam cells. 2: Radiolabeled foam cells are
gently detached from the plastic surface of 75 cm? flasks and resuspended in sterile PBS. 3: The radiola-
beled mouse macrophages are then injected intraperitoneally into the mouse, and the mouse is placed in
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macrophage-specific methods do not measure the net flux of
cholesterol mass from the macrophages, but rather the unidirec-
tional efflux of the radiolabeled cholesterol from the macrophages
to plasma and the intestinal contents or feces. Moreover, this out-
ward flow may be affected by exchange with endogenous tissue
cholesterol pools. In addition, although the labeled macrophages
in these assays are injected into the peritoneal cavity, which is con-
sidered a surrogate of the intimal space, the amount of the choles-
terol acceptors in the intraperitoneal compartment and in the
arterial intima may differ. The macrophage-RCT method described
above has also been applied by injecting the labeled macrophages
into extra-peritoneal compartments, such as the skin. However,
the RCT fraction that originates from macrophages injected sub-
cutaneously (e.g., in the rostral back), into the mouse requires lon-
ger time to be transferred to the intestine/feces in comparison
with the faster macrophage-RCT rates obtained when the labeled
cells are intraperitoneally injected [15]. Injecting labeled macro-
phages in other body locations, such as the tail skin, also appears to
render a much less robust RCT signal [16].

2 Materials

2.1 CGell Culture

<

1. Human THP-1 monocyte cell line (ATCC® TIB-202™) and
mouse J774A.1 (ATCC® TIB-67™) or P388D1 (ATCC® TIB-
63™) macrophage-like cells.

2. Roswell Park Memorial Institute medium (RPMI) 1640 sup-
plemented with 2 mM glutamine.

3. Growth medium for macrophages: RPMI 1640, glutamine,
10 % heat-inactivated FCS, 100 U/mL of penicillin, and
100 pg/mL of streptomycin (P/S) (see Note 1).

. 75 em? cell culture flasks.

. Multiwell cell culture plates.
. 10 mL serological pipettes.
. 70 % ethanol in water.

. Sterile scissors and forceps.

O 0 N O\ Ul

. Dissecting board.

Fig. 3 (continued) a cage with a metal grid floor for 48 h for feces collection. 4: At 48 h, the mouse is eutha-
nized, the blood is collected by cardiac puncture, and the liver is removed. 5: [*H]-radioactivity is measured in
serum and HDL after precipitating apoB-containing lipoproteins. Lipids from the liver and feces are extracted
with hexane—isopropanol and partitioned against Na,S0,. Liver [*H]-radioactivity is determined in the upper
layer, which contains the [*H]cholesterol. In the feces extract, the amount of [*H]-radioactivity is determined in
the upper layer (neutral sterols) and the lowest layer (bile acids)
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10.
11.
12.
13.
14.
15.
16.

17.

18.

19.

2.2 Macrophage 1.

Radiolabeling

and Injection
2
3
4
5
6
7

Sterile phosphate-buffered saline (PBS).

10 mL syringe and 25 G needle.

50 and 15 mL polypropylene tubes.

Cell scrapers.

Sterile filters with a 0.2 pm pore size.
Counting chamber (Fast read 102, Biosigma).

Prepare Difco™ fluid thioglycollate medium (Becton Dickinson
Labware) (3 % w/v) and autoclave for 15 min at 121 °C. Place
the aliquots in 50 mL bottles. Keeping the solution in a dark
room at room temperature (RT) for 1-2 months before use
will increase the yield of inflammatory cells. Ensure that the
broth is clear. Any cloudiness indicates contamination.

1 mg/mL of phorbol 12-myristate 13-acetate (PMA) (Sigma),
stored at —80 °C until use.

10 mg/mL of 8-(parachlorophenylthio) cyclic-3’, 5’-AMP
(CTP-cAMP; Sigma) in water, stored at —20 °C until use.

Liver X receptor agonist (1 g/mL) T0901317 (Cayman
Chemical) in ethanol, stored at =20 °C until use.

ApoA-I (Sigma) and HDL isolated by sequential ultracentrifu-
gation at a density gradient of 1.063-1.21 g/mL from total
plasma (or serum). Although the apoA-I prediluted with
serum-free RPMI 1640 medium can be used directly, the iso-
lated HDL must be desalted and incorporated into serum-free
RPMI 1640 medium before using it. Incorporate the HDL
into RPMI 1640 using a PD-10 desalting column, eluted by
gravity. Before adding 2.5 mL of HDL, equilibrate the column
with 25 mL of serum-free RPMI 1640 medium. Elute the
mixture with 3.5 mL of RPMI 1640, and collect the whole
eluate, which contains the HDL, in a separate tube. Whole
plasma (or serum) or apoB-depleted plasma (or serum) can be
used as acceptors to measure the efflux of the macrophage
cholesterol.

. 40-60 Ci/mmol [1a,2a(n)-3H]cholesterol (Perkin Elmer).
. 0.2 N of NaOH.

. PD-10 desalting column (GE Healthcare).

. Ultracentrifugation tubes.

. Human LDL.: isolate by sequential ultracentrifugation at a

density of 1.019-1.063 g/mL and dialyze at 4 °C against
10 mM Tris-HCI, 1 mM EDTA, pH 7 4.

. Lipoprotein-depleted serum (LPDS): isolate by sequential

ultracentrifugation at a density >1.21 g/mL and dialyze at
4 °C against 10 mM Tris—HCI, 1 mM EDTA, pH 7.4. To inac-
tivate the LPDS, place it in a 56 °C water bath for 1 h.
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8.

92}

Acetylated LDL (ac-LDL): adjust the isolated LDL to 2 mg/
mL of LDL protein (i.e., apoB or total protein content), and
add an equivalent volume of saturated sodium acetate. Next,
add 1 pL of acetate anhydride, and gently shake the mixture in
an ice-water bath for 30 min. Add another 1 pL of acetate
anhydride, and stir the mixture for 30 min. Finally, dialyze the
mixture at 4 °C against 10 mM Tris—-HCI, 1 mM EDTA,
pH 7.4. Before using the mixture for the radiolabeling of
mouse macrophages, incorporate the ac-LDL into RPMI 1640
using a PD-10 desalting column, eluted by gravity. To do so,
equilibrate the PD-10 column first with 25 mL of RPMI 1640
before adding 2.5 mL of'ac-LDL. Elute with 3.5 mL of serum-
free RPMI 1640 medium, and collect by gravity the ac-LDL-
containing eluate into a separate tube. Filter the suspension
through a sterile filter with 0.2 pm diameter pores to avoid
aggregated ac-LDL. Ensure that the ac-LDL suspension con-
tains approximately 0.7-1 mg/mL of apoB.

. Absolute ethanol (>99.9 %).
10.
11.
12.
13.
14.
15.

Bovine serum albumin (BSA), essentially fatty acid-free.

2 mL plastic Pasteur pipettes.

Liquid scintillation fluid (Optiphase Hisafe 2, Perkin Elmer).
Scintillation 20 mL vials.

0.4 % Trypan blue solution (w/v).

1 mL syringes and a 26 G needles.

. Isoflurane.
. Scalpel blade (Carbon steel 21, Swann-Morton).
. 1.1 mL, Z-gel microtubes for serum separation (Sarstedt).

. Phosphotungstate precipitant reagent: 0.44 mM phospho-

tungstic acid and 20 mM MgCl, (for precipitating apoB-
containing lipoproteins).

. Reusable feeding needle—20 G/30 mm long.

6. Solvent for lipid extraction: hexane—isopropanol (3:2, v:v).

10.

11.
12.

Store in a glass sealed bottle.

. Solution of 0.47 M Na,SOy, in bidistilled water.
. 5 mL glass tubes.
. Thin layer chromatography (TLC) plates, size 6x20 cm

(Whatman).

TLC running solvent hexane—diethyl ether—ethyl acetate
(50:50:1.5; viviv).

Todine crystals.

Cholesterol reference standard: 10 mg/mL of cholesterol

(Sigma) and 10 mg/mL of cholesterol stearate (Fluka) in chlo-
roform, stored at —20 °C until use.
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3 Methods

3.1 InVitro
Cholesterol Efflux
Assays

3.1.1  Seeding
and Differentiation
of Human THP-1
Monocytes into
Macrophages

3.1.2 Seeding of J774
or P388D1
Macrophage-Like Cells

Established cell lines of monocytes are currently used (e.g., THP-1
cells) for cholesterol efflux assays. Alternatively, monocyte-derived
macrophages may be used (se¢ Note 2). Primary human mono-
cytes should be freshly collected with serum containing medium,
Ficoll-Hypaque®, or Lympholyte® gradients from whole blood (see
Note 2). The macrophages can be generated by supplementing
the growth medium with PMA (i.e., THP-1 cells). In the case of
primary human monocytes, they can be supplemented with
granulocyte-macrophage colony-stimulating factor (GM-CSF) or
macrophage colony-stimulating factor (M-CSF). Various estab-
lished cell lines of mouse macrophages (e.g., J774 or P388D1
cells) are used to assess the rate of cholesterol efflux to specific
extracellular acceptors. Apart from these cell sources, primary
mouse macrophages can be isolated from the resident peritoneal
macrophage pool either directly or after the injection of thioglycol-
late broth into the peritoneal cavity of mice.

1. Culture THP-1 in growth medium in 75 ¢cm? cell culture flasks,
and keep in a humidified cell incubator (5 % CO,) at
37 °C. Refeed every 2 days with fresh growth medium by
adjusting the cell density between 0.8 and 1.2 million cells per
milliliter.

2. Sediment the cells at approximately 200 x g4 at RT for 10 min.
Aspirate the supernatant and resuspend cells in macrophage
growth medium.

3. Count the THP-1 cells in a counting chamber.

4. Seed the monocytes at a cell density of one million cells per
well (in a final volume of 1 mL) in 12-well plates (se¢ Note 3),
and allow them to differentiate into macrophages in the pres-
ence of 0.05 pg/mL of PMA (see Note 4) in a humidified cell
incubator (5 % CO,, at 37 °C for 4 days. After differentiation,
the cells can be directly used for cholesterol efflux assay (con-
tinued in Subheading 3.1.4; see Note 5).

1. Mouse J774 or P388D1 macrophage-like cells are typically
seeded and expanded in 75 cm? flasks in macrophage growth
medium and kept in a humidified cell incubator (5 % CO,) at
37 °C until use.

2. Change the macrophage growth medium every 2 days. To do
so, pour the macrophage growth medium from the flasks, and
wash the cells twice with 10 mL of warm PBS. Following this
step, add fresh, warm macrophage growth medium and keep
in a humidified cell incubator (5 % CO,) at 37 °C.
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3.1.3 Isolation
and Seeding of Primary
Peritoneal Macrophages

3.

4.

Maintain the cells until the cell culture reaches about 90 % of
confluence (see Note 6).

At a cell culture confluence of 90 %, the cells are ready for sub-
culture. Wash the cells twice with warm PBS, and add the mac-
rophage growth medium as described in Subheading 2.

. Gently scrape the cells from the plastic surface with a cell

scrapcr.

. Place the cell suspension into a polypropylene tube. Count the

cells in the counting chamber, seed at a cell density of 300,000
cells per milliliter (see Note 7) and add growth medium up to
1 mL per well in 12-well plates.

. Keep in a humidified cell incubator (5 % CO,) at 37 °C for 1

day (continued in Subheading 3.1.4).

Resident peritoneal mouse macrophages can be isolated via an
intraperitoneal injection of thioglycollate into the mice. This pro-
duces an inflammatory response, resulting in the release of large
numbers of macrophages, which can then be purified. The perito-
neal inflammatory cells can be recovered from euthanized mice at
various time points after the injection. Davies and Gordon [17]
previously described this process in detail. It should be noted that
inflammatory macrophages may respond differently to several
stimuli than the resident primary macrophages.

1.

Inject 2.5 mL of complete thioglycollate medium using a 26 G
needle into the peritoneal cavity of the mouse.

. At 72 h, euthanize the mice by overdose of isoflurane. Pin the

mice onto a dissection board, with their abdomens up. Clean
the surface of the abdomen with 70 % ethanol.

. Perform a small off-center skin incision over the caudal half of

the abdomen with scissors, and expose the underlying abdomi-
nal wall by retraction.

. Inject 10 mL sterile PBS into the peritoneal cavity using a 25 G

needle. Gently massage the abdomen for 30 s (se¢ Note 8).

. Slowly withdraw the PBS containing the peritoneal cells from

the peritoneal cavity. Try to avoid omental fat zones because
they usually block the needle. Repeat this process twice, with-
out removing the needle. Store the cell suspension in a Falcon
tube, and keep on ice until required. One thioglycollate-
injected mouse may produce 15-20 million macrophages.

. Sediment the cells at approximately 200 x4 at 4 °C for 10 min.

. Place the cell suspension in a polypropylene tube with 5 mL of

growth medium. Count the cells in a counting chamber, seed
at a cell density of one million per milliliter (see Note 9), and
add growth medium up to 1 mL per well in 12-well plates.
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3.1.4 Cell Labeling

3.1.5 PH]Cholesterol
Equilibration and Cell
Conditioning

3.1.6 Promotion
of Cholesterol Efflux

3.1.7 PHjCholesterol
Content in the Medium
and Cells

. After 2—4 h, remove the nonadherent cells by washing twice

with 1 mL of warm PBS. Pour out the PBS, and add 1 mL
of radiolabeled medium into each well as described in
Subheading 3.1.4.

. Prepare the labeling medium by dispensing 1 pCi of [*H]cho-

lesterol per milliliter of RPMI 1640 medium, supplemented
with 5 % FCS and P/S (see Notes 10 and 11).

. Measure the apoB levels in the ac-LDL preparation (or alterna-

tively protein content), and add ac-LDL to produce a final con-
centration of 50 pg/mL in the labeling medium (see Note 12).

. Filter the radiolabeled growth medium containing ac-LDL

through a sterile filter with a 0.2 pm pore size.

. Incubate the human monocyte-derived macrophages (after 4

days in culture), J774 or P388D1 macrophage-like cells (1 day
after subculture), and peritoneal macrophages (the same day as

collection) with the ac-LDL-containing labeling medium for
24 h (see Note 13).

. Pour out the labeling medium, wash the macrophages twice

with warm sterile PBS, and incubate with serum-free RPMI
1640 supplemented with 0.2 % BSA (see Note 14) for 18 h.
In this step, the macrophages can be incubated in the presence
or absence of specific compounds to manipulate the expression
of particular cholesterol transporters in the cultured macro-
phages (see Note 15).

2. Remove the medium.

. Gently wash the macrophages twice with warm sterile PBS.

. Prepare the serum-free RPMI 1640 medium, supplemented or

not with cholesterol acceptors (see Subheading 2.2 and Note 16).

. Incubate the cells with or without cholesterol acceptors for 4 h

(see Note 17).

. At the end of the incubation, collect the medium from each

well, and centrifuge at approximately 750 x g at RT for 10 min
to remove detached cells. Then, transfer the cell-free medium
to a scintillation vial. For radioactivity counting, to avoid
removing sedimented cells from the bottom of the centrifuga-
tion vials, take a fixed volume aliquot from the upper fraction
of the supernatant. The total counts in the total volume of the
medium are then calculated by a correction factor.

. Add 4 mL of scintillation fluid to each vial. Cap the vials and

vortex, and mix the scintillation fluid with the medium.

. Place the vials in a scintillation rack, and measure the amount

of [3H]-radioactivity in the cell culture medium (see Note 18).
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4. Gently wash the cultured macrophages twice with PBS.

5. Add 500 pL of 0.2 N NaOH (see Note 19) to the cell mono-
layer, and incubate on a shaker at 4 °C overnight. Transfer the
cell extract from each well to a scintillation vial.

6. Repeat the previous step at RT for 30 min, and pool the cell
extract from the same well together.

7. Add 4 mL of scintillation liquid to each scintillation vial, cap
the vials, vortex vigorously to resuspend the cell extracts, and
store the samples overnight in the dark.

8. Measure the amount of [¥H] radioactivity in the cell extracts.
Repeat the counting every 24 h until the counts are stable
(see Note 20).

9. The cholesterol efflux is expressed as a percentage of total
cholesterol using the following formula: % cholesterol
efflux=(medium [*H]-radioactivity [cpm])/[(medium
[*H]-radioactivity [cpm]+[3H]-radioactivity from cell extract
[cpm])]x 100, where cpm = counts per minute. The efflux of the
labeled cholesterol can also be expressed as the percentage of
radiolabeled cholesterol in the medium relative to that present
in the cells prior to the incubation with cholesterol acceptors.

3.2 InVivo 1. Culture the mouse J774 or P388D1 macrophage-like cells in
Macrophage-to-Feces 75 cm? flasks until 90 % of confluence, as described in
RCT in Mice Subheading 3.1.2 (follow steps 1-3).

321 Seeding of J774 or 2. Wash the cells witlr.1 warm PBS twice, and replace the macro-
P388D1 phage growth medium.

Macrophage-Like Cells 3. Scrape the cells gently from the plastic surface with a cell scraper.

4. Place the cell suspension in a polypropylene tube. Count the cells
in a counting chamber, and place the cells in new flasks, adding
five million cells per flask. It should be noted that one flask of
cells provides enough macrophages for injecting three mice.

5. Add growth medium to bring the volume up to 10 mL. Grow
the cells for 5 days, changing the media every second day (con-
tinued in Subheading 3.2.3 and see Note 21).

3.2.2 lIsolation 1. Inject 2.5 mL of complete thioglycollate medium into the
and Culture of Primary peritoneal cavity of the mouse to obtain the maximum number
Peritoneal Macrophages of peritoneal macrophages, as described in Subheading 3.1.3

(follow steps 1-6).

2. Count and seed the peritoneal cells in the growth medium at
20 x 106 cells per flask and incubate for 4 h in a humidified cell
incubator (5 % CQO,) at 37 °C.

3. After 4 h, remove the nonadherent cells by washing twice in
10 mL of warm PBS. Pour out the PBS, and add 10 mL of radio-
labeled media into each flask, as described in Subheading 3.2.3.



224 Joan Carles Escola-Gil et al.

3.2.3 Radiolabeling
of Mouse Macrophages

3.2.4 Equilibration
and Collection
of Radiolabeled Foam Cells

. Measure the apoB levels (or alternatively the protein content)

of the ac-LDL, and add it to RPMI 1640 containing 10 %
LPDS and P/S to produce a final concentration of 0.1 mg/
mL. Filter the media through a sterile filter with a pore size
diameter of 0.2 pm.

. Evaporate the [¥H ]cholesterol solution under nitrogen gas in a

fume hood. After evaporation, reconstitute the [¥H]choles-
terol in absolute ethanol (e.g., dissolve 50 pCi of [¥H]choles-
terol in 20 pL of absolute ethanol when 50 pCi of [*H]
cholesterol is the amount needed for radiolabeling the cells of
one flask). Add 5 pCi/mL of [3H]cholesterol to the RPMI
1640 containing the ac-LDL, 10 % LPDS, and P/S.

. For J774 or P388D1 macrophage-like cells, wash the flasks

with warm PBS twice.

. Pour out the PBS, and add 10 mL of RPMI 1640 containing

the LPDS, P/S, 1 mg of ac-LDL and 50 pCi of [*H]choles-
terol to each flask.

. Incubate the mixture in a humidified cell incubator (5 % CO,)

at 37 °C for 48 h.

. Pour out the radiolabeled media, wash twice with warm PBS,

and add 10 mL of serum-free RPMI 1640 supplemented with
0.2 % BSA to each flask. Equilibrate the cells for 4 h in a
humidified cell incubator (5 % CO,) at 37 °C.

. Pour out the RPMI from the flasks, and wash cells twice with

10 mL of PBS.

. Add 5 mL of PBS to each flask, and keep in a cell incubator for

10 min.

. Detach the cells from the plastic surface with a plastic Pasteur

pipette. Gently wash the bottom of the flask with a brushing
motion with a Pasteur pipette. Use the fluid in the flask to flush
the cells.

. Put the PBS containing the cells into one polypropylene tube

(pool the cells of all flasks in one tube).

. Sediment the cells at approximately 200 x g at RT for 10 min.

. Pour out the supernatant, and resuspend the cell pellet with

the required amount of PBS (The injection dose for each
mouse usually comprises one million cells in 500 pL of PBS).
Aliquot the cells to vials, with 500 pL in each.

. Retain an extra volume to measure the radioactivity and the

viability of the cells. To measure the radioactivity, add 100 pL
of cell suspension to two scintillation vials. Add 4 mL of scin-
tillation fluid to each vial. Cap the vials, and vortex briefly.
Place the wvials in a scintillation rack, and measure the
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3.2.5 Intraperitoneal
Injection of Radiolabeled
Foam Cells

3.2.6 Euthanization
and RCT Sample Collection
at48 h

3.2.7 Euthanization
and RCT Sample
Collection at 3 h

[*H]-radioactivity for 4 min. The total injected dose in
500 pL should be 1-2 million of cpm (see Note 22).

. Mix 30 pL of cell suspension, and add 30 pL of Trypan blue.

Count the viable (white, clear, and round) and dead (blue and
misshapen) cells in a counting chamber (see Note 22).

. Use a 1 mL syringe with a 26 G needle to withdraw the radio-

labeled macrophages.

. Anesthetize each mouse with isoflurane. Inject 500 pL of

radiolabeled cells into the peritoneal cavity of each mouse
(see Note 23).

. Place each mouse individually in a cage with a metal grid floor

for 48 h (for RCT method at 48 h). Water and food should be
provided ad libitum (se¢ Note 24).

. Collect a small amount of blood from the tail vein at different

time points (usually 6 and 24 h; see Note 25).

. Transfer the blood to ready-made commercial serum tubes.

Centrifuge the blood at approximately 9,000 x4 at 4 °C for
10 min. Remove 25 pL to measure the serum radioactivity.
Add 4 ml of scintillation fluid, and measure the radioactivity as
described in step 8 in Subheading 3.2.4.

. At 48 h, euthanize the mice by overdose of isoflurane.

. Perform a cardiac puncture with a 1 mL syringe, and use a

26 G needle to collect a single, good quality, large volume of
blood from each mouse (see Note 26). Put the blood in ready-
made commercial serum tubes, and centrifuge at approxi-
mately 9,000 x4 at 4 °C for 10 min.

. Pin the mice onto a dissection board, with their abdomens up.

Open the abdominal cavity using a cut along the median axis
of the muscular wall. Remove the whole liver and mince into
small pieces (without gallbladder, see Note 27).

4. Wash the liver samples in containers with saline.

5.

Collect feces on the cage floor.

The entire intestine is used for collection of its intraluminal con-
tents. Depending on the aim of the study, the parts corresponding
to the small and large intestine can be split into two separate sam-
ples. In studies that involve changes in cholesterol absorption, the
intraluminal contents of the small intestine are essential [3].

1.

2.

At 3 h, euthanize the mice by overdose of isofluorane, and col-
lect the blood as described in step 2 in Subheading 3.2.6.

Open the abdominal cavity of the mouse, pull the skin back on
the sides, and locate the stomach pylorus. From this initial
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3.2.8 Quantification
of Radiolabeled Cholesterol

point, using scissors, cut away the small intestine. Remove it
from the abdominal cavity by carefully cutting any fatty anchors
around its coiled loops.

. Locate the caecum, and cut out the small intestine where the

ileum joins the large intestine (se¢ Note 28).

. Collect the intraluminal contents from the intact small intestine

by flushing the intestine gently with 5 mL of saline using a
syringe and a feeding 20 G needle. Collect the fluid in a 15 mL
tube (glass or polypropylene tubes resistant to hexane).

. Take the large intestine out of the abdominal cavity with for-

ceps, and locate the rectum. Cut out the entire large intestine
from this point. Collect the intraluminal contents from the
large intestine. Use a forceps to gently retrieve the semisolid
material inside, and place the material in a 15 mL tube.

. Remove the whole liver as described in step 3 in

Subheading 3.2.6.

. Divide the serum in two parts: (a) Take 100 pL to measure the

serum radioactivity. (b) Take 100 pL and mix well with 200 pL
of phosphotungstate precipitant reagent for precipitating
apoB-containing lipoproteins in a 1.5 mL tube. Leave for
10 min at RT, and centrifuge at approximately 9,000 x g at RT
for 2 min. Separate the supernatant (approximately 280 plL)
containing the HDL from the precipitate. In both cases add
4 mL of scintillation fluid and count radioactivity as described
in Subheading 3.2.4 (step 8).

. Take the whole liver and feces samples obtained in the 48 h

RCT method (Subheading 3.2.6), and place each sample in a
15 mL tube (glass or polypropylene tubes resistant to
hexane).

. In the case of the 3 h RCT method, use the 15 mL tubes con-

taining the intraluminal contents of the intact small intestine
and large intestine (Subheading 3.2.7).

. Add 10 mL of hexane-isopropanol for lipid extraction, and

rotate the samples on a multitube rotator overnight at 4 °C
(see Note 29).

. Transfer the fluid carefully to a new tube, taking care to

prevent the entry of solid particles.

. Add 3 mL of 0.47 M Na,SO, to separate the hexane and

isopropanol into two layers.

7. Rotate the samples for 10-15 min.
. Centrifuge at approximately 200 x 4 at 4 °C for 10 min.

9. In the case of liver, transfer the upper layer containing the lipids

into the vial to measure [*H]-radioactivity. The upper layer
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3.2.9 Liver TLC Analysis

10.

11.

12.

contains approximately 6 mL, and 5 mL are used to quantify the
radioactivity. Put 1 mL into a 5 mL glass tube for TLC analyses.

In the cases of feces, transfer the upper layer (neutral sterols)
and the lower layer (bile acids) to separate vials.

Dry the vials containing the upper layer (mainly hexane) for
48-72 h in a fume hood. Use a nitrogen stream to aid rapid
drying. Retain the lowest aqueous layer in the vial until the
radioactivity is measured.

Add 4 mL of scintillation fluid to each vial, cap the vials, vortex
vigorously to resuspend lipid extracts, and store the samples
tor 30 min. Vortex again, place the vials in a scintillation rack,
and measure the [*H]-radioactivity for 4 min. Liver and fecal
[3H ]-radioactivity are expressed as the % of the injected dose in
the liver, feces or intraluminal intestinal contents of each
mouse. In the case of serum, the calculation is expressed as the
% of injected dose per milliliter of serum.

The following TLC method can be used to separate [3H]choles-
terol from [*H |cholesterol ester, enabling measurement of the dis-
tribution of hepatic [¥H ]cholesterol.

1.

Dry the glass tube containing the 1 mL of the whole liver lipid
extract (see step 9 in Subheading 3.2.8 for details) for 24 h in
a fume hood.

. Resuspend liver lipid extract in 50 pL of chloroform and apply

20 pL of sample onto a TLC plate on the line near the bottom
(see Note 30).

. Apply a standard mixture containing the unlabeled cholesterol

and cholesteryl esters onto one lane of each TLC plate
(see Note 31).

. To run the TLC, prepare solvent hexane—diethyl ether—ethyl

acetate (50:50:1.5; v:v:v). Pour 100 mL into a glass tank. Cap
the tank, and let the solvent vapors saturate the tank chamber.
Line the wall inside with filter paper.

. Add approximately 50 g of iodine crystals to another tank, and

cap the tank to form iodine vapor.

. Put the TLC plates into the glass tank containing the running

solvent against the wall. Run the solvent front until it is 3 cm
away from the top line (approximately 45 min).

. Remove the TLC plates from the tank, and dry them in a fume

hood. Place the TLC plates in the iodine tank until the spots
are clearly stained (yellow and brown).

. With a tip of a pipette, carefully scratch off the silica gel con-

taining the stained cholesterol bands (se¢ Note 32). Transfer
the powder of each band to a scintillation vial and count radio-
activity as described in Subheading 3.2.8 (step 12).
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4 Notes

1. To inactivate the FCS, place in a water bath at 56 °C for 1 h.

Dulbecco’s Modified Eagle’s Medium (DMEM), low glucose,
supplemented with 10 % FCS, 2 mM glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin can also be used.

. Several commercially available gradient separation methodolo-

gies can be used to isolate and collect peripheral blood-derived
mononuclear cells. Among them, Ficoll-Hypaque® (GE
Healthcare®) [18] and Lympholyte®—H (Cedarlane®) density
gradient separation methods are specifically designed for the
isolation of viable monocytes from different mammalian blood.
Monocytes can also be obtained by directly enriching CD14*
cells using a magnetic sorting system (Miltenyi Biotec) [19].
Macrophages can then be produced by differentiating nonad-
herent macrophage precursors with growth medium, supple-
mented with M-CSF or GM-CSE. Resident bone marrow
macrophages can also be isolated following enzymatic separa-
tion of cells from bone marrow plugs and enriched on 30 %
FCS-containing medium [20].

. The number of cells per milliliter in the mentioned plate sup-

port is currently used for THP-1 cells and corresponds to a cell
density of approximately 300,000 cells per cm?. If using 6-well
(9.5 cm? /well) or 24-well (1.9 cm?/well) plates, the number
of cells per well may be scaled up or down, respectively. With
this cell type, it is important to maintain a cell density of
between 0.8 and 1.2 million cells per milliliter. If peripheral
blood mononuclear cells are the starting cell source, the rec-
ommended working cell density (cells per cm?) is higher (i.e.,
approximately 800,000 cells/cm?) than that indicated for the
THP-1 cells.

. To prepare the working solution of PMA, thaw a stock aliquot

(20 pL; 1 mg/mL) of PMA. To yield a working aliquot at a
concentration of 75 pg/mL, add exactly 247 pL of DMSO just
before use. The working aliquot of PMA at 75 pg/mL in
DMSO should be protected from light and maintained at RT
until use. The final concentration of PMA in the growth
medium should be adjusted to 0.05 pg/mL. Although the
indicated concentration of PMA works fine, other concentra-
tions of PMA, ranging from 0.05 to 0.1 pg/mL can be used.
When using peripheral blood mononuclear cells, macrophages
are produced by culturing primary monocytes with growth
medium, supplemented with M-CSF (50 ng/mL) or GM-CSF
(10 ng/mL) (Biosite Ltd.). The cells are then maintained in
growth medium, which is supplemented with M-CSF or
GM-CSF for 6-7 days, refeeding the growth medium with
growth factors every 2—-3 days. After 6-7 days in culture, the
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cells are ready for the assay as judged by phenotypical conversion
into macrophages.

5. To maintain these cells, pour out the growth medium from the
flasks, and wash the cells twice with 10 mL of warm PBS every
second day. Add fresh PMA-containing macrophage growth
medium, and maintain the medium in a humidified cell incu-
bator (5 % CO,) at 37 °C.

6. Monitor the cell growth closely because too great density may
cause cell detachment.

7. Various cell densities can be used to start the experiments, with
the selection depending on the cell type, cell culture condi-
tions, and plate support used. For instance, an appropriate
starting cell density for J774 cells for optimal cholesterol efflux
results may range between 75,000-100,000 cells/cm?,
depending on the study.

8. Care should be taken when penetrating the peritoneal cavity
with the needle. The syringe plunger should be pushed as soon
as the peritoneal cavity is entered. During insertion of the nee-
dle into the peritoneal cavity, it is important to prevent red cell
contamination and intestinal perforation.

9. Primary differentiated macrophages do not further divide.
Thus, the seeding density is calculated to run directly the cho-
lesterol efflux.

10. Although 1 pCi per milliliter of [*H]cholesterol is usually
required for a standard assay, other amounts of [*H |cholesterol
may also be used. For instance, a range from 0.5 to 4 pCi of
[*H|cholesterol per milliliter can be used, depending on the
study [21]. At this stage, an Acyl-CoA cholesterol acyltransfer-
ase (ACAT) inhibitor (e.g., Sandoz 58-035, Sigma; at a con-
centration of 2 pg/mL) can be added to prevent the formation
of radiolabeled cholesterol ester pools, which complicate the
determination of the release of labeled cholesterol or estimates
of the specific activity of cell cholesterol [22].

11. If [*H]cholesterol is provided in toluene, the necessary amount
should be dried completely under a nitrogen stream and resus-
pended with absolute ethanol to a final concentration of
2 pCi/pL to minimize the potentially harmful effect of ethanol
in cells. If [®*H]cholesterol is provided in ethanol, about half
the solvent should be evaporated under nitrogen gas to reduce
the ethanol concentration in the labeling medium.

12. Depending on the study, the concentration of ac-LDL can
range from 0 to 100 pg/mL of growth medium. The addition
of'ac-LDL to the labeling medium enriches the cells with cho-
lesterol [22].

13. Depending on the study, the incubation of cells with [*H]cho-
lesterol can range from 24 to 48 h. Usually, 24 h is sufficient
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14.

15.

16.

17.

18.

19.

for labeling. Labeling for longer periods may result in higher
specific activity of intracellular cholesterol.

This step allows equilibration of the radiolabeled cholesterol in
all the intracellular cholesterol pools. An ACAT inhibitor can
also be added during the equilibration period.

The addition of CTP-cAMP (at a final concentration of
0.3 mM) induces the specific expression of ABCAI in mouse
macrophage cell lines, whereas liver X receptor (LXR) agonists
(e.g., TO901317; 1-4 pM) induce the expression of ABCAL
and ABCGI transporters. On the other hand, the addition of
probucol inhibits ABCA1-mediated efflux. Therefore, ABCA1-
specific cholesterol efflux can be determined following the
addition of probucaol to the equilibration medium by calculat-
ing the difference in the efflux in the presence and absence of
probucol in the CTP-cAMP-treated cells [23].

Cholesterol efflux to cholesterol acceptors occurs via several
active transport pathways in macrophages. Lipid-free apolipo-
proteins (e.g., apoA-I and apoE) and HDL particles induce
cholesterol efflux via ABCA1 and ABCG1, which are upregu-
lated by LXR agonists. A “blank” condition, in which no
acceptor is added, is included in the efflux assay to determine
nonspecific cholesterol efflux from the cells to the media. Such
nonspecific efflux can occur due to the secretion of apoE by
the cultured cells.

Depending on the study, cholesterol acceptors include the fol-
lowing: apoA-I (Sigma) at a final concentration of 0-50 pg/
mL; freshly isolated, serum-free RPMI—dialyzed HDL at a
final concentration (protein) of 25-100 pg/mL; plasma (or
serum) at a final concentration of 1-5 %. Lipid-free apoA-I is
commonly used to assess ABCAI-dependent cholesterol efflux,
whereas HDL subfractions (HDL, or HDL;) are used mainly
to stimulate ABCG1- and SR-BI-dependent cholesterol efflux.
The incubation time of the cholesterol donor cells with the
extracellular cholesterol acceptors in the efflux assay can vary,
usually from 30 min to 18 h.

The scintillation counter should be set to measure the
[*H]-radioactivity for 4 min, and the average value expressed
as cpm should be recorded. If more than one scintillation
counter is used, the cpm should be converted to disintegra-
tions per minute (dpm) using the following equation:
dpm =cpm sample - cpm background /detector efficiency.

Alternatively, cellular lipids can be extracted with 500 pL of
hexane—isopropanol (3:2, v:v). A volume of 500 pL should be
added to the cell monolayer and incubated on a shaker for
20 min. The solvent should then be transferred from each well
to a scintillation vial under a fume hood. This last step is
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repeated, and the cell extract from the same well is pooled
together. The solvent is then dried overnight in a fume hood
before adding the scintillation cocktail. Another method based
on the use of bidistilled water can also be used. In this case, the
plates are placed in a freezer at -80 °C for 1 h. A volume of
500 pL of bidistilled water is then added to each well. The cells
should be checked under a microscope to ensure that cell
detachment is completed. If attached cells are observed, the
plates with the bidistilled water can be maintained at 4 °C
overnight on a shaker, or the wells can be scraped. The cell
extract is then transferred from each well to a scintillation vial.
Alternatively, an extra volume of bidistilled water can be added
to each well, and the cell extract from the same well can be
pooled together. The scintillation cocktail is then added and
[3H]-radioactivity counted.

20. Allow 4-12 h to ensure that the [¥H]cholesterol is fully resus-
pended and equilibrated in the scintillation fluid. The samples
should be counted at least twice, 24 h apart. If [3H |cholesterol
is not fully equilibrated, the readings will continue to rise. The
counts should be recorded when the readings have stabilized.

21. The cells should be grown until they reach 80 % of confluence.

22. The points eight and nine are carried out to determine the
amount of cells and radioactivity injected into mice. These
results are used to normalize results from other experiments.
The percentage of viable cells should be higher than 70 %.

23. Narcosis of mice should be checked to avoid excess cardiac and
respiratory suppression.

24. Animal metabolic cages are preferable, but a standard cage
with a grid floor can be used. In the latter, filter paper should
be placed under the grid floor to absorb urine.

25. The cut should be made 0.5 cm from the tip of the tail using a
scalpel blade, and 50-100 pL of blood should be obtained per
sample blood. The blood flow can be stopped by dabbing the
tail tip.

26. The needle should be inserted 0.5 cm from the center of the
thorax toward the animal’s chin, holding the syringe 25°-30°
away from the chest. The plunger should be pulled back
gently to obtain the maximum amount of blood available
(usually 1 mL).

27. To remove the liver, the falciform and coronary ligaments that
keep the organ intimately connected with the diaphragm
should be cut. The liver can then be removed, together with
the inferior vena cava and the liver vessels. The weight of the
whole liver is approximately 1-1.5 g.

28. Care should be taken not to lose any of the semifluid mass of
the chymus by accidental pouring.
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29.

The presence of solid food residues in the intraluminal contents

may require filtering of the extracts to more accurate separa-
tion of the solvent phases.

30.

For each sample, 10 pL should be loaded and allowed to evap-

orate before applying more of the sample.

31.

Free cholesterol band is located near the start position, whereas

cholesteryl esters band is close to the front of the running

solvent.
32.

Outline the bands with a pencil. Note that the bands rapidly

disappear when the plate is removed from the tank.
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Chapter 16

In Vitro Macrophage Phagocytosis Assay

Magda R. Hamczyk, Ricardo Villa-Bellosta, and Vicente Andrés

Abstract

The key roles of macrophages in atherosclerosis include the phagocytosis of apoptotic and necrotic cells
and cell debris, whose accumulation in atherosclerotic lesions exacerbates inflammation and promotes
plaque vulnerability. Evidence is accumulating that macrophage phagocytic functions peak at the early
stages of atherosclerosis and that the reduced phagocytosis at the late stages of disease leads to the genera-
tion of necrotic cores and a defective resolution of inflammation, which in turn promotes plaque rupture,
thrombus formation, and life-threatening acute ischemic events (myocardial infarction and stroke).
The impaired resolution of inflammation in advanced lesions featuring loss of macrophage phagocytic
activity may be in part due to an imbalance between M1 and M2 subsets of polarized macrophages. A bet-
ter understanding of the mechanisms that regulate macrophage phagocytic activity in the context of ath-
crosclerosis may therefore help identify novel therapeutic targets. This chapter presents a protocol for
establishing primary mouse macrophage cultures, a method for polarizing macrophages to the M1 and M2
states, and a method for the in vitro study of macrophage phagocytosis of IgG-opsonized or IgM /complement
component 3-opsonized erythrocytes.

Key words Phagocytosis, Macrophage, Opsonization, 1gG, IgM, Complement component 3, Red
blood cells

1 Introduction

Atherosclerosis is the main feature of atherothrombotic vascular
disease, the leading cause of death in developed countries which
may soon acquire this status worldwide [1]. Atherogenesis is initi-
ated by the accumulation of lipoproteins in the subendothelial
space of the arterial wall followed by the activation of endothelial
cells [2, 3]. Activated endothelium secretes chemokines that attract
monocytes, which once within the lesion differentiate into macro-
phages upon exposure to macrophage colony-stimulating factor
(M-CSF) [4, 5]. Once differentiated, lesional macrophages begin
to ingest deposited lipoproteins through the scavenger receptor
pathway [6]. This process drives the transformation of macro-
phages into foam cells, which augment the inflammatory response
and thus promote the recruitment of more monocytes and other

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
vol. 1339, DOI 10.1007/978-1-4939-2929-0_16, © Springer Science+Business Media New York 2015
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inflammatory cells. Cytotoxic substances produced by foam cells
cause the death of lesion-resident endothelial and smooth muscle
cells [7, 8], producing enlarged lesions that contain dead cells, cell
debris, lipids, and extracellular matrix. A major function of macro-
phages is to ingest these components through phagocytosis.
Macrophage phagocytic activity is high in the initial stages of ath-
erosclerosis, but in advanced plaques, it is defective, and macro-
phages fail to engulf dead cells and cell debris, compromising the
resolution of inflammation. Necrotic cores then accumulate and
generate life-threatening vulnerable plaques that can easily undergo
rupture, causing thrombus formation and myocardial infarction or
stroke.

Phagocytosis is a receptor-mediated process by which cells
ingest large particles (>0.5 pm). Since macrophages can encounter
a great variety of particles, they express many receptors that can
mediate phagocytosis. Moreover, some molecules, such as anti-
bodies and complement components (e.g., complement compo-
nent 3, C3), facilitate phagocytosis by tagging particles for
recognition, in a process called opsonization. The two best-studied
phagocytic receptors are Fcy receptor (FcyR) and C3 receptor
(CR3), which recognize IgG- and C3-opsonized particles, respec-
tively. In this chapter, we describe a protocol for the in vitro study
of these two phagocytic routes using macrophage primary cultures.
Because an imbalance between pro-inflammatory M1 and anti-
inflammatory M2 macrophages in large lesions is thought to
contribute to impaired resolution of inflammation [9 ], we describe
an optional step for the polarization of macrophages to the M1
(classical activation) and M2 (alternative activation) phenotypes.
The work flow for the complete protocol is shown in Fig. 1.

2 Materials

2.1 Establishing
Macrophage Primary
Culture

i

. Mice.
. 70 % ethanol in distilled H,O.

3. Dissection materials: tweezers, scissors, and sterile scalpel

blades.
4. Conical sterile polypropylene centrifuge tubes (15 mL).

5. Phosphate-buffered saline (PBS): 1.54 mM KH,PO,,
155.17 mM NaCl, and 2.71 mM Na,HPO,, pH 7 4, sterilized
by autoclaving.

6. Roswell Park Memorial Institute (RPMI) 1640 medium with
antibiotics: 100 U/mL penicillin and 100 pg/mL streptomycin
(see Note 1).

7. Cell culture dishes (60 mm and 100 mm).

[\
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Stable M® cell line Primary M®

\ Seed M® on coverslips /

l4—24h . ?t | F - /|

Polarize or stimulate M®

(optional) M & AR &
IgG 3060 min_  JgG/RBCs 16-24 h
+ RBCs opsinization complexes M2 L& (P
LIS —
Starve MO
IgM/C3  60-90 min _ [gM/C3/RBCs -
—
+RBCs opsinization  complexes <2h

Phagocytosis of opsonized RBCs by M®
=15 min

Fix and immunostain

(1_

b |

Calculate phagocytic index

Fig. 1 Work flow of the phagocytosis assay with estimated times for each step. M®, macrophages; RBCs, red
blood cells; C3, complement component 3

2.2 Seeding
Macrophages
on Coverslips

[\

N O\ Ul W

. Paper towels.

. Syringes (10 mL) and needles (25G).
10.
11.
12.

Distilled H,O.
Heat-inactivated (30 min at 56 °C) fetal bovine serum (FBS).

Differentiation medium: RPMI 1640 supplemented with
10 % heat-inactivated FBS, 20 % L-cell conditioned medium
(see Note 2), 2 mM1-glutamine, 100 U/mL penicillin, and
100 pg/mL streptomycin.

1. 24-well cell culture plates.

. Round coverslips (matching the well size, e.g., 12 mm for

24-well plates).

. PBS (as in Subheading 2.1, item 5).

. Differentiation medium (as in Subheading 2.1, item 12).
. Sterile cell scrapers.

. Conical sterile polypropylene centrifuge tubes (50 mL).

. Cell counting chamber.
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2.3 Macrophage
Polarization (Optional)

2.4 Phagocytosis
Assay

2.5 Cell Fixing
and Immunostaining

1.

M1 polarization medium: RPMI 1640 supplemented with
10 % heat-inactivated FBS (see Subheading 2.1, item 11),
2 mM1-glutamine, 100 U/mL penicillin, 100 pg/mL strepto-
mycin, 100 ng/mL lipopolysaccharide (LPS), and 10 ng/mL
interferon y (INFy).

. M2 polarization medium: RPMI 1640 supplemented with

10 % heat-inactivated FBS (see Subheading 2.1, item 11),
2 mM1-glutamine, 100 U/mL penicillin, 100 pg/mL strepto-
mycin, and 10 ng/mL interleukin 4 (IL-4).

. Differentiation medium (as in Subheading 2.1, item 12).

4. PBS (see Subheading 2.1, item 5).

. Permanent marker.

. PBS (see Subheading 2.1, item 5).

2. Starvation medium: RPMI 1640 medium containing 0.1 %

heat-inactivated FBS (as in Subheading 2.1, item 11),
2 mMtr-glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin.

. Sheep red blood cells (RBCs) in Alsever’s solution (see Note 3)

(e.g., Cat. No. SR0053, Oxoid).

4. Polypropylene microcentrifuge tubes (1.5 mL).

ul

. 20 mM glucose in HBSS (see Note 4).

6. Rabbit IgM fraction anti-sheep RBCs (e.g., Cat. No.

CL9000-M, Cedarlane) (see Note 5).

. Rabbit IgG fraction anti-sheep RBCs (e.g., Cat. No. 55806,

Cappel) (see Note 5).

. Complement component 5 (C5)-deficient serum (e.g., Cat.

No. C1163, Sigma) (see Note 6).

. Conical sterile polypropylene centrifuge tubes (50 mL).

. Ice.

. PBS (as in Subheading 2.1, item 5).
. 4 % formaldehyde in PBS (for 500 mL: in a fume hood, heat

400 mL of PBS to aprox. 60 °C on a hot plate with magnetic
stirrer, add 20 g of paraformaldehyde and incubate with mix-
ing, add dropwise 1 M NaOH until all powder is dissolved, fill
up with PBS up to 500 mL, cool the solution, filter and adjust
pH to 7.4, and use fresh or freeze at -20 °C).

. 0.5 % (v/v) Triton X-100 in PBS.

4. 0.1 % (v/v) Triton X-100 in PBS.

. Blocking solution: PBS supplemented with 1 % (w/v) bovine

serum albumin (BSA) and 0.1 % (v/v) Triton X-100.
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. Anti-rabbit secondary antibody conjugated with a fluorochrome

of choice (e.g., FITC, AlexaFluor488, etc.).

. Mounting medium of choice containing diamidino-2-

phenylindole (DAPI; e.g., ProLong Gold Antifade Mountant
with DAPI, Molecular Probes; see Note 7).

. Microscope glass slides (e.g., 76 x26 mm).

. Fluorescence or confocal microscope.

3 Methods

3.1 Establishing
Macrophage Primary
Culture

10.

11.
12.

13.

14.

15.

. Euthanize a mouse, from which the lower limbs will be

obtained (see Note 8).

. Spray the mouse with 70 % ethanol to disinfect.

. Using tweezers and scissors, remove the skin from both legs

(see Note 9).

. Cut away each leg at the hip joint (where the head of the

femur meets the pelvis) and place them in a 15 mL tube
containing PBS.

. In a flow cabinet, transfer the legs to a paper towel (see Note 10)

and remove muscles with a sterile blade to obtain clean femurs
and tibias.

. Put the bones on a 60 mm dish containing RPMI medium

with antibiotics.

. Hold one bone with sterile tweezers and cut both joints with

sterile scissors to gain access to the bone marrow (sec Note 11).

. Aspirate RPMI medium with antibiotics into a 10 mL syringe

and fit a 25G needle.

. Introduce the needle into the bone lumen and flush out the

bone marrow into a new 60 mm dish until the bone color
turns white.

Aspirate the medium containing the bone marrow using the
same syringe and pass through the needle to disaggregate cells.

Repeat steps 7-10 for all the bones.

Transfer the cell suspension from the dish to a 15 mL tube and
centrifuge at 300 x g for 5 min at room temperature.

Discard the supernatant and add 1 mL of distilled H,O to lyse
RBCs. Pipette up and down for 10 s and add PBS to 15 mL.

Centrifuge at 300 x g for 5 min at room temperature. Repeat the
lysis step if after centrifugation the pellet still contains RBCs.

Discard the supernatant and resuspend the pellet in 45 mL
differentiation medium (see Note 12).
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2" DAY

6" DAY

Fig. 2 Primary macrophage cell culture. Mouse bone marrow progenitors were cultured in RPMI 1640 medium
containing 10 % heat-inactivated fetal bovine serum, 20 % L-cell conditioned medium, 2 mML-glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin. Pictures show representative cell cultures after 2 days (top)

and 6 days (bottom)
16.
17.
18.
19.
20.
21.
3.2 Seeding 1.
Macrophages 2
on Coverslips

Plate the cells on four 100 mm dishes (10 mL of cell suspension
per dish).

Incubate at 37 °Cin a 5 % CO, atmosphere.

After 48 h (day 2) of culture, add 10 mL of fresh differentia-

tion medium (see Note 13) to each plate. At this point, some
attached cells can be observed (see Fig. 2, top).

After further 48 h (day 4) of culture, discard the medium and
add 10 mL of fresh differentiation medium to each plate.

After a further 48 h (day 6) of culture, discard the medium
and add 10 mL of fresh differentiation medium to each plate.
At this point, the attached cells usually reach confluence
(see Fig. 2, bottom).

After 7 days in culture, bone marrow precursors are considered
fully differentiated to macrophages (MO state) and are ready
for experiments.

In the flow cabinet, prepare a 24-well plate (see Note 14).

. Put a glass coverslip in each well and expose the plate to UV

light for 20 min in order to sterilize it.

. Aspirate medium from one 100 mm dish containing a confluent

monolayer of primary macrophages (se¢ Note 15) and wash
twice with PBS to remove dead and unattached cells.

. Add fresh differentiation medium and gently scrape oft the

macrophages with a cell scraper (see Note 16).



3.3 Macrophage
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3.4 Phagocytosis
Assay

10.

11.
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. Transfer the medium containing cells to a 50 mL tube and

centrifuge at 260 x g for 5 min at room temperature.

. Discard the supernatant and resuspend the cell pellet in dif-

ferentiation medium.

. Count the cells in a cell counting chamber (se¢ Note 17).

. Prepare a suspension containing 5 x 10* cells per mL of differ-

entiation medium (e.g., for one 24-well plate, prepare around
1.25x10° cells in 25 mL).

. Transfer 1 mL of the cell suspension (around 5x10* cells,

see Note 18) into each well containing a coverslip (prepared in
step 2) and briefly shake plates to distribute the cells evenly.

Incubate cells at 37 °C in a 5 % CO, atmosphere for a few
hours (or overnight) to allow cells to attach.

If phagocytic activity is to be examined in polarized macro-
phages, proceed as indicated in Subheading 3.3. For phago-
cytic assays with MO macrophages, go directly to
Subheading 3.4.

. Prepare polarization medium for macrophages (1 mL for each

well of a 24-well plate) just before use (see Note 19).

. Remove medium from all wells (from step 10 in the previous

section) and wash them once with PBS.

. Add the appropriate polarization (M1 and M2) or differentia-

tion (MO) medium to each well. Identify wells on the plate
cover using a marker.

. Incubate at 37 °C in a 5 % CO, atmosphere for 16-24 h.

. Wash the macrophages once with PBS and incubate with

starvation medium for 2 h (se¢ Note 20) at 37 °Cina 5 % CO,
atmosphere.

. Mix sheep RBC solution by flipping the tube and transfer an

appropriate volume (depending on the design of your experi-
ment) to two 1.5 mL tubes, one for IgM opsonization and
another for IgG opsonization. Use 0.5 pL. RBC solution for
each well of a 24-well plate. Remember to leave some control
wells free of RBCs.

. Wash RBCs by adding 1 mL of 20 mM glucose in HBSS,

centrifuge at 1500 x4 for 4 min at room temperature, and
discard the supernatant.

4. Repeat step 3 (see Note 21).

. Resuspend each RBC pellet in 0.25 mL of 20 mM glucose in

HBSS.

. Prepare the IgM and IgG solutions: add 3 pL of anti-sheep RBC

IgM or 0.1 pL of anti-sheep RBC IgG per pL of RBC solution
used in step 2 to 0.25 mL of 20 mM glucose in HBSS.
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3.5 CGell Fixing
and Immunostaining

7.

10.

11.

12.

13.

14.

15.

16.

Mix RBC solutions (obtained in step 5) with IgG or IgM
solution (obtained in step 6).

. Incubate for 30-60 min at room temperature with gentle mixing

to enable opsonization (se¢ Note 22).

. Centrifuge at 1500 x g for 4 min at room temperature, discard

the supernatant, and resuspend each pellet in 1 mL of 20 mM
glucose in HBSS (see Note 23).

Centrifuge at 1500x g for 4 min at room temperature, and
discard the supernatant. Store the pellet of IgG-opsonized
RBCs at 4 °C while performing steps 11-13 with the IgM-
opsonized RBCs.

Mix 20 pL of C5-deficient serum (containing C3) with 180 pL
of 20 mM glucose in HBSS to obtain 200 pL of diluted
C5-deficient serum.

Resuspend IgM-opsonized RBC pellet in 200 pL of diluted
C5-deficient serum (containing C3) and incubate at 37 °C for
30 min with mixing.

Add 1 mL of 20 mM glucose in HBSS to the same tube (IgM/
RBCs sample), centrifuge at 1500 x g for 4 min at room tem-
perature, and discard the supernatant.

Resuspend in 50 mL tubes the complexes containing RBC/IgG
(obtained in step 10) or RBC/IgM /C3 (obtained in step 13),
using an appropriate volume of starvation medium (calculate
1 mL of starvation medium for each well).

Aspirate the starvation medium from plates containing
cultured macrophages (prepared in Subheading 3.4, step 1)
and add 1 mL per well of medium containing RBC/IgG or
RBC/IgM/C3 complexes (see Note 24 ). Incubate for 15 min
at 37 °C in 5 % CO, atmosphere. Remember to leave some
wells without RBCs.

Place the plates on ice and wash wells two to three times with
1-2 mL PBS to arrest the phagocytosis process. Proceed
directly to step 1 in Subheading 3.5.

. Fix the macrophages (from step 16 in Subheading 3.4) by

incubating with 4 % formaldehyde (in a fume hood) for
10-15 min at room temperature (se¢ Note 25).

2. Rinse twice with PBS (see Note 26).

. Permeabilize the cells with 0.5 % Triton X-100 in PBS for

10 min at room temperature.

4. Wash three times with 0.1 % Triton X-100 in PBS for 5 min.

. To block nonspecific binding of the antibodies, incubate

coverslips with blocking solution for 30 min at room
temperature.
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11.

12.

13.
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. Prepare a dilution of the antibody conjugated to a fluorochrome

in blocking solution; allow around 150-200 pl per coverslip
(see Note 27).

. Remove the blocking solution by holding each coverslip on its

edge with forceps and touching a paper towel.

. Immediately incubate the coverslips with diluted antibody for

1 h at room temperature in a humidified chamber in the dark.

. Aspirate the antibody solution and wash coverslips three times

with 0.1 % Triton X-100 in PBS, then once with PBS (5 min
cach wash).

Using tweezers, take each coverslip and remove liquid by
touching the corner of a paper towel. Invert the coverslip on a
drop of mounting medium (with DAPT) placed on a glass slide.
Mount 2-3 coverslips per glass slide.

Allow the slide to dry in the dark overnight at 4 °C or proceed
directly to the next step, depending on the mounting medium
used (see supplier instructions).

Under a fluorescence or confocal microscope, count the num-
ber of phagocytized RBCs in individual macrophages.

Calculate the phagocytic index, which is usually given as the
average number of erythrocytes per 100 macrophages. You can
also determine the percentage of macrophages that engulfed at
least one erythrocyte.

4 Notes

. Medium can also contain L-glutamine and heat-inactivated

fetal bovine serum (medium composition is not crucial at this
point). Instead of medium, sterile PBS can be used.

. L-cell conditioned medium (LCM) is a source of macrophage

colony-stimulating factor (M-CSF) which drives differentia-
tion of progenitor cells to macrophages. Differentiation
medium can be supplemented with 100 U/mL recombinant
M-CSF instead of 20 % LCM. This increases the cost of the
experiment but gives more reliable and reproducible results.

. Alsever’s solution is an isotonic, balanced salt solution widely

used as a blood preservative, permitting prolonged storage
under refrigeration and preserving the antigenic properties of
erythrocytes. Sheep RBCs in Alsever’s solution are available
normally in 20 mL vials and have quite short expiry date
(around 2-3 months), so before each experiment, make sure
that the reagent has not expired.

. Alternatively, glucose can be dissolved in PBS.
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5.

10.

11.

12.

13.

14.

15.

Many suppliers do not give the exact concentrations of the IgG
and IgM fractions, so the amount of antibodies used for
opsonization normally requires optimization.

. Complement C5-deficient serum contains C3, which binds to

IgM antibodies on the RBC surface and can then be recognized
by CR3 (also called Mac-1) on macrophages. Serum used for
the experiment should lack C5 to avoid activation of the
alternative complement pathway, which would result in
erythrocyte lysis.

. It is also possible to use mounting medium without nuclear

stain and perform an additional staining step (after step 9 in
Subheading 3.5) with DAPI or Hoechst.

. The protocol description is for one mouse. Adjust amounts

and volumes to the number of mice required for your
experiment.

. Femurs and tibias are the richest source of murine bone marrow.

If the number of mice is limited, extract additional marrow
from the upper limbs.

To minimize the risk of contamination, you can incubate the
legs in 70 % ethanol for 1 min and wash once with PBS just
before removing the muscles.

In the case of tibia, it is necessary to cut away almost half of the
bone (from the side where the foot and the leg meet). To avoid
contamination after opening a bone, do not put it down until
the bone marrow is flushed out.

Bone marrow progenitors have a high proliferation potential,
and normally one animal is enough to yield sufficient macro-
phages for a phagocytosis assay. For all experiments, maintain
similar seeding density, but if counting cells, bear in mind that
bone marrow consists of different progenitors, and macro-
phage precursors are just a fraction of this. We typically resus-
pend the bone marrow in 45 mL medium to seed on four
100 mm dishes, but the volume can differ depending on the
experiment.

At this point, it is better to add medium (instead of changing it)
because there are still many wunattached macrophage
progenitors.

Although the protocol is given for 24-well plates, it can be
adjusted for other formats. In any case, remember to dedicate
some wells as technical controls for immunostaining, e.g., do
not add RBCs to some wells to have negative controls (wells
where no fluorescence should be detected). These wells will be
a reference of unspecific fluorescence or background.

Instead of primary cell cultures, some established macrophage cell
lines can be used, such as RAW264.7; however, the phagocytosis
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period needs to be extended, usually up to 30 min. The phago-
cytic activity of some cell lines might need to be augmented by
stimulation with phorbol myristate acetate (PMA).

Alternatively, wash the cells twice with PBS and detach them
with 2x or 4x trypsin. Bear in mind that macrophages are
strongly attached to the plate surface so do not use 1x trypsin
as it may be ineffective.

A Neubauer chamber can be used, or any other cell counting
chamber available in your laboratory.

The number of macrophages seeded on each well can vary from
2.5x10* to 1.5x10° cells and may require some optimization
depending on the cell type and mouse genotype. Seeding densi-
ties that are too high or too low can make it difficult to quantify
RBC-to-macrophage ratios. If cells are too close to each other,
it is difficult to assess which of the adjacent cells engulfed a par-
ticular erythrocyte. On the other hand, if cells are seeded too
sparsely, many photographs are needed to obtain sufficient num-
bers of cells for RBC/macrophage quantification.

Macrophage polarization is an optional step that depends on
the experimental strategy. As an alternative, other stimuli or
drugs can be applied before the phagocytosis assay.

It is also possible to starve macrophages in medium without
FBS. The duration of starvation may be extended, but the
same duration must be maintained for all experiments.

The purpose of these washes is to eliminate broken cells from
the RBC stock solution before using it. At the end of step 4,
the supernatant should be free of signs of hemolysis. Two
washes are normally enough.

If available, use a noria mixer as it will provide the best condi-
tions for opsonization.

It normally takes a while to resuspend the pellet, but this is a
sign that the opsonization was successful.

At this point, it is possible to add a short centrifugation step
(300xg for 1 min at room temperature) to synchronize the
phagocytosis process.

In order to save time, perform steps 1-5 (Subheading 3.5)
directly on the 24-well plate containing coverslips (since vol-
umes of the fixation, permeabilization, and blocking solutions
do not have to be exact).

Plates can be stored at 4 °C for quite a long time before pro-
cessing. It is important to fill up all the wells with PBS and
wrap each plate with parafilm to avoid evaporation.

The antibody dilution may vary depending on the source and
normally needs to be optimized. Remember to use an antibody
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that recognizes antibodies involved in the opsonization
process, e.g., if rabbit IgGs and IgMs were used to form
complexes with RBCs, for the detection, use a secondary
antibody anti-rabbit IgG/IgM made in a different species,
e.g., donkey or goat.
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Chapter 17

Glucose and Insulin Tolerance Tests in the Mouse

Angela Vinué and Herminia Gonzalez-Navarro

Abstract

In vivo metabolic tests are highly valuable to determine whether atherosclerosis progression in mouse
models is accompanied by carbohydrate metabolism alterations such as glucose intolerance and insulin
resistance. In this chapter, we describe protocols to perform in the mouse glucose and insulin tolerance
tests, two metabolic assays which evaluate the glucose tolerance and the insulin sensitivity, respectively.

Key words Insulin, Glucose, Metabolism, Intraperitoneal injection, Metabolic test

1 Introduction

Type 2 diabetes mellitus (T2DM) is one of the main cardiovascular
risk factors and enhances from 2 to 10 times the risk of developing
cardiovascular disease and atherosclerosis [1, 2]. Its relevance is
due to the increasing incidence provoked by the acquisition of
unhealthy life habits [3, 4]. Glucose homeostasis alterations such
as glucose intolerance and reduced insulin sensitivity are character-
istic of T2DM. In vivo metabolic tests are designed to identify glu-
cose metabolism derangements in mice due to genetic or dietary
manipulations [5, 6]. The use of these metabolic techniques in
animal models has resulted in important advances in the under-
standing of atherosclerosis progression associated to T2DM [7, 8].

The glucose tolerance test (GTT) measures the clearance by
the body of an injected glucose load [9]. A solution of glucose is
administered by intraperitoneal injection in overnight-fasted mice,
and subsequently plasmatic glucose levels are measured at different
time points during the following 2 h [10]. Blood samples are also
collected to determine plasmatic insulin levels during the glucose
test. The insulin tolerance test (ITT) evaluates insulin sensitivity by
monitoring endogenous glucose disappearance over time in
response to an injection of human insulin. To avoid hypoglycemia
induced by the insulin injection, the test is conducted in mice
fasted between 4 and 6 h. Glucose clearance rate indicates the
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action of insulin in periphery tissues showing their sensitivity to the
hormone [10]. The metabolic tests change over age and display
sexual dimorphism; thus, these must be performed in age- and sex-
matched mice [11, 12]. Husbandry, diet, mouse handling, and cir-
cadian rhythm have also a major impact in these tests [10].
Therefore, to obtain reproducible results, mice must be housed in
the same conditions of light; housing and feeding and tests should
be performed by experienced personnel and at the same time frame

of the day.

2 Materials

O 0 NN N U B W DN

S
QN UL W W~ O

. 20 % D-glucose solution (analytical grade).
. Insulin 100 U/ml.
. Saline solution (0.9 % NaCl).

. 25-gauge needles (0.5 mmx 16 mm).
. 1 ml syringes.

. Sharp scalpel blade.

. Glucometer.

. Glucose test sticks.

. Sterile alcohol pads.

. Microfuge tubes.

. Refrigerated microfuge.
. Heparinized capillaries.
. Heparin.

. Scale.

. Timer.

. Clean mouse cages.

3 Methods

3.1 Intraperitoneal 1.

Glucose Tolerance
Test (IPGTT)

Prepare a maximum of 5 mice per cage, separated by sex, and
bring them to the metabolic assay room the day before the

fasting (see Note 1).

. Fast mice 16 h before the IPGTT in clean cages with no food
or feces in the bedding (see Note 2) with standard light—dark
cycle and free access to water.

. Start the procedure between 8 and 9 am (see Note 3).

. Prepare an experimental record table to annotate body weight
(BW), glucose solution volume to be injected, and the glucose
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levels at the different time points (¢=0, =15, =30, £=60,
t=120 min) (see Note 4).

. Weigh mice and report BW in the record table.

6. Calculate and record in the table the volume of the 20 % glucose

10.

11.

12.

13.
14.

15.
16.

17.

18.

19.

20.

21.

stock solution required for intraperitoneal injection of a final
dose of 2 g of glucose /kg of BW, for each mouse as follows:

volume of glucose (20 % solution) to inject (pl)=10xBW (g).

. Prepare syringes loaded with the required volume of glucose

solution (according to step 6), needles, glucometer, and glu-
cose sticks for measurements (see Note 5).

. Clean with alcohol pads the tip of mouse tails.
. Cut 1-2 mm of tissue from the tail tip distal to the bone with

a sharp scalpel.

Let blood flow directly into the glucose test stick inserted into
the glucometer and report the glucose value in the experimen-
tal table (£=0). Collect 10 pl of blood using heparinized capil-
laries, place in a test tube with 2 pl heparin, and keep at 4 °C
(see Notes 6 and 7).

To avoid excessive blood loss, apply pressure to the incision
after each measurement.

Clean intraperitoneal area using sterile alcohol pads and inject
mice with syringes loaded with glucose according to step 6
(see Note 8).

Start timer in mode “count up”.

After 15 min of glucose injection, repeat measurement of
blood glucose levels and collect blood as in step 10 by gently
removing the scab and by massaging the tail tip.

Record the glucose values in the experimental table (z=15).

Repeat steps 14 and 15 at 30, 60, and 120 min (z=30, =60,
and #=120) after glucose injection.

At the end of the experimental session, clean with sterile pads
the mouse tail tips and place the mice in clean cages with free
access to food and water.

Monitor the animals during the following 2 h to report any
abnormal behavior.

Centrifuge blood at 4 °C during 5 min at 8000 x g speed fol-
lowed by 20 min at 14,000 x 4 speed to obtain plasma from the
different time points.

Collect plasma into a new labeled tube and measure insulin
concentration by ELISA (see Note 9).

The IPGTT results are represented in a graph depicting glu-
cose levels versus time (se¢ Note 10).
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3.2 Insulin
Tolerance Test

1.

10.

11.
12.

13.
14.

15.

16.

17.

Prepare maximum 5 mice per cage, separated by sex, and bring
them to the metabolic assay room the day before the fasting
(see Note 1).

. Fast mice 4 h before the test in clean cages with no food or

feces in the bedding with standard light—-dark cycle and free
access to water (see Notes 2 and 3).

. Weigh mice and report BW in the record table.

. Prepare an experimental record table to annotate BW, insulin

solution volume to be injected, and the glucose levels at the
different time points (=0, =15, =30, #=45,£=60,
t=90 min) (sec Notes 4 and 6).

. Calculate the volume of insulin to be injected to each mouse

for a dose of 0.5 U /kg of BW and annotate in the report table.
For a working solution of 0.1 U/mL, the following formula
can be used (see Note 11):

volume of insulin (0.1 U/mL) to inject (pL)=BW (g) x5.

. Load 1 ml syringes with the insulin solution and prepare glu-

cose test strips and glucometer (see Note 5).

. Clean with alcohol pads the tip of mouse tails.
. Cut 1-2 mm of tissue from the tail tip distal to the bone with

a sharp scalpel.

. Collect the blood by direct flow directly into the glucose test

stick inserted into the glucometer and annotate the glucose
value in the experimental table (#=0) (see Notes 6 and 7).

Clean intraperitoneal area using sterile alcohol pads and inject
mice with syringes loaded with insulin according to step 5 (see
Note 8).

Start timer in mode “count up”.

After 15 min of insulin injection, repeat measurement of blood
glucose levels as in 9 by simply gently removing the scab and
by massaging the tail tip and placing a small blood drop in a
new test stick.

Record the glucose values in the record table (¢=15).

Repeat glucose measurements as in 9 at 30, 45, 60, and 90 min
(=30, t=45,1=60, t=90) after insulin injection.

At the end of the experimental session, clean with sterile pads
the mouse tail tips and place the mice in clean cages with free
access to food and water.

Monitor the animals to report any abnormal behavior during
the following 2 h.

The ITT results are represented in a graph depicting relative
glucose levels in percentage versus time (see Note 12).
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4 Notes

Table 1

1. Mouse metabolic assays are diet, age, sex, and strain sensitive;

thus, it is important to keep these parameters comparable
throughout each independent experiment. It is recommended
to carry out the test in no more than 10-12 mice per experiment
to avoid stress conditions which affect glucose disposal and con-
sumption and insulin release. Although anesthesia might appear
to be a suitable method to reduce stress in the mice, it affects
heart rate and induces hyperglycemia in mice. Therefore, glu-
cose metabolism tests must not be performed in anesthetized
mice. Mouse handling by experienced personnel is highly rec-
ommended in order to reduce anxiety levels in the mice.

. For fasting, it is very important to remove all food and feces to

avoid pellet and stool intake. If available, fasting cages can be
used.

. It is recommended that metabolic studies are performed at

approximately the same hour in the morning because physio-
logical and biochemical parameters change throughout the
day.

4. An example for experimental record table is displayed in

Table 1. A similar table can be used for the ITT.

. Store sterile 20 % glucose solution and human insulin solution

(100 U/mL) at 4 °C and bring them to room temperature for
the tests. Prepare one syringe per mouse with the volume of
glucose or insulin according to BW. Using two or more glu-
cometers is also recommended in order to avoid overlapping of
measurements.

Example of an experimental record table for a GTT

Mouse
number BW (g)

Glucose solution
volume (pl) to inject Omin 15min  30min 60min 120 min

Glucose levels (mg/dL)

S gt N
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6. Blood sampling for small volumes is most commonly obtained
from the tip of'the tail, and the subsequent samples are obtained
by gently removing the scab and repeating the massaging
procedure. Avoid excessive bleeding as it might affect mouse
welfare and results.

7. Fasting basal glucose levels will be =0 in the GTT and the
ITT curve.

8. Space the injections of each mouse about 1-2 min to facilitate
glucose measurements and to avoid overlapping of timings and
take into account for the following bleedings. Remove all air
bubble from the syringes. Make the injection with an angle of
25° to avoid subcutaneous injection and below the visceral
area. In obese mice, make sure to avoid fat pad areas to
successfully inject the glucose or insulin load.

9. For measurement of insulin levels by ELISA, use an ultrasensi-
tive commercially available kit and follow the instructions.
Usually 5 pl of plasma is enough for determination of insulin
concentration, but if a larger volume is required for the ELISA,
plasma can be diluted in saline solution. Plasma samples can be
also stored at -20 °C until later ELISA determination.

10. Results are depicted as glucose levels (mg/dL) in the Y-axis
versus time (min) in the X-axis (Fig. 1). For comparisons
among different mouse groups, the Area Under the Curve
parameter (AUCyycose) is typically used. This parameter is
obtained by calculating the area generated by the glucose dis-
appearance versus time over a period of 2 h in the GTT.

100
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(=4
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g
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Fig. 1 Glucose tolerance test (GTT) and insulin tolerance test (ITT). (@) The left graph displays the average
glucose levels (n=6 mice) at time 0 (fasting plasma levels) and at 15, 30, 60, and 120 min after the glucose
load (2 g/kg BW). The right graph shows insulin levels measured by ELISA at the different time points after
glucose load. (b) Graph depicts the average glucose levels relative to initial glucose levels in percentage (n=6
mice) at time 0 (100 %, 4 h fasting plasma levels) and at times 15, 30, 45, 60, and 90 min after the insulin
infusion (0.5 U/kg BW). For GTT, mice were fasted 16 h and for ITT mice were fasted 4 h. Data is shown as
mean =+ sem



11.

12.

Metabolic Tests in the Mouse 253

Higher AUC, s parameter compared to a control group
indicates increased glucose intolerance; in contrast, smaller
AUCgco5c Vvalue indicates faster glucose disappearance and
therefore improved glucose tolerance. To analyze the glucose-
stimulated insulin secretion during the test, insulin results from
the ELISA are also depicted as insulin levels (pg/L) in the
T-axis versus time (min) in the X-axis (Fig. 1). For comparisons
among different mouse groups, the AUC parameter (AUCiquiin)
obtained by calculating the area generated by the insulin versus
time over a period of 2 h in the GTT can be used. Higher
AUC,quin parameter compared to a control group might indi-
cate increased capacity of pancreatic islets to secrete insulin
induced by the glucose load, the so-called glucose-stimulated
insulin release. However, additional studies are needed to reach
such a conclusion, such as p-cell area measurement in the
pancreas and in vitro insulin secretion by isolated islets.

To inject a dose of 0.5 U/kg of BW, prepare an insulin solu-
tion of 0.1 U/mL by making a dilution (1,/1000) in saline
solution 0.9 % from a human insulin stock concentrate (100 U/
ml). Be aware that injection of insulin will rapidly induce glu-
cose clearance; therefore, the insulin dose used will depend on
the sensitivity to insulin of the mice to be studied. We have
tound that 0.5 U of insulin per kg of BW is an optimal dose for
mice fed a regular chow diet with a moderate insulin resistance.
For high-fat-fed mice with severe insulin resistance, higher
doses might be used (e.g., 0.75 U /kg). For very mild insulin
resistance, a dose of 0.25 U /kg of BW can be used.

For ITT, results are depicted as percentage of the initial glu-
cose levels (percentage at timex = (glucose level value at time,/
glucose level value at timey) x 100) in Y-axis versus time (min)
in the X-axis. For comparisons among different mouse groups,
the Area Under the Curve parameter (AUCc05) 18 typically
used. This parameter is obtained by calculating the area gener-
ated by the glucose values of glucose disappearance curve ver-
sus time for a period of 90 min. For the ITT, as the most
relevant values to asses differences among mice are those within
the first 30 min of insulin infusion, AUCg,coc parameters might
also be calculated at 45 min.
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Chapter 18

Wire Myography to Study Vascular Tone and Vascular
Structure of Isolated Mouse Arteries

Lara del Campo and Mercedes Ferrer

Abstract

Atherosclerosis is characterized by endothelial dysfunction and alterations in vascular reactivity, which can
be investigated by wire myography. The method allows ex vivo monitoring of the transversal isometric
tension developed by a vessel segment in response to different pathophysiological stimuli. Here we describe
in detail how to use the wire myograph to evaluate endothelial function and vasoconstrictor or vasodilator
properties of the vessel, as well as to identify and characterize different factors and molecular pathways that
control vascular tone. We also describe how to use the wire myograph to analyze biomechanical and
passive properties of vessels such as diameter and elasticity.

Key words Wire myograph, Vascular reactivity, Endothelial function, Vascular tone, Isolated mouse
arteries, Vascular structure

1 Introduction

Wire myography is a laboratory technique used to study vascular
function in ex vivo mounted vessels. The method was developed in
1977 by Mulvany and Halpern [1] to measure vasomotor responses
(i.e., vasoconstriction or vasodilation) to different substances or
procedures. Vessel segments are maintained in an organ bath set-
ting and mounted between two wires that go through the lumen.
One wire is connected to a force transducer that records the isomet-
ric tension developed by the vessel, and the other is connected to a
micrometric screw that allows setting up the initial distension.
Wire myography is a very useful and reliable technique to eval-
uate endothelial function and vasoconstrictor or vasodilator prop-
erties of the vessel, as well as the participation of different factors
and molecular pathways in the control of vascular tone. Endothelial
function, one of the most studied vessel functions using wire
myography, is typically determined by performing relaxation—
response curves to acetylcholine in vessel segments precontracted

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
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with a vasoconstrictor (e.g., phenylephrine). Acetylcholine induces
the release of nitric oxide (NO) in the endothelial cells, which
diffuses within the vessel wall and causes vasodilation by inducing
the relaxation of smooth muscle cells [2]. NO has other important
effects, such as inhibition of platelet activation and aggregation,
reduction of leukocyte adhesion, and inhibition of endothelial cell
permeability, vascular smooth muscle cell proliferation, and endo-
thelial cell apoptosis. Importantly, in the presence of endothelial
cell dysfunction, NO release induced by acetylcholine is inhibited
and acetylcholine acts on vascular smooth muscle cells directly
causing constriction [3].

The nervous system also plays a crucial role in the regulation of
vascular tone in some vascular beds, specifically in resistance vessels
[4]. The net vasomotor effect of perivascular nerve activation is the
result of the integration of vasoconstrictor and vasodilator influences
[5-7], such as adrenergic and nitrergic innervations, respectively.
Neuronal function can also be analyzed in the wire myograph by
performing frequency-response curves to electrical field stimulation.

Vascular caliber and therefore vascular resistance are modulated
not only by vascular tone but by vascular structure as well. Wire
myography can also be used to analyze passive biomechanical prop-
erties of vessels, by performing passive diameter—tension curves [8].

This chapter describes how to perform wire myography experi-
ments to analyze endothelial function, phenylephrine-induced
contractile responses, electrical field stimulation-induced responses,
and some passive biomechanical properties of vessels (such as
diameter and elasticity) (see Note 1).

2 Materials

1. Stereomicroscope, preferably equipped with an eyepiece
reticule.

2. Dissection instruments: microdissection scissors, a pair of fine
forceps, regular surgical forceps and scissors, and a small screw-
driver (Fig. 1).

3. Wires of 2 cm in length and either 40 pm of diameter (for
arteries between 200 and 1000 pm) or 25 pm of diameter (for
arteries with inner diameters less than 200 pm) (Fig. 1).

4. Wire myograph (e.g., Multi Wire Myograph System, Model
620M, Danish Myo Technology, DMT) (Fig. 2) (sec Note 2).

5. Data  acquisition  hardware wunit (e.g., PowerLab,
ADInstruments) (see Note 3).

6. Computer with specific installed software (e.g., LabChart 7,
ADInstruments) (see Note 4).



Fig. 1 Tools to dissect and mount the vessels into the wire myograph. The small petri dish contains 2-cm-long
wires. The blue mark on the petri dish marks a length of 2 cm to facilitate cutting the wires

Fig. 2 The wire myograph. (@) DMT multi-chamber 620M Wire Myograph. The wire myograph interface holds
four myograph units. (b) Each myograph unit contains a force transducer (/eff) and a micrometer (righf), which
are both connected to corresponding jaws to support the vessel inside the chamber. (¢) Detail of the chamber
with the jaws and a mounted vessel segment. The upper and lower jaws are connected to the micrometer
screw and to the force transducer, respectively. (d) Detail of the jaws, screws, wires, and a mounted vessel
segment. Adapted from www.dmt.dk with permission from Danish Myo Technology A/S
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7. Vacuum connection or vacuum device (se¢ Note 5).

11.
12.

13.

14.
15.

. Krebs—Henseleit (KH) solution: 115 mM NaCl, 2.5 mM

CaCl,, 4.6 mM KCl, 1.2 mM KH,PO,, 1.2 mM MgSO,,
25 mM NaHCO;, 11.1 mM glucose, and 0.01 mM EDTA
(see Note 6).

. Bath with heating system (for incubations at 37 °C) (see Note 7).
10.

Carbogen gas mixture (95 % O, and 5 % CO,), tubing, and
connectors (see Note 8).

Saturated KCl solution (4.61 M at 20 °C).

Acetylcholine. Prepare stock solutions: 0.1 pM, 1 pM, 10 pM,
0.1 mM, 1 mM, and 10 mM, dissolved in KH solution.

Phenylephrine or norepinephrine. Prepare stock solutions:
0.1 pM, 1 pM, 10 pM, 0.1 mM, 1 mM, and 10 mM, dissolved
in KH solution (se¢ Note 9).

Other drugs (see Note 10).

Accessories for analyzing responses to electrical field stimula-
tion: electrical stimulator (e.g., CS14-4BO, Cibertec), plastic
mounting jaws, and connecting cable for the wire myograph
(they should be mounted in each channel before mounting
the vessels).

3 Methods

3.1 Vessel
Dissection

N N U N

. Before starting, please see Notes 11 and 12.

. Euthanize mice by CO, inhalation.

. Excise the artery immediately without stretching it (se¢ Note 13).
. Place artery immediately in 4 °C KH solution (se¢ Note 14).

. Remove connective tissue (see Note 12).

. Cut the artery into ~2-mm-long segments.

. Renew 4 °C KH solution, to minimize the artery being in

contact with rests of blood (se¢ Note 15).

. Try to eliminate blood clots inside the artery, if present

(see Note 16).

. If desired, remove the endothelium (see Note 17) as follows:

(a) For mouse aorta: place the artery segment on a paper tis-
sue, and let the inner walls touch. Pull the artery with a
piece of absorbent laboratory countertop paper, making
the segment roll throughout one turn, and place the artery
again in cold KH solution.

(b) For smaller vessels: introduce a thin stick or even a human
hair through the arterial lumen and gently rub the luminal
surface [9].
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. Switch on the wire myograph.
. Fill in the chamber with 5 mL of KH solution.

. Switch on the heater in the wire myograph display and set it at

37 °C (see Note 18).

. Put 500-600 mL of KH solution in the heated bath and con-

tinuously bubble it with carbogen. This buffer will be used to
wash and refill the chambers during the experiment.

. Open the carbogen supply (see Note 19).

. Cut a 2-cm-long wire and pass it through the lumen of the

artery segment minimizing contact with the artery wall.

. Take the wire with the artery and place it into one of the cham-

bers of the myograph, between the two jaws, alongside the
space for the artery (Fig. 3a).

. Clamp the wire with the jaws by moving the jaws closer

(Fig. 3b). One of the jaws is fixed and connected to the force
transducer, and the other is mobile. The distance between the
jaws can be changed with a micrometric screw connected to
the mobile jaw. Let the jaws come together to clamp the wire.

. Wrap the wire clockwise around the screws of the jaw and

clamp it by closing the screws (Fig. 3¢ and see Note 20).

b

AN
o/
{°
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:
5

Fig. 3 Mounting procedure. See details in Subheading 3.2
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Fig. 4 Procedure to calculate the Internal Circumference. The diagram shows how to measure the length
of the internal circumference of the artery mounted on the wire myograph. The DMT normalization module of
LabChart automatically calculates it according to these principles. See details in Note 22

10.

11.

12.

13.

14.

15.

Separate the jaws and carefully insert another 2-cm-long wire
through the lumen of the artery minimizing contact with the
wall (Fig. 3d).

Clamp the second wire by moving jaws together again. Wrap
clockwise and clamp the second wire to the screws of the
second jaw (Fig. 3e).

Move away the wires so that they are as close to each other as
possible but not touching.

Place the chamber into its place in the wire myograph and plug
the transducer cables into the back of the wire myograph.

Renew the 5 mL of KH solution using 37 °C bubbled KH
solution (see Note 21).

Cover each channel with its chamber cover, put the plastic fun-
nels, and wait for 30 min approximately to allow stabilization
of the vessels and bath heating before starting the normaliza-
tion protocol.



3.3 Normalization

Wire Myography 261

Resting Wall Tension (mN/mm)

Internal Circunference, IC I(Jl()o

Fig. 5 Curve fitting for the determination of IC100. Internal Circumference (IC)
corresponding to an effective pressure of 100 mmHg (IC,q) is estimated by
the insertion point of the exponential fitting curve of the different points on the
normalization procedure and the isobar at 100 mm Hg according to the Laplace’s
equation. This curve and the ICq, value is automatically plotted and calculated
during the normalization procedure by the DMT normalization module of
LabChart, which gives the micrometer reading value in which the artery should
be set to perform the experiment. See details in Note 22

—

. Before starting, please se¢ Note 22.
. Switch on the computer and open your LabChart settings file

(see Note 23).

. Press the “Start” button on the “Chart View” window to run

the experiment and start recording. Save the experiment as a
“LabChart data file,” with a new name to avoid overwriting
the original settings file (see Note 24).

. Move very slowly the jaws together until the wires just touch.

At this point, the force displayed on the wire myograph will
suddenly fall to a negative reading (se¢ Note 20). Then slightly
move the jaws apart to just separate the wires. This position
corresponds to the zero force point where the artery wall is not
subjected to any force.

. In the myograph display, set the chamber force to the zero

point. Force recorded in the LabChart should automatically
change to zero.

. In LabChart, press the “DMT” flap, go to “Normalization

Settings,” and fill the boxes as indicated below:
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Fig. 6 Example of output recordings during the normalization procedure. Left. The Chart View window
shows the force recordings along the time in one channel. Right. The DMT Normalization window shows the
data of force and micrometer readings, and also plots the automatically-calculated internal circumference and
resting wall tension data. When the artery has reached the tension corresponding to the target pressure of
100 mmHg (13.3 KPa), the program gives a definitive Micrometer X1 value. The artery is then set to the disten-
sion corresponding to the Micrometer X1 value (IC1 = 0.9 - IC100). The software used is LabChart 7 from
ADInstruments. Reproduced with permission from ADInstruments

(a) “Eyepiece calibration (mm/div)”: 1.
(b) “Target pressure (KPa)”: 13.3 (see Note 25).
(c) “IC1/IC1007: 0.9 (see Note 26).
(d) “Online averaging time (seconds)”: 2.
¢) “Delay time (seconds)” (see Note 27): 60.
)

(
(f) The window also offers the possibility of playing a sound
when the delay time has been completed.
7. Press the “OK” button on the “DMT Normalization Settings”
window. The window will close.

8. Click the “DMT?” flap and select the channel of interest. The
normalization window for the channel will open (channel 3 in
the example of Fig. 6). Fill in the boxes for the constant values
(see Note 28):

(a) “Tissue end point al”: 0
(b) “Tissue end point a2”: 2
(c) “Wire diameter (pm)”: 40
9. Introduce the actual micrometer reading value in the box and
press “Add Point.” This first value is the zero point, the first
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point of the exponential fitting curve for normalization. Wait
for the 60-s delay until the program records the force measure-
ment corresponding to the first point, which should be close
to zero. After this time, the box for “micrometer reading” val-
ues becomes active again (Fig. 6).

10. Slightly stretch the vessel by moving jaws apart until you see an
increase in the force in the wire myograph display (see Note
29). Introduce the value of the micrometer in the box and
press “Add Point.” Wait for the 60-s delay time.

11. Repeat this step until the program gives you the “Micrometer
X1” value (the micrometer reading corresponding to the 0.9
of the estimated IC,4) (se¢ Note 30 and Fig. 6).

12. Set micrometric screw to the “Micrometer X1” value.

13. Change KH solution bufter on each chamber. Wait for 15 min
before starting to induce vasomotor responses in order to let
the arteries stabilize at their new distension.

3.4 Assessment An example of the output recordings for a contractile response to
of Vessel Viability KCl is shown in Fig. 7.
(See Note 31)

1. Add 120 mM KClI and let the artery contract for 5 min.

2. Wash out four times with fresh, warm, and bubbled KH
solution.
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Fig. 7 Example of output recordings during the assessment of vessel viability and endothelium integ-
rity. Left: Chart View window showing the force recordings along the time in two channels. Vertical dotted lines
correspond to comments that are entered by the operator to indicate the substance added before any induced
vasomotor effect. Shown from left to right are the contraction induced by 120 mM KCl, the relaxation after
washes, the precontraction induced by 1 uM phenylephrine (Phe 10-6), and the relaxation induced by 10 pM
acetylcholine (Ach 10-5). Right: Data Pad View window showing data measurements in each channel and
the corresponding comments. The black area in the chart window shows the raw data selected to calculate
the maximum-minimum force values in the Data Pad. Corresponding counted values are in the row highlighted
in grey in the Data Pad view. The software used is LabChart 7 from ADInstruments. Reproduced with permis-
sion from ADInstruments
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3.5 Assessment
of Endothelium
Integrity (See Note 33)

3.6 Vasodilator
Response
to Acetyicholine

3.7 Contractile
Response
to Phenylephrine

3. Wait ~15 min to let the artery recover its basal tone. Some ves-

sels may need more time or more washes in order to recover
the basal tone (see Note 32).

An example of the output recordings of the procedure for the

assessment of the endothelium integrity is shown in Fig. 7.

1.

Add 1 pM phenylephrine (final concentration) to the bath. Let
the artery contract until it has reached a stable contraction
(see Notes 34 and 35).

. Add 10 pM acetylcholine (final concentration) to the bath. Let

the artery vasodilate until it reaches its maximum level of vaso-
dilation (see Notes 33 and 36). Wash out 3—4 times with fresh,
warm, and bubbled KH solution. Wait around 15 min to let
the artery recover its basal tone.

. Measure both the contraction (force from basal tone to maxi-

mum contraction) and the relaxation (force from maximum
contraction to the end of the relaxation induced by acetylcho-
line). Calculate the % of relaxation induced by acetylcholine in
relation to the previous contraction induced by phenylephrine.

To study acetylcholine-induced vasorelaxation, vessels are first pre-
contracted with phenylephrine. An example of the output record-
ings for a vasodilation-response curve to acetylcholine is shown in
Fig. 8.

1.

Mark in the comments box of the Chart View window, 1 pM
phenylephrine (or the corresponding dose, in the following
steps) just before adding phenylephrine (see Note 37).

. Add 1 pM phenylephrine (final concentration) to the bath. Let

the artery contract until it has reached a stable contraction
(see Notes 34 and 35).

. Mark and add 0.1 nM acetylcholine (final concentration). Let

the artery dilate until a steady response has been reached
(see Note 38).

. Repeat step 3 with increasing concentrations of acetylcholine

(I nM, 10 nM, 0.1 pM, 1 pM, and 10 pM, final concentrations
in the bath) (see Note 39).

. Wash three times with fresh KH solution.

. Let the artery stabilize for at least 30 min before performing

any additional procedure.

An example of the output recordings for a contractile response to
phenylephrine is shown in Fig. 9.

1. Mark in the comments box of the Chart View window, 1 nM

phenylephrine (or the corresponding in the following steps)
just before adding phenylephrine (see Note 37).
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Fig. 8 Example of output recordings during the vasodilator response to acetylcholine to analyze endothelial
function. Left: Chart View window showing the force recordings along the time in two channels. Vertical dotted
lines correspond to comments that are entered by the operator to indicate the substance added before any induced
vasomotor effect. Shown from left to right are the precontraction induced by 1 pM phenylephrine (Phe 10-6), and
a cumulative concentration-response vasodilator curve to acetylcholine (Ach-10, -9, -8, -7, -6, and -5). Right: Data
Pad View window showing force measurements and corresponding comments in each channel. The black area in
the chart window shows the raw data selected to calculate in Data Pad the vasodilation induced by 0.1 pM acetyl-
choline. Corresponding counted values are in the row highlighted in grey in the Data Pad view. The software used
is LabChart 7 from ADInstruments. Reproduced with permission from ADInstruments
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Fig. 9 Example of output recordings during the vasoconstrictor response to phenylephrine to analyze
contractile function. Left: Chart View window showing the force recordings along the time in two channels. Vertical
dotted lines correspond to comments that are entered by the operator to indicate the substance added before any
induced vasomotor effect. The plot shows a cumulative contractile concentration-response curve to phenylephrine
(Phe -9, -8, -7, -6, and -5). Right: Data Pad View window showing force measurements and corresponding com-
ments in each channel. The black area in the chart window shows the raw data selected to calculate in Data Pad the
vasoconstriction induced by 10 nM Phenylephrine. Corresponding counted values are highlighted in grey in the Data
Pad view. The software used is LabChart 7 from ADInstruments. Reproduced with permission from ADInstruments
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Fig. 10 Example of output recordings during a frequency-response curve to electrical field stimulation
to analyze the innervation function. Left: force recordings along the time in three channels showing from left
to right the non-cumulative contractions induced by 1, 2, 4, 8 and 16 Hz electrical stimuli (30 seconds each).
Right: force measurements in each channel. The black area in the left window shows the raw data selected to
calculate the vasoconstriction induced upon stimulation with 8 Hz. Corresponding counted values are high-
lighted in black in the right window. Force values are given in mg instead of mN. The software used is Chart from
eDAQ. Reproduced with permission from eDAQ

3.8 Contractile
Response Induced
by Electrical Field
Stimulation

(See Note 40)

2. Add 1 nM phenylephrine (final concentration) to the bath. Let

the artery contract until it has reached a stable contraction

(see Note 35).

. Repeat the steps 1 and 2 with increasing concentrations of

phenylephrine (10 nM, 0.1 pM, 1 pM, and 10 pM, final con-
centrations in the bath).

4. Wash three times with fresh KH solution.

5.

Let the artery stabilize for at least 30 min before performing
any additional procedure.

An example of the output recordings for a frequency-response
curve to electrical field stimulation is shown in Fig. 10.

1.
2.

Mount the plastic mounting jaws on the chambers.

Set the following parameters in the electrical stimulator: 30 s of
stimulation at 200 mA, 0.3 ms (pulse duration), and an inter-
val of 1 min between each stimulus (see Note 41).

. Connect the electrodes to the jaws.

. Enter 1 Hz in the comments box of the “Chart View” window

(or the corresponding frequency, in the following steps) just
before applying electrical stimulation (se¢ Note 37).



3.9 Counting
Responses and Data

Analysis

3.10 Passive
Properties
(See Note 44)
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. Set the frequency in the electrical stimulator to 1 Hz and

switch on the stimulator.

. After the stimulus has finished (each stimulus lasts 30 s), set

the frequency to 2 Hz.

. Repeat step 6 for the next frequencies (4, 8, and 16 Hz).
. Wash once or twice with fresh KH solution.

. Let the artery stabilize for at least 30 min before performing

any additional procedure.

For better understanding the method, please see Note 42.
Responses can be semiautomatically counted using the Data Pad
tool in LabChart.

1.

Press the “Data Pad View” button on the “Data Pad” panel. A
new window will open. Each column can be arranged to show
given data of each channel (Figs. 7, 8, and 9).

. Click on the first cell of column A and select “statistics” and

“maximum-minimum.” Also select “calculate from source
channel: channel 1.”

. Do the same in following columns for channels 2—4.

. In column E, “comments” and “Full Comment Text” can be

selected for a given channel in order to associate each measure-
ment with the corresponding dose.

. Go to the “Chart View” window and select the recordings cor-

responding to the response induced by a given dose, taking care
to cover the data just before adding the dose and the maximum
response induced by the drug. Press the button “Add to Data
Pad” in the “Data Pad” panel (or press Control+ D). The dif-
ference between the maximum and the minimum force values
of the selected data will appear in the corresponding column for
each channel in the “Data Pad” window (see Note 43).

. These data can be copied into other data manager programs to

analyze and plot them.

. After normalization, the program gives the 1C,q, value (the

internal circumference corresponding to a transmural pressure
of 100 mmHg) (see Note 22). The internal diameter corre-
sponding to an IC;4y (Djg) can be calculated from the follow-
ingequation: diameter = circumference /7. Thus, D99 = 1Cy /7.

. Take the data of micrometer reading vs. force from the DMT

Normalization window for each channel (Fig. 6).

. Calculate the diameter corresponding to each micrometer

reading. Internal circumference with wires just touching (at
zero position) is considered to be equal to 2x zx wire diam-
eter=205.664pm (when using wires of 40 pm diameter).
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Thus, internal diameter for each micrometer reading is equal to
205.664 + 2 x (micrometer reading at position x- micrometer
reading at position zero)/z (see Note 22).

4. With this data, you can plot the diameter—tension curve.

. Calculate the distension fraction corresponding to each

micrometer reading using the following equation: distension
fraction = diameter /Dy ,.

. With this data, you can plot the distension—tension curve.

4 Notes

. Many other agents and inhibitors can be used to analyze the

participation of the corresponding factor in vasomotor
responses.

. This wire myograph allows the testing of four vessels at the

same time.

. It should be connected within the wire myograph and the

computer to amplify and filter the analogic signal from the wire
myograph.

. LabChart 7 records and processes the data obtained with the

wire myograph. Some extra features can be added to this
software, such as the DMT Normalization Module, which is

very useful to carry out the normalization protocol
(see Subheading 3.3).

. The vacuum is used to remove the buffer in the chambers

when washing.

. This buffer is used at 4 °C to maintain the vessels before

mounting and can be stored for 24 hours at 4 °C. During the
experiment, vessels are submerged in 37 °C KH solution con-
tinuously bubbled with carbogen. For one single experiment
with four vessels, around 700 mL of KH solution may be nec-
essary. The duration of the whole experiment and the nature of
the substances used can increase the amount of KH solution
needed up to 2 L.

. The bath heater allows maintaining the KH solution warm,

ready to use over the vessel, during the experiment.

. Carbogen maintains KH solution at pH 7.4 and keeps the buf-

fer oxygenated. Tubes will bring the gas to the wire myograph
and to the KH solution in the bath heater.

. Both norepinephrine and phenylephrine are commonly used as

contractile agents, but other vasoconstrictors can be used. The
election of any of these compounds will depend on the nature of
the investigation, the vascular bed under study, and the animal
model used. Norepinephrine is an unspecific adrenoceptor
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agonist and it is a good option to use as contractile agent in
mesenteric superior and resistance vessels, while phenylephrine is
a specific o-adrenoceptor agonist commonly used in mouse or
rat aorta. On the other hand, the target of phenylephrine is more
specific than the target for norepinephrine; thus the contraction
induced by phenylephrine will avoid interactions with other vaso-
dilator adrenoceptors, such as the f-adrenoceptors. However,
the use of norepinephrine allows to study a more integrated and
physiological response to all the adrenergic molecular machinery.
In our experience, the use of norepinephrine works well in the
mesenteric bed (which is densely innervated and, thus, a good
choice to study the role of innervation), but it is difficult to man-
age in the aorta, where high doses of norepinephrine can induce
in mice vasodilation instead of vasoconstriction.

Depending on the experiments, other drugs may be used to
activate or inhibit target factors. For example, to study the role
of NO, inhibitors of NO synthase (to analyze the involvement
of NO in any specific response) or NO donors (to analyze the
sensitivity to NO) can be used.

The method described here uses mouse aorta or mesenteric
arteries, although other vascular beds from this or other spe-
cies can also be analyzed. The choice of which vascular bed is
best to study will depend on the nature of the investigation
and the size of the animal model used. Regarding the size, the
wire myograph was designed to study vessels from =50 to
~600 pm. However, bigger arteries (even up to 5-10 mm in
diameter) can be studied in the wire myograph by changing
the mounting supports, i.¢., substituting the jaws by pins.

Regarding the nature of the investigation, it must be noted
that the endothelium function is important for local control of
vascular tone, while innervation plays a crucial role in the con-
trol of global peripheral resistances [4]. Since small arteries
constitute the main source of resistance to blood flow in the
vascular system [10], it would be a good choice to use small
mesenteric vessels in studies focused on the role of innervation
and hypertension. For studies concerning more local altera-
tions, such as aneurysms and atherosclerosis, the vessels in
which these alterations have been observed should be used. In
fact, the most commonly used vessel for mouse atherosclerosis
studies is the aorta, which is a conductance vessel easy to
mount. However coronary and cerebral arteries and almost
any other artery can also be studied with the wire myograph as
long as they fulfill the size requirements and it can be properly
excised.

For wire myography, the maintenance of the whole tissue
integrity is mandatory to preserve vasomotor responses. Thus,
it is important to avoid excessive manipulation of the artery to
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13.

14.

15.

16.

17.

18.

19.

20.

leave it intact, in particular the segments that are going to be
mounted. Another important tip is not to stretch the artery.
The artery should preferably be cleaned of connective tissue
and perivascular fat before being mounted, but the researcher
should come up to equilibrium between minimal manipulation
and maximal cleanliness. Perivascular fat can also modulate
vascular tone. Thus, unless it is the focus of the study, it is pref-
erable to remove it out completely to avoid differences in the
responses due to different amounts of fat.

It is advisable to excise the artery immediately after sacrifice,
preferably while the heart is still beating, in order to avoid the
formation of clots inside the artery. These clots can be some-
times hard to extract, and if they are retained into the artery,
they can cause damage to the endothelium. In aortas, the clot
can be removed by carefully shaking the artery while sub-
merged in physiological solution. Careful perfusion of the
artery with saline solution prior to excision is another option,
but this may remove or damage the endothelium.

Cold saline solution (0.9 % sodium chloride solution) can also
be used to submerge the arteries just after dissection. However,
arteries should be moved to cold KH solution as soon as pos-
sible because saline does not contain an anticoagulant.

In these conditions, arterial segments can be maintained at
4 °C during a few hours before mounting them, although it is
always better to mount the vessels just after dissection. Besides,
it must be noted that within a single set of experiments, both
the control and the target samples should be managed in the
same conditions.

Blood clots in large arteries such as the aorta can be removed
by gently shaking the vessel segment in KH solution buffer
trying to avoid contacts with the walls or the bottom of the
recipient. This cannot be done in small resistance arteries.

Removal of the endothelium, as well as mounting, needs some
training. It should be done very gently to avoid damaging the
underlying smooth muscle layer and thus preserve the contrac-
tile properties, but hard enough to avoid any acetylcholine-
induced vasodilation (se¢ Note 33).

The whole system will take around 30 min to heat up, but you
can mount the vessel segments while reaching 37 °C.

The amount of bubbling occurring in each chamber can be
regulated by needle valves on the back of the wire myograph.
Bubbling should not be too strong in order to avoid interfer-
ence on the force measurements.

Wires should be screwed quite tight, to avoid undue compliance,
but be careful not to tighten them too much or they will break.



21.

22.

Wire Myography 271

This could also damage the jaws. Besides, jaws should not be
pressed against each other too much, just the enough to clamp
the wires. Force should not fall beyond —50 mN.

Chambers can be drained individually or all together by press-
ing the corresponding buttons in the front of the myograph
interface.

Normalization is used to standardize the initial conditions of
the vessels, which should mimic the basal physiological disten-
sion. Resting tension strongly determines the amount of the
vasomotor responses induced by the vessel [11]. Thus, it is
very important that all the vessels are set up to the same initial
conditions, which can be specifically estimated for each seg-
ment. Normalization allows estimating the internal diameter
when the vessel is fully relaxed under a transmural pressure of
100 mmHg (the IC,g value).

The procedure for normalization consists of stretching
stepwise a mounted vessel and recording the force exerted by
the vessel at each point of distension. Force is automatically
recorded by the DMT Normalization Module in LabChart,
while distension (in length) is read from the micrometric screw
and keyed by the operator at each step. Internal circumference
and thus internal diameter (circumference=nxdiameter) are
calculated from the difference between two readings from the
micrometric screw and the known diameter of the mounted
wires (Fig. 4).

Since wall tension is the measured force divided by the wall
length (usually 2 mm) and the thickness of the vessel is con-
stant throughout the experiment, the effective pressure corre-
sponding to each distension is automatically calculated using
the Laplace equation [tension = (pressure x radius) /thickness|:

Effective Pressure = Wall Tension /| ( Internal Circumference /27w )

23.

The stepwise stretching is stopped when the effective pressure
raises 100 mmHg. An exponential curve is fitted to the inter-
nal circumference/effective pressure data points. 1Cq is the
point of intersection between the exponential curve fit and the
isobar corresponding to 100 mmHg: T=(100 mmHg) x (inter-
nal circumference/2r) (see Fig 5).

Before the first experiment, the whole system (myograph and
software) should be calibrated according to manufacturer
instructions. After calibration, you will have a LabChart set-
tings file (*.adiset), which you will use every time you run a
new experiment. Once this file is opened to start an experi-
ment, it should be now saved as a LabChart data file (*.adicht),
in order to maintain the original LabChart settings for future
experiments until a new calibration is performed.
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26.

27.

28.

29.

30.

31.

It is advisable to save the document several times during the
experiment.

13.3 KPa corresponds to a target effective pressure of
100 mmHg.

The distance between the wires is arranged to the 0.9 fraction
of the ICyg value for each vessel. This fraction is usually set at
the point in which contractile force produced by the artery is
maximal, in order to enhance the resolution of the technique.
The optimal 1C,y fraction can change between vascular bed
and species. It is usually set to 0.9 and we also set it to 0.9 for
mouse aorta.

This is the delay on the time in which the program acquires the
force measurement after entering the micrometer reading at a
given point in order to draw the exponential curve fitting. This
delay is set up to 1 min to allow the vessel to stabilize after
stretching it. The vessel develops a myogenic tone in response
to stretch. This myogenic tone disappears after some seconds.

The program automatically calculates the segment length from
the given eyepiece calibration (mm/div) value stated in the
DMT Normalization Settings window and the al and a2 tissue
end point values in the corresponding channel normalization
window. However, if the vessels are always cut into 2-mm-long
segments, then it is easier to set the eyepiece calibration (mm/
div) in 1, the tissue end point al in 0, and tissue end point
a2 in 2. The 40-pm-diameter wire is usually used for vessels
ranging between 200 and 1000 pm in diameter. For smaller
vessels, a 25-pum-diameter wire can be used. In this case, it
should be indicated here.

The experience will give the operator an idea of the amount of
stretch that will have to apply in each step. In the first step, the
increase in the distance between the wires is usually the bigger.
In our experience with adult mouse aortas, we initially stretch
the artery up to ~4-5 mN and then increase the distension
5 mN each time. Usually the normalization finishes when the
artery reaches ~#35—40 mN.

The program automatically plots the values as they are recorded
(Fig. 5). During the process, an “(extrapolated result)” for the
“Micrometer X1” value appears below the chart. This value
shows where the micrometer should be set to arrange the opti-
mal distension, in this case corresponding to the 0.9 fraction of
ICjp0. When the artery reaches the tension corresponding to
an effective pressure of 100 mmHg (13.3 KPa), the plot shows
the place of the ICyoy and IC1 (in this case, 0.9 xIC,q) values
and the final “Micrometer X1” value (Fig. 5).

The first part of every protocol consists of assessing the vessel
integrity to check whether the vessel has been damaged during
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dissection or mounting. A contractile response induced by
120 mM KCI allows to reactivate the mechanical and func-
tional contractile properties of the vessel wall, as well as to
check that the tissue is alive and functional. The values of the
contraction induced by KCI will be used later to normalize
other specific contractile responses.

The concentration of KCl used to perform this first part of
the protocol can be optimized depending on the vessel or the
animal chosen. For mouse aorta and mesenteric vessels, we
typically use 120 mM KCI, while 75-80 mM is a commonly
chosen option for rat aortas and mesenteric arteries. The dura-
tion of the stimuli should be also standardized, since the con-
traction usually continues increasing for more than 10 min
until it reaches the maximum value. In any event, the range of
the normal values for the KCI contraction should be clarified
for each set of data in order to be able to detect damaged seg-
ments. Some studies have described a characterization of the
vasomotor responses in thoracic aorta of the C56/BL/6]
mouse [12, 13].

Endothelium-denuded vessels usually need more time to
recover the basal tone after a contraction.

Endothelial cell integrity must be assessed before analyzing
responses to vasomodulators. In this step, the viability or the
absence of endothelium is checked. For this, relaxation of ves-
sels precontracted with phenylephrine is induced with a single
dose of acetylcholine (10 pM). Endothelium can be consid-
ered to be intact when acetylcholine fully relaxes the contrac-
tion induced by phenylephrine. On the other hand, vessels can
be considered free of endothelium when acetylcholine falls to
relax the vessel precontracted with phenylephrine.

Since aorta and mesenteric arteries do not show spontaneous
tone in the wire myograph, arteries should be previously pre-
contracted to analyze vasodilator responses. This applies for
both the acute responses, such as the acetylcholine dose
response for endothelium assessment or the multiple dose—
response curve to acetylcholine. The optimal level of precon-
traction is the ~80 % of the maximum contraction, which
should be optimized for each preparation. In mouse aorta,
1 pM phenylephrine is usually chosen to precontract.

Precontraction usually takes between 3 and 10 min.
Spontaneous relaxation is a common problem when using cer-
tain contractile agonists in some vessels. If the vessel fails to
contract or shows relaxation not due to the addition of the
vasodilator agent, a second attempt can be made after washing
the vessel with fresh KH solution and letting it recover to its
basal tone. However, using another vasoconstrictor should be
considered if the problem is frequent.
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39.

40.
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42.

Additionally, some vessels can undergo vasomotion, usu-
ally when contracting. Vasomotion occurs when there are
rhythmic oscillations in the vessel tone. Its physiological role
and its underlying mechanism remain poorly understood [14].
Counting the responses may be difficult when the vessel has
developed vasomotion, so the researcher should decide
whether to exclude the arteries undergoing vasomotion from
the study or just apply systematic standard criteria to count the
responses, such as taking into account the maximum, the mini-
mum, or the midpoint level of tone.

This response is usually very quick; it may not take more than
2 min. In endothelium-denuded segments, very small or no
effect is observed after acetylcholine addition.

This is useful for counting and measuring all the responses at
the end of the experiment. See Subheading 3.9.

The first dose should induce no effect or a very weak effect.
This is to be sure that we are covering all the range of vasore-
activity induced by the drug.

If maximal resolution of the technique is needed, intermediate
doses can be added. As an example:

(a) Add 5 pL of 1 pM to get 1 nM in the bath.

(b) Add 2.0 pL of 10 pM to get 5 nM in the bath (intermedi-
ate dose).

(c) Add 2.5 pL of 10 pM to get 10 nM in the bath.

Responses to electrical field stimulation can be measured in the
wire myograph in order to study the function of perivascular
innervation. Neuronal activation is performed by applying fre-
quency-response curves to electrical field stimulation (1, 2, 4,
8, and 16 Hz) (see Fig. 10).

The 1-min interval between each frequency stimuli is set in
order to recover basal tone. In case the vessel needs more time
to recover basal tone, this period can be increased. The optimal
intensity (mA value) should be supramaximal (0.9 fraction of
the intensity in which the maximal response is obtained) and
should be previously determined in each vascular bed.

To normalize data, contractile response curves are usually
expressed as the percent of the tone induced by KCl, whereas
vasodilator responses, which are induced after precontracting
the vessel segment, are expressed as the percent of dilation
with respect to the precontractile tone. However, additional
information can be obtained if responses are expressed in abso-
lute values (mN), especially in the case of detecting differences
in the response to KCI or differences in the response induced
by the agent used to precontract when examining vasorelaxing
responses. Dose—response curves are also often expressed and
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compared in terms of the ECjy (or logECsy) and the E,.
values. EC; is the concentration of agonist that provokes a
response halfway between the minimum and the maximum
response. E,, is the maximum response.

Sometimes recordings need to be counted manually to avoid
including background noise as a specific signal (which could
change the values of maximum or minimum points). In these
cases, take the marker from the bottom left corner in the
“Chart View” window and place it at any point in the record-
ing. The program will display (at the top right corner of that
channel in the “Chart View” window) the value of the differ-
ence between the marker and the place where you have posi-
tioned the cursor (i.e., place the marker before adding the dose
and the cursor at the point of maximum effect of that dose).

Data obtained from the normalization procedure can be used
to get some information about the passive properties of the
vessel, such as the estimated diameter at 100 mmHg (D),
diameter—tension curves (which will give information about
the size of the lumen), and distension—tension curves (which
will give information about the elasticity of the wall).
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Chapter 19

Pressure Myography to Study the Function and Structure
of Isolated Small Arteries

Olav L. Schjgrring, Rune Carlsson, and Ulf Simonsen

Abstract

Small arteries play an important role in regulation of peripheral resistance and organ perfusion. Here we
describe a series of methods allowing measurements in pressurized segments of small arteries from the
systemic and coronary circulation of mice as well as other species. The pressure myography techniques
described include measurements of wall structure, wall stress, strain, and myogenic tone. The pressurized
perfused small arteries also allow evaluation of responses to increases in pressure, flow, and drugs, where
the main readout is changes in vascular diameter.

Key words Endothelium, Flow, Microvasculature, Mice, Myogenic tone, Structure, Pharmacology,
Pressure, Small arteries, Stiffness

1 Introduction

Small arteries play an important role in regulation of peripheral
resistance and organ perfusion [1]. Pressure myography is used to
study in vitro vascular tone and structure of small vascular seg-
ments under isobaric conditions [2]. The vessel segment studied is
cannulated and intraluminally pressurized and hence to a large
degree mimics the conditions of the vessel in vivo. For pharmaco-
logical purposes, microvascular segments mounted on wire myo-
graphs seem advantageous, since they allow several preparations to
be studied simultaneously [3]. However, due to the geometry of
the pressurized vascular segments, pressure myography bears the
closest resemblance to the in vivo conditions, and several studies
have provided evidence that functional responses may differ in
wire-mounted versus pressurized vascular segments [4, 5].
Therefore, pressure myography remains an invaluable method of
investigating basal physiological and pathophysiological alterations
in the microvasculature. The technique allows the study of the
effects of drugs, pressure, and/or flow on vascular diameter and
hence whether they would lead to vasodilation or vasoconstriction.

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
vol. 1339, DOI 10.1007/978-1-4939-2929-0_19, © Springer Science+Business Media New York 2015
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Pharmacological characterization uses endothelium-dependent
agonists for vasodilation in combination with blockers of the
different known pathways involved in endothelium-dependent
vasodilation. The flow exchange mediated for induced response is
characterized by use of the same blockers, including blockers of the
cyclooxygenase (COX), of the nitric oxide synthase (NOS) [6],
and of the endothelium-derived hyperpolarization (EDH) path-
way. The EDH-derived response is the most elusive and least
known, though intensively studied. To characterize this latter
pathway, we used blockers of various calcium-activated potassium
channels that are known to take part in the EDH-derived vasodila-
tion [7-9]. The pressure myograph is essential as an in vitro setup
for evaluating a flow-mediated response, which, in combination
with pharmacological characterization, remains a unique way of
characterizing the endothelial function, revealing the autoregula-
tive properties of the endothelium as a response to an enhanced or
diminished flow of blood.

In this chapter, we describe a pressure myograph method for
investigating both flow-induced and acetylcholine-induced vasodi-
lation, as well as methods to obtain responses to increasing pres-
sures, to enlighten the vessels” degree of myogenic tone, and to
characterize the structural features of the arterial segment in passive
calcium-free conditions. The methods described are basic proto-
cols; any pharmacological or physiological intervention can be
incorporated. This is especially usable in the persuasion of new
pharmacotherapeutics that modulate endothelial vascular function.

2 Materials

The setup for the described protocols is outlined in Fig. 1.

1. Regular microscope.
2. Micro-tforceps, micro-scissors, and petri dish for dissection.

3. Glass pipettes with an outer tip diameter of §0-200 pm (at
least 20 pm smaller than the mounted artery’s internal
diameter).

4. Monofilament nylon sutures (15-pm diameter).
5. Pressure myograph (e.g.,model 110P, Danish Myo Technology,
Aarhus, Denmark).

6. Two pressure columns (up to 150 mmHg) mechanically
adjusted or an interface with buffer-filled containers (e.g.,
110P, Danish Myo Technology, Aarhus, Denmark).

7. Computer and software: frame grabber and dimension-
analyzing program (e.g., Vessel View, Danish Myo Technology,
Aarhus, Denmark).
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Fig. 1 Schematic drawing of the pressure myograph setup used for the described protocols

Interface

8. Inverted microscope, magnificationx 100 (e.g., Telaval 31,
Zeiss, Oberkochen, Germany).
9. Video camera.
10. A graphic writer is optional to record the pressure and diame-
ter outputs and found useful in teaching students the setup.
11. Electric thermometer.

12. 2x50-ml syringes without pistons, attached to the pressure
columns. These syringes represent the inflow and outflow res-
ervoirs in Fig. 1.

13. Silicone tubing (1 mm in diameter, Danish Myo Technology,
Aarhus, Denmark) for myograph setup.

14. Two 3-way valves connected to each end of the pressure
myograph.

15. Air mixture of 95 % O, and 5 % CO,.

16. Roller pump (e.g., Alita Watson Marlow 400, VS2-10R-Midi,
2.5-50 rpm).

17. Roller pump tubing (e.g., Gilson, gas-tight PVDF), different

sizes adequate for the given artery diameters, roller pump, and
wanted flow levels.
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18.

19.

20.

21.
22.
23.
24.

Physiological saline solution, 1.6 mM calcium (PSS;4): 1.6 mM
CaCl,, 119 mM NaCl, 4.7 mM KCI, 5.5 mM glucose, 7.0 mM
MgSO,, 25 mM NaHCO;, 1.18 mM KH,PO,, and 0.026 mM
ethylenediaminetetraacetic acid (EDTA).

Physiological saline solution, 0.0 mM calcium (PSSqy): com-
position as PSS, ¢ but without CaCl, and with 0.1 mM ethyl-
ene glycol tetraacetic acid (EGTA) instead of EDTA.

Thromboxane analogue 9,11-di-deoxy-11a, 9a-
epoxymethanoprostaglandin F,, (U46619).

Acetylcholine.
Papaverine.
Acetic acid.

Demineralized water.

3 Methods

3.1 Mounting

The mounting procedure is conducted under a regular
microscope.

1.

10.

Fill pressure myograph tubing, chamber, and roller pump tub-
ing with 4 °C PSS, 4 (see Note 1) and set pressure to 0 mmHg.

. Advance the outflow pipette so that the tips of the outflow and

inflow pipettes are barely touching each other. The pipettes are
aligned and the distance on the micrometer gauge is noted
(see Note 2). Retract again the outflow pipette.

. Place four nylon sutures loosely over the shaft of each glass

pipette (see Note 3).

. Transfer the isolated artery to the chamber of the pressure

myograph.

. Cannulate the proximal end of the artery with the inflow

pipette (see Note 4).

. Tighten two of the sutures around the vessel and pipette

(see Note 5).

. Cut the distal end of the artery to produce an arterial segment

of 1.5-3 mm of length (se¢ Note 6).

. Raise the pressure of the inflow pipette to 20-25 mmHg to

wash out the remaining blood in the artery. Afterwards the
pressure is lowered to 0 mmHg again (see Note 7).

. Advance the outflow pipette toward the inflow pipette to allow

cannulation of the distal end of the artery without stretching it.

Cannulate the distal end of the artery with the outflow pipette
and tighten two of the sutures around the vessel and pipette
(see Note 5).
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Outflow 3-way valve Inflow 3-way valve

\ Vessel Lumen
diameter diameter

Fig. 2 (a) Pressure myograph (P110) used for functional and structural studies. The inflow and outflow 3-way
valves as well as the silicone tube in between the pressure transducer and the mounting pipette. This silicone
tubing can be used to administer drugs intraluminally (see Subheading 3.3). (b) Mouse left anterior descending
coronary artery (ID ~120 pm) mounted on two glass micropipettes in a pressure myograph for structural
measurements. Bars show outer diameter (vessel diameter) and inner diameter (lumen diameter). It is impor-
tant that the adhering myocardium is carefully removed before mounting

11. Raise the pressure to 30 mmHg, remove the PSS, 4 by suction,
and inspect the artery through the microscope to identify leaks
(see Note 8).

12. Refill the chamber with 5 ml 4 °C PSS, 4.

13. Close the 3-way valve on the outflow side of the set up
(Fig. 2a). Pressure should henceforth be managed from only
one side at a time (see Note 9).

14. Place the pressure myograph lid over the myograph chamber
and connect an air tube to the air connection in the lid. The
myograph bath is henceforth bubbled with an air mixture of
95 % O, and 5 % CO,.
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3.2 Structural
Studies Under Passive
Conditions

on the Pressure
Myograph

15.
16.

17.

18.

19.

20.

21.

Turn on the heat and warm the chamber to 37 °C (see Note 10).
Raise the pressure to 60 mmHg while stretching the artery to
avoid bulging.

Stretch the arterial segment longitudinally to 110 % of its pas-
sive, non-bulging length.

Transfer the chamber with the artery to the inverted micro-
scope and turn on the light and video camera.

Adjust the frame grabber on the computer of the pressure
myograph setup to continuously monitor the internal diameter
(see Note 11).

Turn on the graph writer. This will continuously monitor the
internal diameter and median pressure over the artery at 3 Hz,
correlating to the numeric registrations in the computer log.

Mounting is now complete (Fig. 2).

The structural studies are considered as separate protocols and can

be combined with the other described protocols in an
experiment.
1. Mount the artery (mouse mesenteric or coronary artery) in

calcium-free PSS (PSSop).

2. Heat the chamber to 37 °C.

. Raise the intraluminal pressure to 100 mmHg to unbuckle the

artery.

. Measure the distance between the sutures. In case of the mes-

enteric artery, it is stretched to 110 % in longitudinal direction
to correspond to in vivo conditions and avoid buckling. The
coronary artery segments are kept at the same length.

. Lower the intraluminal pressure to 70 mmHg and equilibrate

for 60 min at 37 °C in PSS,y gassed with an air mixture of 95 %
02 and 5 % C02

. After equilibration, lower the intraluminal pressure to

10 mmHg.

. Increase the intraluminal pressure in steps from 10 to 20 mmHg

and then in 20-mmHg increments from 20 to 140 mmHg.
Take a picture and obtain data by continuous measurements of
the internal and external diameters (D7 and De) for 3 min per
step using the MyoVIEW software. The mean of the data from
the last 30 s is used for the calculations.

. Using a previously described procedure [10], calculate the

structural and mechanical parameters from the D; and D, mea-
sured under passive conditions at intraluminal pressures rang-
ing from 10 to 140 mmHg. The following three equations
describe structural parameters and give information about
arterial remodeling;:
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Equation 1 (wall thickness, WT):

(Dz _Dz')
—

WT =

Equation 2 (cross-sectional area, CSA):

CSA==-(D}-D}).

T
4
Equation 3 (wall /lumen ratio, W:L):

(Dz—Di)
2:D,

W:L=

The next three equations describe the mechanical parameters and
give information about the elasticity and stiffness of the artery:

Equation 4 (incremental distensibility, ID), which represents the
percentage of change in the D; of the artery for each mmHg
change in the intraluminal pressure:

ID:A—Q-IOO.
(Di'AP)

Equation 5 (circumferential wall stress, o):

_(P'Di)
S 2-WT'

The relationship between the circumferential wall stress and strain
can be used to quantify the arterial stiffness.

Equation 6 (circumferential wall strain, ¢):

(Di - Di@lOmmHg)
D .

E =

i@10 mmHg

Equation 7 (exponential growth). By using the Young’s elastic

o} S . .
modulus, = —, the arterial stiffness can be determined inde-
&

pendently of geometry. Since the stress—strain relationship is
nonlinear, an incremental elastic modulus ( E,,.) is obtained by
determining the slope of the stress—strain curve. This can be
done by fitting the stress—strain curve to an exponential
curve, as illustrated in Fig. 3, using the exponential growth
equation:
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3.3 Incubation

Stress vs. Strain

0.0 0.5 1.0 1.5
Strain [Di/DO]

Fig. 3 Stress—strain curve in mouse coronary artery. The black dots represent
increments in intraluminal pressure

— Be
o= GlOmmHgg

By taking the derivatives to Equation 7, which equals E,,.=fo. This
means that for a given o-value, E,, is directly proportional to S.
Thus, an increase in f would imply an increase in E,, corre-
sponding to an increase in arterial stiffness [10, 11].

At any point of the study, it may be necessary to incubate the prep-
aration with a given substance (se¢ Note 12). If the protocol does
not incorporate a flow-induced response, the incubation is straight-
forward and the substance is only added to the pressure myograph
chamber (passive diffusion will ensure intraluminal incubation as
well). In a protocol incorporating a flow-induced response how-
ever, there is a need for adding the substance intraluminally as well
as extraluminally to avoid washout. Intraluminal application of a
given substance is conducted during the incubation period of typi-
cally 30 min after the extraluminal concentration has been added.
The following protocol is used:

1. Make sure the pressure on the outflow pipette is 60 mmHg,
corresponding to the inflow pressure. Open the 3-way valve on
the outflow pipette toward the pressure column. The prepara-
tion is now pressurized from two sides.

2. With a clamp, slowly close the inflow tubing at the level closest
to the pipette (the small piece of regular tubing protruding
from the pressure myograph) (see Note 13).
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3.4 Flow-Induced
Responses

3.

10.

11.

12.
13.

Add the incubation substance to the inflow reservoir, accord-
ing to the volume of PSS, remaining here, to achieve the
desired concentration equivalent of the extraluminal incuba-
tion concentration. Mix shortly with a clean spatula.

. Carefully remove the clamped piece of tubing from its proxi-

mal joint on the inflow side of the clamp attached in step 2,
thereby disconnecting it from the inflow reservoir.

. Remove 10 ml of PSS, 4 from the inflow tubing by suction

through the disconnected joint. This will ensure that the inflow
system down to the clamped tubing is filled with PSS, 4 con-
taining the incubation substrate.

. Reattach the clamped tubing to its proximal joint, making sure

that no air is introduced. Adjust the inflow pressure to
60 mmHg.

. Attach 10 cm of empty silicone tubing to the distal end of the

roller pump tube (see Note 14).

. Slowly open the clamp to pressurize the system from two sides.

. Turn the outflow 3-way valve, so that it is open toward the

roller pump.

Start the roller pump slowly (from lowest rounds per minute
(%RPM)) and, while simultaneously raising the inflow pressure
to keep the median pressure at 60 mmHg, increase the %RPM
to a shear stress level of maximally 22 dynes/cm? (see Note 15).

When the 10 cm of tubing attached in step 7 is filled with
PSS, ¢, it is ensured that the entire lumen of the arterial seg-
ment is now filled with PSS, ¢ containing the incubation sub-
strate. Depending on the artery’s internal diameter, this may
take up to 15 min. Stop the pump by slowing down %RPM
while adjusting the pressure accordingly.

Allow at least 10 min of rest after the flow stop (see Note 16).

If the extraluminal incubation period of 30 min has passed, the
incubation is complete and the experiment can proceed.

Prior to conducting the actual experiment on a mounted arterial
segment (steps 3—10 below), some specific preparations indicated
in steps 1 and 2 need to be made to conduct the flow-induced
response.

1.

2.

Conduct a curve for each roller pump tube of volume per time
(ul/min) of PSS, ¢ at different levels of %RPM (see Note 17).

Calculate the shear stress (z) of different internal diameters of
the artery using the following equation: © =4n0Q / nr® (see
Note 18). A separate graph for the wanted level of shear stress
is made with each roller pump tube. The graph should express
the %RPM (y-axis) to achieve the given level of shear stress at
different internal diameters (x-axis) (se¢ Note 19).
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3.5 Concentration—
Response Curve
for Acetyicholine

3.6 Pressure-
Diameter Gurve

to Obtain a Measure
of Myogenic Tone

3.

4.

10.

Make sure the outflow pipette is connected directly to the
roller pump, which is acting as a clamp (see Note 9).

Contract the artery by adding U46619 to the pressure myo-
graph chamber at a concentration equivalent of the U46619
concentration in the inflow tube (see Note 20).

. When stable contraction is achieved, start the roller pump

slowly (from lowest %RPM) and, while simultaneously raising
the inflow pressure to keep the median pressure at 60 mmHg,
increase the %RPM to the desired level of shear stress (use the
graph produced in step 2) (see Note 21).

. Leave the pump rolling for 5 min to achieve a 5-min flow

response (see Note 22).

. Slowly stop the roller pump by decreasing the %RPM while

lowering the inflow pressure to keep the median pressure at
60 mmHg in a manner opposite to the flow start (see step 5).

. Allow 10 min of rest after the flow stop. In this period, the

arterial segment should attain stable contraction once again
(see Note 23).

. If the protocol incorporates a higher flow level, repeat steps

5-8 with this level of flow (see Note 24).

The protocol can now proceed.

. Contract the mounted arterial segment by adding U46619 in

rising concentrations from 0.02 to 0.1 pM until a stable con-
traction with a reduction of the internal diameter of at least
25 % is obtained (see Note 25).

. Dilate the arterial segment with consecutive rising acetylcho-

line concentrations added extraluminally to the pressure myo-
graph chamber in intervals of 5 min. Concentrations are as
follows: 0.003, 0.01, 0.03, 0.1, 0.3, and 1.0 pM.

. Washout after the last 5 min of dilation is done as follows:

Remove the PSS, ¢ in the myograph chamber through suction
and add 10 ml of fresh 37 °C PSS, 4. This is done three times
in a row. Wait for 10 min and wash again three times with
PSS, 5. Wait for another 10 min and repeat the change three
times. Ten minutes after the last change, the protocol can be
continued (see Note 26).

. During the mounting procedure (see Subheading 3.1), skip

step 16 so that the pressure remains at 30 mmHg.

. Conduct a pressure—diameter curve by raising the pressure in

consecutive steps of 10 mmHg, 3 min at each level, from 30 to
140 mmHg (see Note 27).

. To obtain a measure of myogenic tone, step 2 is repeated in

PSSoo (see Note 28). Myogenic tone is calculated as the
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Fig. 4 Average changes in internal diameter in penile arterial segments with (black lines) and without calcium
(PSS0.0 plus EGTA, gray lines) from lean control animals and from Zucker diabetic fatty (ZDF) rats leading to
dilation in response to increases in pressure until 90 mmHg. Further pressure increases results in constriction
(myogenic tone) in the arteries from the lean control animals, while myogenic constriction is markedly
depressed in arteries from diabetic animals (*P<0.05, N=6-38)

difference in internal diameter in the presence of PSS with
(PSS, ) and without (PSS ) calcium. Figure 4 shows that the
myogenic response is impaired in diabetic animals [9].

4. Lower the pressure slowly to 60 mmHg (see Note 29) and
exchange PSS, solution to PSS, ¢ (see Note 28).

5. Allow 30 min of equilibration.

6. Stretch the arterial segment longitudinally to 110 % of its
passive, non-bulging length. The protocol can now proceed.

3.7 Denudation Removing the endothelium of an arterial segment mounted in a
of the Endothelium pressure myograph is a bothersome procedure not easily conducted
(see Note 30) [12, 13]. We used the following protocol:

1. In the mounted arterial segment, make sure the pressure on
the outflow pipette is 60 mmHg, corresponding to the inflow
pressure. Open the 3-way valve on the outflow pipette. The
preparation is now pressurized from two sides.

2. With a clamp, slowly close the inflow tubing at the level closest
to the pipette (the small piece of regular tubing protruding
from the pressure myograph) (se¢ Note 13).

3. Turn the inflow 3-way valve to act as a clamp toward the inflow
reservoir.

4. Carefully remove the clamped piece of tubing from its proxi-
mal joint on the inflow side of the clamp attached in step 2,
thereby disconnecting it from the inflow reservoir.
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3.8 End
of Experiment
and Cleaning

5.

10.

11.

12.

13.

14.

15.
16.

17.

Insert a 5-cm piece of regular tubing prefilled with air bubbles
(see Note 31) between the clamped tubing and its proximal
joint on the pressure myograph. This bubble-filled tubing is an
insertion of tubing; it is therefore not replacing the regular
tubing protruding from the pressure myograph (clamped in
step 2) but merely extending it.

. Open the 3-way valve on the inflow side.

. Slowly open the clamp. The system is now pressurized from

two sides.

. Turn the outflow 3-way valves open toward the roller pump.

. Start the roller pump slowly from the lowest %RPM and, while

simultaneously raising the inflow pressure to keep the median
pressure at 60 mmHg, increase the %RPM to a shear stress
level of maximally 22 dynes/cm? (see Note 15).

When the bubbles of the inserted 5-cm tubing have run
through the arterial segment, stop the pump by slowing down
%RPM while adjusting the pressure accordingly.

Repeat step 1-10 with the next piece of 5-cm tubing prefilled
with air bubbles.

When the last air bubbles have run through the arterial seg-
ment, leave the pump running until the bubbles have all passed
the outflow 3-way valve. Stop the pump by slowing down
%RPM while adjusting the pressure accordingly.

Inspect the arterial segment thoroughly to make sure no air is
stuck within.

Switch the 3-way valve to block the outflow side of the setup
and remove the air bubbles by sucking fresh PSS, 4 into the
roller pump tubing (se¢ Note 32).

Allow at least 10 min of rest after the flow stop.

Contract the mounted arterial segment raising U46619 con-
centrations from 0.02 to 0.1 pM until a stable contraction with
a reduction of the internal diameter of at least 25 % is obtained
(see Note 33).

Add acetylcholine to the pressure myograph chamber at a final
concentration of 1 pM. If the arterial segment does not dilate
in response to this concentration, the endothelium has been
removed successfully and the protocol can proceed.

This procedure should be conducted after a complete pressure
myographic protocol of any kind.

1.

Dilate the arterial segment maximally by adding 0.1 mM
papaverine to the pressure myograph chamber and wait for
5 min (sec Note 34).
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2. Remove the artery and thoroughly rinse the whole system with

adequate amounts of demineralized water (see Note 35).

. Clean the pressure myograph chamber (but not tubing and

pipettes) with 10 % acetic acid and rinse thoroughly with
demineralized water.

4 Notes

. If the experiment has a flow protocol incorporated, the inflow

tubing should be filled with PSS, 4 containing the thrombox-
ane analogue U46619. This is done to avoid intraluminal
washout of the vasoconstrictor during flow, thus mimicking
flow-mediated vasodilation. The concentration of U46619
should reflect the concentration expected to cause stable con-
traction of the arterial segment when added extraluminally.
This concentration may vary depending on the type of vascular
bed and type of animal. Interindividual variations between
each preparation also occur. We used a start concentration of
0.05 pM (mesenteric and penile rat arteries) but concentra-
tions from 0.02 to 0.1 pM are acceptable. If stable contraction
cannot be obtained at the estimated concentration, it may be
necessary to change the intraluminal concentration during the
experiment (see Note 12). To hit the correct concentration of
vasoconstrictor can be very bothersome and time consuming.
It is advisable to conduct pilot studies to establish the adequate
concentration of a vasoconstrictor. The pressure myograph
chamber and the outflow tubing, including the roller pump,
should not contain U46619. Theoretically, any vasoconstrictor
can be used for the experiment. We examined noradrenaline as
well as U46619, but our experience was that noradrenaline
even in low concentrations elicited too high a level of contrac-
tion obliterating the internal lumen and the contraction level
was not stable. Noradrenaline was therefore not found usable
as a vasoconstrictor in our experiments.

. The distance will serve as baseline when the length of the arte-

rial segment is calculated (see Subheading 3.1, step 17). Be
careful not to fracture the pipettes in this process.

. Sutures are best done in advance. Under a microscope using

two micro-forceps, produce adequate amounts of loosely tied
overhand knots on 15-pm diameter monofilament nylon
sutures (best done and kept on the edge of the sticky side of
regular office adhesive tape). The use of four sutures on each
pipette when only two is needed is to ensure spare sutures if a
suture falls off or a leak is detected. The knots are much harder
to tie around the pipette after the artery is mounted.
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4.

10.

11.

If, when isolating the artery, the in vivo orientation of the artery
is identifiable, it is advisable to leave a small piece of interstitial
tissue at the distal end of the isolated artery. This will allow
mounting in the correct orientation, so that flow application
will follow the in vivo flow direction. To which degree the flow
direction does actually affect the outcome of the experiment
remains unclear, but it seems appropriate to take this precau-
tion to mimic in vivo conditions as much as possible.

. The sutures should not be too tight, since that may damage

the arterial segment producing a leak.

. Beware that the arterial segment is of the right length. Too long

a segment may (depending on the length of the glass pipettes)
instigate a problem. The artery will lengthen when pressurized,
and on top of this, it is necessary to stretch it to 110 % of its
passive length later on (see Subheading 3.1, step 17) which
might not be possible then.

. Beware of negative pressure which will collapse the artery and

thereby disrupt the endothelium.

. If a leak is detected at one of the ends of the artery, refill with

4 °C PSS, 4 and add another suture closer to the tip of the
pipette, which may stop the leak. If the arterial segment is long
enough, another option may be to cut the artery and remount
the affected end. If a leak persists in spite of extra sutures or
remounting the arterial segment, then the experiment should

be discarded.

. If pressure is managed from both sides at once, the slightest

differences in the water columns will cause unnoticeable,
unwanted flow through the artery, possibly disrupting the
experiment. Both pressure columns should only shortly be
opened at the same time when shifting the pressure from one
side to the other.

If the experiment has a flow protocol incorporated, instead
of closing the 3-way valve, open the tubing toward the roller
pump. The pump will then function as a clamp until it is turned
on. This is recommendable to avoid the slight pressure drop
that is caused by turning the 3-way valve in itself. The slightest
change in pressure may disrupt a stable contraction when flow
is applied (see Subheading 3.3, step 5).

Meanwhile place a bowl of PSS, 4 in a heated bath at 37 °C:
from now on, only heated PSS, ¢ is used.

When conducting the experiment, it is necessary to continu-
ously adjust the frame grabber to follow the precise internal
diameter visually. Try to keep the frame grabber located at
approximately the same point of the artery throughout the
experiment, since the artery may vary slightly in internal diam-
eter throughout its length.
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12.

13.

14.

15.

16.

17.

Substances that are typically used in pressure myograph
experiments include various blockers of either the nitric oxide,
the prostaglandin, or the endothelium-derived hyperpolarizing
factor-elicited vasodilation. We have conducted experiments
using indomethacin, asymmetric dimethylarginine, iberio-
toxin, apamin,, and charybdotoxin.

Regarding changing concentrations of thromboxane ana-
logue U46619 in the tubing of the inflow pipette and intralu-
minally in the arterial segment (in circumstances described in
Subheading 3.4, step 4, Notes 20 and 33), the intraluminal
incubation protocol is followed from step 1, only adding the
adequate amount of U46619 to the inflow reservoir instead of
an incubation substance.

The clamping of the small piece of silicone tubing will disrupt
the pressure registration. This happens because the inflow
pressure gauge is placed proximally of this piece of tubing;
therefore, disregard the registered pressures while the pean is
on. The pressure of 60 mmHg from the outflow water column
ensures stable pressure through the preparation.

The attached tubing will serve as a marker of liquid passed
through the arterial segment when starting the roller pump.

Since the artery is now relaxed, the flow of liquid through the
vessel needed to attain a shear stress level of 22 dynes/cm? is
much higher than on the contracted artery. A shear stress of 22
dynes/cm? is not necessary. In general, we used the amount of
flow needed to give a shear stress of 22 dynes/cm? in the con-
tracted artery. This ensures a much lower amount of shear
stress here than in the experiment. A shear stress level of 22
dynes/cm? though is regarded safe for the endothelium (for
shear stress calculations, see Subheading 3.3, step 2).

Usually this can be accomplished within the 30 min of extralu-
minal incubation time.

This is done with an electronic scale (capable of weighing pg),
by letting the PSS; ¢ run through the pump, dripping down
onto the scale (e.g., 5 min per %RPM level). At some point,
the relation between %RPM and volume/min is no longer
directly proportional. Since this point is depending on the
resistance through the tube, it is important to suck the PSS, ¢
up through a glass pipette of the same diameter that you plan
on using for the experiment. The point where direct propor-
tionality subsides should be noted. This signifies the maximum
%RPM for this specific roller pump tube. If a larger flow is
needed, it is necessary to change the pump tubing to a larger
diameter. This may be necessary to do in the experiment (see
Note 21). Theoretically, the pump tubing can be used beyond
this point, but it will make further calculations much more
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18.

19.

20.

21.

22.

complex since then you cannot just multiply a coefficient to
calculate the difference between %RPM and the volumetric
flow rate.

r=shear stress, Q=volumetric flow rate (volume/time),
r=internal radius of the artery, and 5 =viscosity of the liquid
(the viscosity of water at 37 °C is 0692 mPa x s; the viscosity of
PSS, ¢ is assumed to be negligibly different than the viscosity of
water).

If two levels of flow are needed, the high flow level can be eas-
ily calculated without a separate graph. Since shear stress is
directly proportional to %RPM, you can multiply the %¥RPM of
the low flow level with the factor difference between the flow
levels (e.g., low flow 5.5 dynes/cm? and high flow 22 dynes/
cm? equals a factor 4). Just beware not to go beyond the maxi-
mum %RPM for the specific roller pump tubing (sec Note 17).

If this concentration fails to provide stable contraction with a
reduction of the arterial segments internal diameter of at least
25 %, it is necessary to change the U46619 concentrations in
the inflow system as well as intraluminally (se¢ Notes 1 and 12)
and then try with a larger U46619 concentration.

Depending on the vascular bed and type of animal, the
arterial segment may elicit spontaneous vasomotion upon
U46619 application. The experiment can continue if vasomo-
tion does not recede spontancously as long as the vasomotion
is in a cyclic manner and the average diameter can be assessed.

This should be done in seconds, just slowly enough to keep the
pressure steady. If the pump is started directly at the desired
level of shear stress, the abrupt flow start will course a partial
vacuum possibly sucking the artery together mimicking a con-
traction and thus distracting the experiment.

You may be in a situation where the roller pump tube cho-
sen before mounting will not suffice. To achieve the desired
level of shear stress, the tube will have to be changed. This can
be done as follows: very carefully clamp the regular tubing
leading to the roller pump with a clamp. Change the roller
pump tube to the appropriate size and fill it with PSS, 4 by run-
ning the roller pump. Connect it carefully to the clamped reg-
ular tubing, avoiding introduction of air. Slowly remove the
clamp. The tube is now changed. If the small pressure varia-
tions caused by clamping the regular tube leading to the roller
pump have disrupted the otherwise stable contraction, it may
be necessary to wait for stable vasoconstriction once again.

The roller pump will cause small cyclic pressure variations, the
extent of these depending of the type of roller pump and the
size of roller pump tubing. Keep the median pressure at
60 mmHg.
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23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

To obtain stable vasoconstriction once again may require more
than 10 min.

To attain the higher level of flow, it may at this time be neces-
sary to change the roller pump tube to a larger diameter
(see Note 21).

If at this point the artery is already contracted with U46619
after a flow-induced response, just allow 10 min to rest, await-

ing stable contraction once again and proceed to step 2
(see also [14]).

It the dose-response curve is conducted with an incubated
arterial segment, the incubation substance should be added to
the pressure myograph chamber after each three times PSS, ¢ is
changed before each 10 min of rest.

As the pressure rises, the arterial segment will start bulging.
When this happens, stretch the segment accordingly to keep it
straight.

The corresponding pressure—diameter curve without calcium
present should be done after a complete washout procedure
(see Subheading 3.5, step 3) with PSSy, with 0.1 mM EGTA
and a change of intraluminal PSS likewise to PSS, containing
0.1 mM EGTA (see Subheading 3.3 from step 1).

When decreasing the pressure, simultaneously slack the arterial
segment to the point where it starts bulging. Otherwise it may
be overstretched.

The main problem with the denudation of the endothelium is
introducing the correct amount of air needed to remove the
endothelium without affecting the smooth muscle layer of the
artery wall. Often the endothelium has not been removed
completely, so when adding acetylcholine (see Subheading 3.7,
step 17), the artery will dilate, signifying viable endothelium is
still in the artery. At other times, the smooth muscle layer has
been disrupted to a degree where stable contraction cannot be
obtained even with 0.1 pm U46619.

Before the procedure, two pieces of 5 cm of regular tubing
should be filled with PSS, ¢ and a string of five small air bubbles
of approximately 1.5 mm of length each. This is best done by
sucking air into the tubes with the roller pump.

If a flow response is conducted after the denudation of the
endothelium, turn the outflow 3-way valve after reattaching
the roller pump to the system, so it is again open toward the
roller pump that is now acting as a clamp.

If a flow response is conducted after the denudation of the
endothelium, the U46619 concentration should be equivalent
to its concentration in the inflow tube. The concentration
needed after denudation of the endothelium may be larger
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than that needed to provide stable contraction before the
denudation. If so, the inflow and intraluminal concentrations
should be changed (se¢ Notes 1 and 12).

Papaverine is added for two reasons. The first is to ensure that
the artery is still viable and the second is to provide the maxi-
mal dilated internal diameter to serve as a baseline for calcula-
tions later on and to be able to compare the size of the artery
between different animals in an experimental row. The resting
diameter of the artery after mounting may vary significantly
especially if intraluminal U46619 is added before mounting to
be able to conduct a flow-mediated response (see Note 1).

The pipettes are in risk of clotting, if salt crystals form in the
system between experiments. Check the tips of the glass
pipettes for the presence of crystals before mounting again.
The lifetime of a glass pipette is usually no more than 2-3
experiments before fracturing or clotting, so if in doubt, better
be safe than sorry and change to new pipettes before mounting

again.
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Chapter 20

Generation of Aorta Transcript Atlases of Wild-Type
and Apolipoprotein E-null Mice by Laser Capture
Microdissection-Based mRNA Expression Microarrays

Changjun Yin*, Sarajo Mohanta*, Zhe Ma, Christian Weber,
Desheng Hu, Falk Weih, and Andreas Habenicht

Abstract

Atherosclerosis is a transmural chronic inflammatory disease of medium and large arteries. Though it is well
recognized that immune responses contribute to atherosclerosis, it remains unclear whether these responses
are carried out in secondary lymphoid organs such as the spleen and lymph nodes and /or within the arterial
wall. Arteries are composed of three major layers, i.e., the laminae intima, media, and adventitia. However,
cach of these layers may play different roles in arterial wall biology and atherogenesis. We identified well-
structured artery tertiary lymphoid organs (ATLOs) in the abdominal aorta adventitia but not in the intima
of aged apolipoprotein E-null (ApoE~~) mice. These observations suggested that disease-associated immune
responses are highly territorialized within the arterial wall and that the adventitia may play distinct and
hitherto unrecognized roles. Here, we set out to apply laser capture microdissection (LCM) to dissect
plaque, media, adventitia, and adjacent aorta-draining lymph nodes (LN) in aged ApoE~/~ mice in attempts
to establish the territoriality of atherosclerosis immune responses. Using whole-genome mRNA expression
microarrays of arterial wall tissues, we constructed robust transcript atlases of wild-type and ApoE~~ mouse
aortas. Data were deposited in the National Center for Biotechnology Information’s gene expression omni-
bus (GEO) and are accessible to the public through the Internet. These transcript atlases are anticipated to
prove valuable to address a wide scope of issues ranging from atherosclerosis immunity and inflammation
to the role of single genes in regulating arterial wall remodeling. This chapter presents protocols for LCM
of mouse aorta and microarray expression analysis from LCM-isolated aorta laminae.

Key words Atherosclerosis, Laser capture microdissection (LCM), Gene expression omnibus (GEO),
Microarrays, Transcriptome atlas, Artery tertiary lymphoid organ (ATLO)
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1

Introduction

Atherosclerosis research in the past has largely focused on the
plaque in the intima and on smooth muscle cells of the media,
whereas the adventitia, i.e., the connective tissue that surrounds
arteries, has received less attention [1-3]. Recently, however, the
adventitia gained interest as it had become apparent that athero-
sclerosis in apolipoprotein E-null (ApoE~~) aortas is associated with
the accumulation of major types of immune cells in the adventitia
over time [4-10]. Indeed, the immune system was shown to selec-
tively organize well-structured artery tertiary lymphoid organs
(ATLOs) containing separate T cell areas and activated germinal
centers of B cells adjacent to arterial wall segments afflicted with
atherosclerotic plaques. Previous studies had already established
protective roles of T regulatory cells, pro- and antiatherogenic
impacts of distinct T and B cell and dendritic cell subtypes, and
various innate immune cells [1-5]. However, it remained uncer-
tain where atherosclerosis immune responses are carried out and
what the contributions of individual immune cell lineages are to
promote or attenuate the disease. Together with the discovery of
various subtypes of dendritic cells and macrophages, follicular den-
dritic cells (FDCs), proliferating T and B cells, newly formed high
endothelial venules (HEVs) and blood vessels, lymph vessels, and
conduits in ATLOs, our results indicated that these lymphoid
aggregates may participate in atherosclerosis-specific adaptive
immune responses locally rather than systemically [4, 5, 7].
Detailed immunohistochemical and fluorescent-activated cell
sorter analyses of immune cells and structural constituents in arte-
rial wall laminae had revealed major differences between plaque
and adventitia cellularity and between wild-type and ApoE~~
adventitia [4, 7] (Fig. 1). However, these analyses were limited in
their scope as they cannot fully reflect the complexity of gene
expression that is present in each cell lineage in the various arterial
wall compartments. To understand immune responses within the
normal and diseased arterial wall better and to apply an unbiased
rather than a hypothesis-driven approach to arterial wall biology,
we set out to employ laser capture microdissection (LCM), which
had previously been used to examine distinct mRNAs by reverse
transcription polymerase reaction analyses in plaques [11-13].
These and other advances of LCM techniques together with the
establishment of algorithms to avoid cross contamination of arte-
rial wall lamina-specific mRNAs allowed us to generate robust
transcriptome maps of high specificity and considerable predictive
power [12]. Microarray data were deposited in the National Center
for Biotechnology Information’s (NCBI) gene expression omni-
bus (GEO) (www.ncbi.nlm.nih.gov/geo/info/MIAME.html;
accession no. GSE40156). The maps were assembled to construct
comprehensive transcript atlases of wild-type and ApoE~/~ aortas
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Fig. 1 Atherosclerotic arteries harbor distinct immune cell infiltrates in plaques and adventitia. The adventitia
of the normal arterial wall (/eff) constitutively contains vasa vasorum, lymph vessels, tissue macrophages, few
T cells, mast cells, conventional dendritic cells (cDCs), and myofibroblasts. In response to transmural arterial
wall inflammation during early stages of atherosclerosis, T cells and other immune cells such as B cells and
monocyte-derived DCs (mDCs) infiltrate the adventitia. Throughout disease progression, extensive reorganiza-
tion of adventitia segments adjacent to atherosclerotic plaques can be observed in the abdominal aorta of
ApoE ~~ mice resulting in ATLOs (righf). Reorganization of the adventitia includes both the connective tissue-
derived cells such as myofibroblasts and neogenesis of lymph vessels, angiogenesis, conduit formation, and
high endothelial venule (HEV) formation. Concomitantly, monocytes are recruited through blood vessels, cDCs
are recruited through lymph vessels, and naive T and B cells are recruited through newly formed HEVs.
Moreover, survival niches are populated by plasma cells that secrete immunoglobulins in situ. In contrast to
the adventitia, advanced atherosclerotic plaques are comparably acellular and show a limited set of adaptive
immune cells. Adapted from Mohanta et al. 2014, Circulation Research, 114 (11):1772-1787

(Fig. 2) and are now available to the public through the Internet.
The atlases can be used to address a wide range of issues in arterial
wall remodeling and atherogenesis. When transcriptome data are
combined with other techniques such as in situ hybridization,
immunohistochemistry, fluorescence-activated cell sorter analyses,
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Fig. 2 Approach to construct transcript atlases of wild-type and ApoE-'- aortas from LCM-derived arterial wall lami-
nae. Thick lines delineate the laser track to dissect and collect tissue compartments of the arterial wall laminae
(see Fig. 1) from which total RNA is extracted for the preparation of mRNA expression microarrays. Subsequently,
microarray probes are generated as described previously, hybridized to the microarray, scanned, and subsequently
stored as CEL files in the NCBI GEO data bank. Various mining tools are available in the Internet to address a large
number of issues; see [4—7]. Adapted from Mohanta et al. 2014, Circulation Research, 114 (11):1772—1787
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and transgenic mouse generation, progress into new facets of
atherogenesis may be achievable.

2 Materials

2.1 LCM Procedure

2.2 Preparation
of RNA and Quality
Gontrol

2.3 Preparation

of Microarrays

from Small Amounts
of RNA

1. O.C.T.® compound (Sakura Finetek, Germany).
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. Membrane slides (e.g., MembraneSlide 1.0 PEN, Carl Zeiss

Microlmaging GmbH, Jena).

. Oil Red O (e.g., Sigma-Aldrich, Germany).

. Hematoxylin (e.g., Dako, Germany).

. Isopropanol.

. Acetone.

. PALM MicroBeam system (Carl Zeiss Microlmaging GmbH,

Munich, Germany).

. Trizol (e.g., Invitrogen, Carlsbad, CA).
. Eppendorf cup (Eppendorf, Germany).
10.
11.

Vacuum desiccator (e.g., Schott, Germany).

Stereomicroscope (e.g., Carl Zeiss, Germany).

. RNeasy® Micro Kit (Qiagen, Valencia, CA).
. NanoDrop ND spectrophotometer device (Thermo Fisher

Scientific, Pittsburgh, PA).

. Agilent RNA 6000 Pico Kit (Agilent, Santa Clara, CA).
. Agilent 2100 Bioanalyzer (Agilent Technologies, Germany).
. Vortexer for Pico chip (e.g., IKA®-Werke GmbH & Co. KG,

Germany).

. Ladder for RNA 6000 Pico chip (e.g., Ambion, Austin, TX).
. Chloroform.

. Ethanol.

. RNase-free H,O (e.g., DEPC H,0, Ambion, Austin, TX).
10.

Nonstick tubes (e.g., Ambion, Austin, TX).

. SuperScript II enzyme (Invitrogen, Carlsbad, CA).

. E.coli ligase (e.g., Invitrogen, Carlsbad, CA).

. RNase H (e.g., Invitrogen, Carlsbad, CA).

. T4 DNA polymerase (e.g., Invitrogen, Carlsbad, CA).

. T7-oligo(dT) Primer (e.g., Affymetrix, Santa Clara, CA).

. p(A) RNA (component of the RNeasy Micro Kit, Qiagen,

Germany).

. ENZO™ High Yield In Vitro Transcription Kit (ENZO Life

Sciences, Switzerland).
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8. Concentrated T7 polymerase (e.g., Ambion, Austin, TX).
9. RNeasy® Mini kit (Qiagen, Germany).
10. Phenol—chloroform (Ultra Pur) isoamyl alcohol (e.g., Ambion,
Austin, TX).
11. 10x fragmentation buffer: 400 mM Tris-Ac, 1 M KOAc,
300 mM MgOAc.
12. NH,Ac (e.g., Sigma-Aldrich, Germany).
13. GeneChip® Hybridization Control Kit (Affymetrix, Santa
Clara, CA).
14. Control oligoB2 (Aftymetrix, Santa Clara, CA).
15. Herring sperm DNA (e.g., Promega, Madison, USA).
16. Acetylated BSA, 50 mg/ml (e.g., Sigma-Aldrich, Germany).
17. Tween-20 (10 % Surfact-Amps 20) (e.g., Thermo Fisher
Scientific, Pittsburg, PA).
18. GeneChip® Hybridization, Wash, and Stain Kit (Affymetrix,
Santa Clara, CA).
19. GeneChip® Mouse Genome 430A 2.0 Arrays (Affymetrix,
Santa Clara, CA).
20. GeneChip® Hybridization Oven (Affymetrix, Santa Clara, CA).
21. GeneChip® Fluidics Station 450 (Affymetrix, Santa Clara, CA).
22. GeneChip® Scanner (Affymetrix, Santa Clara, CA).
2.4 Microarray Data 1. R and Bioconductor software (http://www.bioconductor.org/).
Analysis
2.5 Mice 1. ApoE~~ and wild-type mice (e.g., C57BL /6] background, The
Jackson Laboratory, Bar Harbor, Maine, USA) (se¢ Note 1).
3 Methods
3.1 LCM Procedure 1. Euthanize mice.
2. Perfuse the aorta in situ using EDTA/PBS for 10 min to
remove blood taking care of preserving the adventitia.
3. Remove adipose tissue and para-aortic ganglia but not LNs
using forceps with the help of a dissection microscope
(see Note 2).
4. Embed aorta in Tissue-Tek and store at -80 °C.
5. Heat membrane slides to 180 °C for 4 h to remove RNase.
6. Store RNase-free membrane slides at -20 °C.
7. Prepare fresh-frozen cryotome sections (10 pm) from aorta

embedded in Tissue-Tek (maintained at -80 °C); use every
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3.2 Preparation
of RNA

10.

11.

12.

13.

14.

15.
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tenth section for Oil Red O/hematoxylin staining to identify
ATLOs or other arterial wall structures (see Note 3).

. Transfer five sections into Eppendorf cup to examine RNA

integrity using Bioanalyzer electrophoresis (first RNA integrity
control to test RNA quality before LCM) (se¢ Note 4).

. Place 5x20 pm sections onto cooled membrane slides

(see Note 5).

Save 3x10 pm sections for immune fluorescence analyses;
store at -20 °C.

Fix membrane slides for 25 s in ice-cold acetone within cryo-
tome chamber.

Dry section on warm plate for 5-10 min at 37 °C under argon.
Place dry sections in a vacuum desiccator until LCM to avoid
moisture uptake. Prepare approximately 200 sections on an
appropriate number of membrane slides to get a yield of approx-
imately 30-120 ng RNA for each of the arterial wall laminae.

Use the PALM MicroBeam system to microdissect the adven-
titia, the media, and the plaque according to their position of
appearance under the LCM microscopy using phase contrast
objective.

Separate manually isolated LCM material using forceps, and
transfer into Eppendorf cup containing 900 pl Trizol.

Subsequent to completion of the LCM procedure of an indi-
vidual mouse aorta, transfer five sections into separate
Eppendorf cup to examine RNA integrity using Bioanalyzer
electrophoresis (second RNA integrity control to test RNA
degradation during LCM).

. Collect all LCM samples plus samples for RNA quality control

in individual 900 pl Trizol (if necessary, store them for up to
48 h at 4 °C to assemble a complete set).

2. Add 180 pl chloroform and shake.

Ao

. Centrifuge for 15 min, 15,000x 4, 12 °C.
. Transfer clear supernatant into an Eppendorf tube; add 280 pl

ethanol.

. Transfer to RNeasy® MinElute column (component of the

RNeasy® Micro Kit).

. Centrifuge for 1 min, 10,000 x g, at room temperature (RT).
. Discard flowthrough and wash column with 500 pl of RW1

buffer (component of the RNeasy® Micro Kit).

. Centrifuge for 1 min, 10,000 x g, RT.

9. Change tube and wash column with 500 pl of RPE buffer

component of the RNeasy® Micro Kit).
p y
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3.3 Preparation

of Microarrays

from Small Amounts
of RNA

10.
11.

12.
13.
14.
15.

16.

17.

18.

Centrifuge for 1 min, 10,000 x g4, RT.

Discard flowthrough and wash columns with 500 pl of 80 %
ethanol.

Centrifuge for 1 min, 10,000 x4, RT.

Discard flowthrough and open cap.

Centrifuge for 2 min, 13,000 x 4, RT.

Add 12 pl RNase-free H,O to column, and place a 1.5 ml
nonstick tube under the column.

Centrifuge for 2 min, 13,000x 4, RT to collect eluted RNA
into the nonstick tube.

Apply a 1:5 dilution of RNA to an Agilent RNA6000 Pico
Chip to determine RNA quality and estimate concentration
(see Note 6).

Store RNA at -80 °C.

. Reverse-transcribe 30-120 ng RNA using SuperScript II. T7 pro-

moter is introduced by tailed T7-oligo(dT) Primer (5 pM) and
SuperScript I enzyme (10 U/pl) in total 20 pl reaction mixture.

. Synthesize second strand with the help of DNA polymerase 1

(4 pl, 10 U/pl), RNase H (1 pl, 2 U/pl), and E. Colz ligase
(1 pl, 10 U/pl) in total 150 pl reaction mixture. To obtain
blunt ends, T4 DNA polymerase (2 pl, 5 U/pl) is used at the
end of the reaction (10 pl EDTA (0.5 M, pH=38.0) is used to
terminate the reaction).

. Centrifuge for 1 min, 13,000 x g, RT.
. Transfer sample into a new 0.5 ml tube, and add 170 pl phe-

nol—chloroform isoamyl alcohol (pH=7.9). Vigorously shake
for 1 min.

. Centrifuge for 5 min, 13,000 x g, RT.
. Transfer 165 pl of supernatant into a 1.5 ml tube.
. Precipitate ammonium acetate by adding 5 pg of p(A) RNA as

a carrier, 420 pl ethanol, and 85 pl NH Ac (7.5 M), shake, and
incubate for 20 min at -20 °C.

. Centrifuge for 20 min, 13,000x g, 4 °C.

. Remove supernatant, and then add 1 ml 75 % ethanol.
10.
11.
12.
13.
14.

Shake for 5 min, 900 xrpm RT, in Eppendorf shaker.
Centrifuge for 20 min, 13,000 x4, 4 °C.

Remove 970 pl of supernatant.

Centrifuge for 10 min, 13,000 x4, 4 °C.

Remove the rest of the supernatant, dry under the hood, and
then store at 4 °C.



3.4 Microarray Data
Analysis
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16.

17.

18.

19.

20.

1.
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Perform in vitro transcription using ENZO™ High Yield In
Vitro Transcription Kit according to the standard kit protocol.
To obtain optimal linear amplification from the low-starting
LCM material, run in vitro transcription for 68 h: After 16, 24, 40,
48, and 64 h, add concentrated T7 polymerase and nucleotides
to the reaction mixture.

Purify cRNA using the RNeasy® Mini Kit. Measure yield with
NanoDrop ND-1000 spectrophotometer. Estimate cRNA
yield by subtracting 4 pg for the carrier added in step 7.

Fragment probe (0.5-12 pg cRNA) in the 1x fragmentation
buffer for 30 min at 94 °C. Make sure that the amount of
cRNA does not differ more than twofold for different probes
within one experiment.

Hybridize arrays for 20 h in hybridization buffer (component
of the GeneChip® Hybridization Control Kit) containing con-
trol oligoB2, herring sperm DNA, acetylated BSA, and
Tween-20 at 45 °C under vigorous agitation according to the
standard kit protocol. With cRNA vyields less than 2 pg,
hybridization time is extended to 24 h, and temperature is
reduced to 43 °C.

Stain in the Fluidics Station (400 or 450) according to
Affymetrix protocols using the Affymetrix staining kit.

Scan the arrays by GeneChip® Scanner immediately after staining.
Scale raw data to 500 and export for further processing.

Calculate signal intensities from the raw data and scale to an
array trimmed mean of 500. For all further steps, use R and
Bioconductor software [14, 15].

. Normalize logarithmized signals across arrays using quantile

normalization [16].

. Filter data prior to statistical analyses to remove genes with low

expression or without significant changes between control group
and analyzing group. For upregulation, include probe sets if a
minimum of 2 arrays (of three) or 3 arrays (of four) are present
(detection pvalue P<0.05) and a minimum of 2 arrays show a log
signal>log2(200). For downregulation, include probe sets if a
minimum of 2 or 3 arrays are present in the control group (detec-
tion p value P<0.05) and a minimum of 2 arrays show a log
signal>log2(200). Recorded genes are required to be upregu-
lated or downregulated with a fold change of at least log2 (2.0).

. Use data from two groups and subject the resulting up-list or

down-list to #test. Use data after applying filters with more than
two groups, and subject the resulting up-list or down-list to
one-factor variance analysis (ANOVA). Tests with p values
P<0.01 are corrected with Benjamini and Hochberg correction
for multiple testing [17].
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3.5 Model 1. Analyze cross RNA contamination on a genome-wide scale by
to Improve determining relative abundance of genes on the microarrays of
the Predictive Power adventitia and their corresponding media in four individual
of Microarray mice.

Expression Data 2. Use probe sets of myelin basic protein (mbp) as marker for

from LCM-Isolated adventitia-selective genes.

Aorta Laminae 3. Determine cross contamination as ratio of media expression to
the sum of media expression and adventitia expression (relative
media expression).

4. Generate means of four pairs and determine SD.
5. Devise a correction algorithm of RNA carryover between
LCM-separated tissues as described in [12].
4 Notes

. Mice should be housed in a pathogen-free environment on

a 12 h light-dark cycle and fed a standard rodent chow
(e.g., Altromin, Germany). Animal procedures must be
approved by the Animal Care and Use Committee.

. Secondary lymphoid organs including spleen and lymph nodes

organize adaptive immune responses under normal conditions.
However, when chronic inflammatory reactions emerge such as
those observed in atherosclerosis and autoimmune discases, ter-
tiary lymphoid organs emerge within or adjacent to the diseased
tissue. We identified ATLOs in the adventitia of aged ApoE~/~
mice afflicted with advanced atherosclerosis [7]. To examine
where immune responses are carried out in atherosclerosis,
we isolated the adventitia, media, and plaque as well as lymph
nodes that drain the aorta.

. High RNA quality is critical to obtain robust microarrays and

reduce the number of false-positive mRNAs. RNA quality
needs to be examined repeatedly during the different experi-
mental steps to avoid any RNA degradation before LCM (first
RNA integrity control) and thereafter (second RNA integrity
control). The LCM procedure for one slide (before transfer-
ring the LCM tissue into Trizol) requires around 60 min at
room temperature. Moreover, lasers produce high energy
which in turn raises the temperature of the adjacent tissues.
In order to examine the degree of RNA degradation during
LCM, RNA integrity needs to be examined after LCM (second
round of integrity control). The RNA integrity number (RIN)
is used to determine the RNA quality (1 < RIN < 10) and is
calculated by Agilent 2100 Bioanalyzer automatically. For the
first RNA integrity control, RIN should be set at the minimum
of 7.0; for the second RNA integrity control, the RIN should
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be set at > 5.0. Applying these rules and discarding any RNA
that does not meet these criteria, we created microarray triplets
or quadruplets that met stringent statistical tests and fulfilled
MIAME criteria [12].

. To reduce RNA degradation to produce high-quality mRNA

microarrays from small amounts of total RNA, we used phase
contrast optics to avoid histology staining. However, it is
important to stain parallel sections with Oil Red O and hema-
toxylin to identify and outline ATLO:s.

. To improve transfer and attachment of cold tissue sections to

the membrane slide, briefly warm the membrane slide on the
glass side opposite to the site where the tissue section is
attached by touching this site using a fingertip for 3 s.

6. Agilent RNA 6000 Pico Kit was used to prepare RNA 6000

Pico chip according to the standard protocol (Agilent RNA
6000 Pico kit quick start guide is available online: https: //www.
chem.agilent.com/Library/usermanuals/Public/G2938-
90037_RNA6000Nano_QSG. pdf). The reagents, ladder, refer-
ence RNA (mouse liver RNA with known concentration and
quality), and samples were properly added to the specific wells of
the Pico chip, and then the Pico chip was vortexed for 60 s and

analyzed by Agilent 2100 Bioanalyzer.
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Chapter 21

Analysis of Gene and Protein Expression
in Atherosclerotic Mouse Aorta by Western
Blot and Quantitative Real-Time PCR

Joseé Rivera-Torres

Abstract

Atherosclerosis involves changes in gene and protein expression patterns in affected arteries. Quantification
of these alterations is essential for understanding the molecular mechanisms underlying this pathology.
Western blot and real-time PCR—used to quantify protein and messenger RNA levels, respectively—are
invaluable molecular biology tools, particularly when material is limited. The availability of many genetically
modified mouse models of atherosclerosis makes the mouse aorta an ideal tissue in which to carry out these
expression pattern analyses. In this chapter, protocols are presented for mRNA and protein extraction
from mouse aorta and for the accurate quantification of mRNA expression by RT-PCR and of proteins by
western blot.

Key words Protein, RNA, Western blot, Reverse transcription, cDNA, Real-time PCR, SYBR Green

1 Introduction

Atherosclerosis is a highly prevalent disease and is one of the main
causes of death and morbidity in developed countries. The main
risk factors contributing to the development and progression of the
disease are hypercholesterolemia, hypertension, diabetes mellitus,
and smoking tobacco. The disease involves alterations in complex
patterns of cell to cell interaction and paracrine signaling mecha-
nisms that start in the vascular endothelium. Central roles in inflam-
mation and atherosclerosis have been reported for several proteins
[1]. Some of these proteins, such as C-reactive protein, are vali-
dated markers of disease risk [2 ], whereas others represent primary
targets for therapy and drug development, for example, the endoglin
receptor, PPARa, squalene synthase, thyroid hormone analogues,
and scavenger receptor [ 3].

Proteins and the messenger RNA (mRNA) molecules that
encode them are essential for all cell processes, including prolifera-
tion, differentiation, and death. Even minimal alterations in the

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
vol. 1339, DOI 10.1007/978-1-4939-2929-0_21, © Springer Science+Business Media New York 2015
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homeostatic levels of RNA and proteins result in alterations in
essential cellular functions and can lead to disease [4 ]. Quantification
of the expression changes affecting known or novel genes and pro-
teins can therefore provide valuable information about the molec-
ular mechanisms involved in atherosclerosis. Gene and protein
expression changes can be analyzed directly in tissues isolated from
animal models, and this in vivo approach has clear advantages over
in vitro studies in cell lines. However, the use of animal tissues also
presents drawbacks that can limit or impair protein and mRNA
extraction, such as cell heterogeneity and the presence of nonprotein
elements (e.g., lipids), fibrous components, and extracellular matrix.
The most important issue for reproducible expression analysis in
tissues is therefore the availability of a rigorous and reliable method
for efficient sample preparation (RNA or protein), with all steps and
bufters optimized to ensure robust downstream analysis.

Western blot, also known as immunoblotting, is one of the
widely used and informative techniques used for the analysis of pro-
tein expression. The technique involves protein gel electrophoresis,
transfer of proteins from the gel to a protein-binding membrane,
and incubation of the membrane with antibodies specific for the
proteins of interest.

Another pivotal tool in research and molecular diagnosis is
gene expression profiling by quantitative reverse transcription
polymerase chain reaction (qRT-PCR). This technique allows
accurate and reproducible measurement of specific mRNA expres-
sion levels with extremely high sensitivity over a wide dynamic
range. The sensitivity is sufficient to detect low-abundance mRNA
in a single cell, making the technique especially applicable when
sample sources are scarce [5]. The qRT-PCR method requires a
special thermal cycler equipped with a sensitive system to monitor
fluorescence emission at frequent intervals during the PCR reac-
tion. The chemistry of the detection system depends on the nature
of the fluorophore used [6]. The SYBR Green dye is a DNA-
intercalating fluorescent reagent that preferentially binds to newly
synthesized double-stranded DNA during the PCR reaction, such
that the fluorescence intensity is directly proportional to the
amount of DNA. Among the probe-based chemistries, the TagMan
method (also known as fluorogenic 5’ nuclease chemistry) requires
also an additional fluorogenic probe. This probe consists in a spe-
cific oligonucleotide containing a fluorescent reporter with
quencher dyes attached to its 5 and 3’ ends. These dyes are so
close to each other that fluorescence emission is prevented. After
hybridization of the primer and the TagMan probe to the
complementary DNA strand and subsequent extension, the 5’
endonuclease activity of the DNA polymerase cleaves the TagMan
probe, splitting apart the reporter dye from the quencher and pro-
ducing fluorescence. This technique is especially applicable when
higher accuracy and reliability are required. Other chemistries
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available include dual hybridization probes, molecular beacons,
and Scorpions [6].

Here I present validated protocols for mRNA and protein

extraction from the aorta of genetically modified mouse models of
atherosclerosis [ 7, 8] and for the accurate quantification of mRNA
expression by qRT-PCR and of proteins by western blot.

2 Materials

2.1 Tissue Disruption
and RNA and Protein
Extract Preparation

N O\ Ul N

o)

15.
16.

17.

18.
19.
20.

21.

. Tissue disruptor/homogenizer (e.g., Polytron, VWR; Tissue-

Lyser, Qiagen).

. Calibrated and autoclaved pipettes and RNase-free fitting tips.
. Water bath with adjustable temperature.

. Refrigerated centrifuge (achieving >16,000 x g).

. Spectrophotometer for estimation of protein concentration.

. Plastic cuvettes (or plates) for measuring protein absorbance.

. Quartz cuvettes (4 mm width, 1 cm path length) to measure

RNA light absorption at 260 and 280 nm (A260,/280).
Optional: NanoDrop spectrophotometer.

. Tube rotator/vortex.

. Freezer and cold room.
10.
11.
12.
13.
14.

Stainless steel beads (5 mm).

Dry ice (or liquid nitrogen).
Screw-cap propylene tubes, 2 ml.
Round-bottom propylene tubes, 2 ml.

Specific lab area exclusively dedicated to work with RNA
(recommended).

RNase-free disposable glassware and plasticware.

RNase-free water or water treated with 0.05 % diethylpyrocar-
bonate (DEPC).

Monophasic solution of phenol and guanidine thiocyanate
(e.g., QIAzol).

75 % ethanol.

Chloroform.

Protease inhibitor cocktail tablets (e.g., Roche) containing
0.02 mg/ml pancreas extract; 0.0005 mg/ml thermolysin,
0.002 mg/ml chymotrypsin; 0.02 mg/ml trypsin and
0.33 mg/ml papain at 1x dilution.

Phosphatase inhibitor cocktail tablets (e.g., Roche) containing
14 U/ml calf alkaline phosphatase, 0.2 U/ml potato acidic
phosphatase, 64 U/ml human acidic phosphatase, 20 U/ml
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22.

22 SDs 1
Polyacrylamide Gel 2
Electrophoresis 3
(SDS-PAGE)
4
5
6
7
8
9
10.
11.
12.
2.3 Western Blotting 1

rabbit PP1, 50 U/ml human PP2A, 50 U/ml human PTP at
1x dilution.

Protein lysis buffer: 150 mM NaCl, 10 mM Na,HPO,, 2 mM
KH,PO,, 2.7 mM KCI, 50 mM EDTA, 2.5 mM EGTA, 0.1 %
SDS, 1 % NP-40, 0.5 % sodium deoxycholate.

. Hand gel casting system of your choice.

. Electrophoresis power pack.

. Glass plates, combs, and spacers of your choice.

. Water-saturated isobutanol.

. Pasteur pipettes.

. Whatman 3MM paper.

. Ammonium persulfate (APS): 10 % w /v in water. Prepare fresh

before use.

. N, N, N', N'-Tetramethylethylenediamine (TEMED).

. Prestained protein molecular weight markers of your choice.

Stock solutions for preparing SDS-PAGE gels: 1.5 M Tris-HCl,
pH 8.8 (at 25 °C); 0.5 M Tris—-HCI pH 6.8 (at 25 °C), 30 %
acrylamide /bis-acrylamide solution in water (29:1 ratio), 20 %
(w/v) sodium dodecyl sulfate (SDS) solution.

1x SDS Running Buffer: 25 mM Tris base, 0.192 M glycine,
0.1 % (w/v) SDS.

5x Sample Buffer: 10 % (w/v) SDS, 10 mM DTT (or
B-mercaptoethanol), 20 % (v/v) glycerol, 200 mM Tris—HCI
pH 6.8 (at 25 °C), 0.075 % (w/v) bromophenol blue.

. Gel transfer device and accessories (e.g., iBlot® Invitrogen).

2. TBS: 49 mM Tris-HCI pH 7.6 (at 25 °C), 150 mM NaCl.

3
4
5
6
7
2.4 Reverse 1.
Transcription (RT)
2
3

. TBS-T: 0.2 % (v/v) polyoxyethylene sorbitan monolaurate

(Tween-20) in TBS.

. Blocking bufter: 5 % (w/v) nonfat dry milk in TBS-T.

. Bovine serum albumin (BSA).

. Enhanced chemiluminescent reagents.

. Stripping Buffer: 62.5 mM TrissHCl pH 6.8, 0.1 M

-mercaptoethanol, 2 % SDS.

Reverse transcriptase to generate cDNA from an RNA template

(100 U/pL).

. 10x RT buftfer: 0.5 M Tris-HCI, pH 8.3, 0.75 M KCl, 30 mM

MgCl,, 50 mM DTT.

. Random hexamer, oligo (dT) or sequence-specific primers

(50 pM).
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4. High-quality deoxynucleotide triphosphates (ANTPs) (1 mM).

[©) NN

. RNase inhibitor (10 U/pL).
. Optional: commercially available first cDNA synthesis kit

(e.g., the High Capacity cDNA Reverse Transcript Kit from
Applied Biosystems) containing: 10x RT bufter, 10x RT ran-
dom primers, 100 mM dNTP mix, 50 U/pL MultiScribe™
reverse transcriptase and 100x RNase inhibitor.

7. Thermal cycler.

o)

QN Ul R N

12.

13.
14.
15.
16.

. 0.2 ml flat cap tubes fitting your thermal cycler.

. Template DNA (cDNA).

. High-quality dNTPs (1 mM).

. Hot-start DNA polymerase.

. 10x DNA polymerase buffer.

. Forward and reverse gene-specific primers.

. Forward and reverse primers for the housekeeping gene(s) of

your choice. Options include B-actin, 18S ribosomal RNA
(18SrRNA), cyclophilin A (CYC), glyceraldehyde phosphate
dehydrogenase  (GAPDH), p-2-microglobulin  (B2M),
B-glucuronidase (GUS), hypoxanthine phosphoribosyltransfer-
ase (HPRT), and TATA-box-binding protein (TBP).

. Fluorescent DNA dye: SYBR Green.

. Optional: in place of materials 2, 3, and 4, you can use commer-

cially available working mixtures for SYBR Green reactions
(e.g., Power SYBR® Green Master Mix from Applied Biosystems).

. 384-well clear optical reaction plates.
10.
11.

Clear adhesive film for 384-well plates.

Thermocycler (e.g., ABI PRISM® 7900HT /FAST Real-Time
PCR System).

ABI Prism 7000 SDS software (or other supplied with your
thermocycler).

2-3 % agarose gel.
RNA molecular weight markers (0.28-6.58 kb).
Agarose gel electrophoresis apparatus.

Electrophoresis power supply.

3 Methods

3.1 Tissue Disruption
and Protein Lysate
Preparation

1.

Pool 2-3 frozen mouse aortas (maximum 100 mg tissue /tube)
in prechilled screw-cap tubes containing a 5 mm stainless steel
bead for processing with a TissueLyser homogenizer (Option A)
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3.2 SDS-PAGE
for Protein Analysis

or in a round-bottom tube for processing with a Polytron
rotor-stator homogenizer (Option B) (se¢ Notes 1-3).

. Disrupt tissues in 500 pL of cold protein lysis buffer for 2 min

at 50 Hz (Option A) or at 15,000 rpm, starting at the lowest
power and increasing gradually to the target speed (Option B).
Keep tubes on ice throughout the process (sec Notes 4-6).

. Repeat the process until complete tissue disruption is achieved

(see Notes 7 and 8).

. Transfer homogenate to a precooled tube and leave it on a

rocker in a cold room for 20-30 min.

. Centrifuge at 16,000 x g for 15 min at 4 °C.

. Save supernatant and measure protein concentration by your

preferred method. Use 0, 1, 2.5, 5, and 10 pL. BSA (1 mg/ml)
to generate a standard curve.

. Store at =20 °C or lower until use.

. Mount the assembled gel casting unit upright to facilitate

pouring of the gel.

. Prepare the appropriate % SDS-PAGE solution for the resolv-

ing gel (1 mm thickness) as indicated in Table 1, and pour it
(see Notes 9-15).

. Carefully cover the top of the gel with water-saturated isobuta-

nol (or any other tertiary amyl alcohol), and allow complete
gel polymerization (30-60 min) (se¢ Note 16).

4. Meanwhile, prepare 4 % stacking solution (recipe in Table 1).

10.

11.

12.

. Remove the isobutanol top layer and rinse the gel extensively

with distilled water.

. Dry the inner sides of the glass plates thoroughly with Whatman

3MM paper.

. Add 10 pL of TEMED to the stacking gel solution; mix and

pour immediately.

. Insert the desired clean comb (1 mm thickness), and allow the

gel to polymerize completely (approximately 20 min). Check
for leaks.

. Remove the comb and rinse extensively with distilled water

(see Note 17).

Place the gel sandwich in the appropriate electrophoresis
apparatus.

Fill the tank and cassette holder reservoir with 1x SDS Running
Bufter. Ensure that there are no leaks and remove bubbles.

Boil samples at 95 °C in 1x final SDS Sample Buffer for
4-5 min and briefly spin down.
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Table 1
Recipes for SDS polyacrylamide gels and their linear molecular mass
resolution

Resolving gel (%) 5 7.5 10 12 15
Total vol 8 ml 8 ml 8 ml 8 ml 8 ml
ddH,O 45ml 38ml 32ml 2.6ml 1.8ml
30 % Acry/Bis 1.33ml 2 ml 2.67ml 32ml 4ml
1.5 M Tris-HCI 2 ml 2 ml 2 ml 2 ml 2 ml

(pH 8.8)
20 % SDS 40pL  40pL 40pL  40puL 40 pL
10 % APS 80pL 80pL 80pL  8O0pL 80pL
TEMED 8 uL 8 uL 8 uL 8 puL 8 uL
Mr (kDa) 25-200 15-70 1245

Stacking gel (%) 4
Total vol 5 ml
ddH,O 3
30 % Acry/bis 0.67 ml
0.5 M Tris pH 6.8 1.25 ml
20 % SDS 25 puL
10 % APS 50 uL
TEMED 5uL

13. Load samples (~20 pg/lane), including one well with

prestained molecular weight markers.

14. Run gels at 90 V (8-15 milliamps current) until the dye front
has moved through the stacking gel. The current can then be
increased (25-35 milliamps), and the gel run until the dye

front reaches the bottom of the gel.

15. Remove the glass plates and use the gel for western blot (see

Note 18).

1. Transfer the proteins from the 1 mm thick gel to a PVDF
membrane by using the iBlot® Gel dry transfer system which
allows ultra-rapid protein transfer in 7 min (P3 program) (see

Notes 19-22).

2. Immerse membrane in blocking buftfer and incubate with gen-
tle agitation for 2 h at room temperature or overnight at 4 °C

(see Note 23).

3. Wash membrane three times in abundant volumes of TBS-T

for 5 min each time, rocking (se¢ Note 24).
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3.4 Membrane
Stripping

3.5 RNA Isolation

4.

Add diluted appropriately primary antibody in blocking buffer
and incubate overnight at 4 °C (unless otherwise specified),
with gentle agitation (see Notes 25 and 26).

. Wash three times in TBS-T for 5 min each time.

. Dilute secondary antibody in blocking buffer (as recom-

mended by the manufacturer), and incubate with the mem-
brane for 1 h at room temperature with gentle agitation.

7. Wash three times for 5 min each with an excess of TBS-T.

. Detect proteins with a chemiluminescence kit according to the

manufacturer’s recommendations.

If samples are limited, bound antibody can be stripped from
membranes, which can then be reprobed with a different first
antibody.

1.

11.

Immerse the membrane in Stripping Buffer and incubate at
50 °C for 30-60 min (see Note 27).

. Wash membranes extensively with TBS-T at least five times for

5 min each time.

. Block membranes in the appropriate blocking buffer based on

the requirements of your first antibody (see Note 23).

. Disrupt mouse aortic tissue (maximum 100 mg of tissue) in

sterilized screw-cap RNAase-free tubes with 700 pL of phenol-
based RNA Lysis Reagent (e.g., QIAzol) for 2 min at 50 Hz
speed (CAUTION! See Notes 28-31).

. Repeat the process until complete tissue disruption is achieved

(see Notes 7 and 8).

. Transfer homogenate to a new tube and leave for 5 min at

room temperature.

. Add 140 pL (1/5 v:v) chloroform and shake vigorously for

15 s or until a uniform pink suspension is obtained.

. Leave for 2 min at room temperature until phase separation is

achieved (see Note 32).

. Centrifuge at 12,000 x g for 15 min at 4 °C.

. Transfer the RNA-containing upper aqueous phase to a new

tube.

. Add 1/2 volume of isopropanol, vortex, and leave at room

temperature for 10 min (see Note 33).

. Centrifuge at 10,000 x g for 20 min at 4 °C (see Note 34).
10.

Discard supernatant and wash the RNA pellet with 1-2 ml of
75 % ethanol (in RNase-free water). Mix by vortexing.

Spin down at 7000 x g for 5 min at 4 °C and allow the RNA
pellet to air-dry briefly.
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12. Dissolve the RNA in RNase-free water by pipetting up and
down.

13. Determine the RNA concentration by measuring absorbance
at 260 nm (OD,s nm) (see Note 35).

14. Check RNA purity by assessing the 260,280 nm absorbance
ratio (see Note 36).

15. Check RNA integrity by running a 2-3 % agarose gel (see
Note 37).

16. If samples are not for immediate use, store them at —80 °C.

Although RT-PCR can be achieved in a single step in which all the
components are mixed and assayed, a traditional two-step protocol
is reccommended here (see Note 38).

1. Thaw kit components (e.g., High Capacity cDNA Reverse
Transcript Kit from Life Technologies) on ice (see Note 39).

2. Prepare enough 2x RT master mix according to the following

volumes.
Components (stock) Volume/reaction (L)
RT buffer (10x) 2
dNTP Mix (25x) 0.8
Random primers (10x) 2
RT enzyme (50 U/pL) 1
RNase inhibitor (20 U/pL) 1

Bring to 10 pL with RNase-free water
3. Mix gently. DO NOT vortex. Spin down briefly.

4. Pipette 10 pL of 2x RT master mix per tube; use tubes com-
patible with your thermal cycler.

5. Add 10 pL (1-2 pg) of RNA sample in RNase-free water.
6. Mix gently by pipetting and briefly spin tubes down.

7. Perform the RT reaction in a thermal cycler using the following
conditions (see Note 40):
10 min at 25 °C/120 min at 37 °C/5 min at 85 °C.

8. Store cDNA at 4 °C or lower until use.

1. Prepare oligonucleotide mix containing 0.5x Power SYBR®
Green PCR Master Mix and 50-100 nM of forward and
reverse primers; prepare sufficient mix for triplicate loadings of
each sample plus controls (see Note 41).

2. Load 5.6 pL of the oligo mix per well in a 384-well plate. Keep
the plate on ice throughout the process (see Notes 42—44).
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3.8 Quantitative
Real-Time PCR Data
Analysis

3.

Add 4.4 pL diluted ¢cDNA (1-10 ng) to each well, omitting
the negative control well (see Note 41).

4. Seal the plate with clear adhesive film and spin it down briefly.

. Use the specific software provided with your thermal cycler

(e.g., SDS 2.1 for the ABI PRISM® 7900HT /FAST Real-
Time PCR System) to program your PCR reaction to the
following cycling conditions: 2 min at 50 °C followed
byl0 min at 95 °C for polymerase activation and then 40
cycles 0of 95 °C for 15 s and 60 °C for 1 min for primer anneal-
ing and extension. An optional dissociation stage (95 °C
155/60 °C 15 5/95 °C 15 s) can be used to assess PCR speci-
ficity (see Note 45).

qRT-PCR data are generally quantified in two ways:

1.

2.

Absolute quantification based on a standard curve generated
from an internal control.

Relative quantification of a target gene compared to internal
standards (housekeeping genes such as 18S rRNA, GAPDH,
B-actin, HPRT, etc.). This method is particularly useful for
gene expression analysis and is one of the most commonly used
[9]. An improved commercial version (Biogazelle) is also avail-
able of the free qBASE software [10] that validates reference
genes and performs normalization of target genes with the
geometric mean of the different validated housekeeping genes
(see Note 46).

4 Notes

. The Polytron system processes a single sample at a time,

whereas TissueLyser is a low-medium-throughput sample
homogenizer that allows simultaneous disruption of multiple
samples (up to 192 depending on the model), ensuring repro-
ducibility between samples.

. Before starting, ensure that all the parts of the Polytron appara-

tus that will be in contact with your sample are clean and free of
any contaminants from previous experiments. Polytron compo-
nents are easily disassembled and can be sterilized by all the
usual methods, including autoclave. Remaining aggregates can
be removed by running in an adequate solvent, water, or a rins-
ing solution. Alternatively, an ultrasonic bath is a very effective
way of cleaning. Wash the Polytron with water between
samples.

. Wear gloves, safety glasses, and ear protection.

. If using TissueLyser, it is recommended to cool the tube

holder for at least 24 h before starting. Screw tube caps securely
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to avoid sample spills and balance them for proper homoge-
nizer operation.

. When required, add protease /phosphatase inhibitors to cold

protein lysis buffer just before proceeding with the lysis.

. Depending on your protein of interest and the buffer strin-

gency needed for its recovery, choose the appropriate deter-
gent concentration for the homogenization buffer. RIPA
buffer contains 0.1 % SDS, 1 % NP-40, and 0.5 % Na deoxy-
cholate, and is a fairly stringent buffer. Alternatively, you can
use 1 % NP-40, 1 % Tween-20, 1 % SDS, or 1-2 % CHAPS,
depending on your specific extraction requirements and down-
stream usages.

7. Rotate the TissueLyser rack to allow even homogenization.

10.

11.

12.

13.

14.

15.

16.

17.

18.

. The duration of disruption/homogenization depends on the

tissue being processed and can be extended until no tissue
debris is visible.

. CAUTION! Acrylamide /bis-acrylamide solution is a biohazard

(neurotoxic by contact in liquid state). Always handle with
gloves.

If acrylamide /bis-acrylamide liquid mixture is not available,
dissolve 29 g of'acrylamide and 1 g of bis-acrylamide in 100 ml
of water and then filter the solution through Whatman 3MM
filter paper and store at 4 °C in a light-protected bottle.
Manipulate the reagents wearing gloves and a protective mask,
and if possible, work under a biosafety hood.

Bis-acrylamide cross-links acrylamide in the gel. APS drives
acrylamide /bis-acrylamide polymerization, and TEMED cata-
lyzes the formation of free radicals from APS, speeding up the
polymerization process.

Acrylamide /bis-acrylamide percentages can vary. This general
protocol describes recipes for different SDS acrylamide/
bis-acrylamide resolving and stacking gels. Percentages can be
adjusted to suit the molecular weight range of the proteins to
be resolved.

10 % APS solution should be freshly prepared as its activity
decays when stored.

Polymerization starts as soon as TEMED is added: work with-
out delay.

For separation of high molecular weight proteins, an acrylamide /
bis-acrylamide 37.5:1 ratio is recommended instead of 29:1.

It prevents oxidation of the polyacrylamide, which inhibits
polymerization.

Do not dispose of any remaining acrylamide /bis-acrylamide
mixture until it has completely polymerized.

Alternatively, gels can be stained.
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19

20.

21

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

Alternatively, semidry and wet blotting transfer systems are
commonly available and work well.

Different current and transfer times can be used; the choice
depends on the intrinsic properties (molecular size and shape)
of'your protein of interest and should be empirically optimized.
Efficient transfer depends, among other factors, on the
percentage of acrylamide, the gel thickness, and the transfer
system used (semidry, wet).

. Wear gloves for handling the gel and PVDF membrane to prevent

fingertip contamination.

To make it easy to orient the membrane later, cut one corner
or mark it with a pencil.

For detection of phospho-specific antibodies, use BSA-based
blocking buffer instead.

Alternatively, you can use PBST: 0.2 % (v/v) Tween-20 in PBS
(137 mM NaCl; 2.7 mM KCI; 10 mM Na,HPO,, 2 mM
KH,PO,).

Very small volumes can be used for antibody incubations so
long as you ensure that the membrane remains wet through-
out the incubation (e.g., by placing the membrane in sealed
plastic bags). This minimal volume reduces the amount of anti-
body used per blot.

After incubation, the diluted primary antibody can be kept and
reused. The effectiveness of each antibody on reuse should be
empirically tested. For storage, it is recommended to add
0.02 % sodium azide to the diluted antibody as preservative.
To avoid freeze /thawing of the primary antibody, add glycerol
ata 1:1 v/v ratio and store at -20 °C.

The p-mercaptoethanol stock concentration is 14.3 M.

When isolating RNA, avoid freeze /thaw steps to prevent deg-
radation. The protocol can start with aortic tissue which has
been stored in an ultrafreezer or with fresh tissue. When using
fresh aortas, it is recommended to disrupt the tissue using a
mortar, razor blades, scissors, etc.

Rinse plasticware thoroughly with 0.1 N NaOH/1 mM EDTA
and then with DEPC-treated water. Lab-made solutions should
be treated with 0.05 % DEPC overnight at room temperature,
and then autoclaved for 30 min to degrade the DEPC. Bake
glassware overnight at 250 °C. DEPC cannot be used to treat
Tris-based buffers because it reacts with the free amino group,
annulling the buffering capacity of Tris-based formulations.

CAUTION! QIAzol reagent contains phenol and guanidine
thiocyanate, which are toxic and corrosive agents.

Increase buffer volume in proportion to the tissue weight. The
tissue should not exceed 10 % (w/v) of the RNA lysis buffer.
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33.
34.
35.
36.
37.

38.

39.

40.

4].

42.

43.

44.

45.
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Phases separate faster when tubes are incubated on ice.
At this step, samples can be left overnight at -20 °C.
RNA has a gel-like appearance.

1 ODy4p Unit = 40 pg/ml RNA.

A ratio of ~2.0 is generally accepted as “pure” for RNA.

When the RNA sample is not degraded, the 28S rRNA subunit
band (~5 kb) is approximately twice as intense as the 18S
rRNA subunit band (~2 kb), and no smearing should be seen
between the rRNA bands and below the 18S rRNA.

One-step qRT-PCR is recommended when processing large
numbers of samples since it minimizes carryover contamination.
It also provides greater sensitivity. Two-step qRT-PCR allows the
archiving of cDNA for further analysis and is useful for detection
of multiple messengers from a single RNA sample.

Alternatively, use a mixture containing the reverse transcriptase
enzyme, its associated buffer, dNTPs, and random hexamer
oligonucleotides at their appropriate concentration and the
conditions indicated by your supplier.

These thermal conditions have been optimized for this specific
kit and can be changed if a different kit is used.

Inclusion of a no-template control, in which all components of
a reaction are included except the template of interest, is always
recommended in order to validate specificity. Any amplifica-
tion in these samples is due either to primer-dimers or con-
taminating template. Another control to be considered is a
no-reverse-transcriptase control, in which all components
except the reverse transcriptase are present. Amplification from
this control indicates DNA contamination of the RNA sample,
which can make expression levels look higher than they are.

Primer concentration should be optimized for each newly
designed primer pair.

The following public databases are excellent sources for vali-
dated primers: PrimerBank (http://pga.mgh.harvard.edu/
primerbank/),  RTPrimerDB  (http://medgen.ugent.be/
rtprimerdb/), and Real-Time PCR Primer Sets (http: /www.
realtimeprimers.org). When validated primer sequences are
not available, primers should be designed according to stan-
dard procedures [11].

Free primer design software is also available, such as Primer3
from the Whitehead Institute at MIT (http: //bioinfo.ut.ee/
primer3/); see also http://eu.idtdna.com/PrimerQuest/
Home/Index. Online design tools also exist for TagMan
probes (https: //www.genscript.com/ssl-bin/app/primer).

Alternatively, run 5 pL. from each PCR reaction in a 3 % aga-
rose gel to check specificity.


http://pga.mgh.harvard.edu/primerbank/
http://pga.mgh.harvard.edu/primerbank/
http://medgen.ugent.be/rtprimerdb/
http://medgen.ugent.be/rtprimerdb/
http://www.realtimeprimers.org
http://www.realtimeprimers.org
http://bioinfo.ut.ee/primer3/
http://bioinfo.ut.ee/primer3/
http://eu.idtdna.com/PrimerQuest/Home/Index
http://eu.idtdna.com/PrimerQuest/Home/Index
https://www.genscript.com/ssl-bin/app/primer

46. Many biotech companies bundle data analysis software packages
with their real-time PCR instruments. qPCR data analysis tools
are also freely available from either public sources (http://
bioinformatics.gene-quantification.info/) or private sources
(http: //www.lifetechnologies.com /es/en/home /technical-
resources/software-downloads /dataassist-software.html).
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Chapter 22

Bone Marrow Transplantation in Mice to Study the Role
of Hematopoietic Cells in Atherosclerosis

Vinatha Sreeramkumar and Andrés Hidalgo

Abstract

Hematopoietic stem cell transplantation or bone marrow transplantation is a common approach to
reconstitute the immune system of mice that have been subjected to marrow-ablative doses of radiation.
This method can be used in the field of atherosclerosis to assess the contribution of hematopoietic cells of
a desired genotype to disease pathogenesis. The engraftment of atherosclerosis-prone mice with donor
cells that contain genetic alterations in cells of the innate or adaptive immune system has been invaluable
to define the role of multiple gene products in atherosclerosis. Here, we describe the different steps
involved in the bone marrow transplantation protocol along with specific guidelines regarding the theo-
retical and technical details of the procedure.

Key words Bone marrow transplantation, Atherosclerosis, Irradiation, Macrophages, Apolipoprotein-E,
Low-density lipoprotein, Atherogenic, Plaque, Chimerism, Transgenic, Engraftment

1 Introduction

Hyperlipidemia triggers the local accumulation of lipoproteins on
the vessel wall of large arteries. The lipid deposits induce the
recruitment of cells from the innate and adaptive immune system
causing the formation of atherosclerotic lesions that eventually
grow in size and become unstable, and may finally elicit formation
of thrombi, occlusion, and death of the tissue [1]. Hematopoietic
cells, especially those of the myeloid and lymphoid lineages, along
with cells of the vessel wall participate in the atherogenic process
[2, 3]. All these events lead to the development of atherosclerosis,
a chronic inflaimmatory disorder affecting medium and large
arteries which represents the underlying cause of most cardiovas-
cular, cerebrovascular, and peripheral vascular diseases [4]. Murine
models have considerably contributed to our understanding of the
process of atherogenesis owing to their relative ease in handling
and reasonable time frame for atherosclerotic plaque development

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
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and subsequent monitoring [5, 6]. While genetically altered
(transgenic and gene targeted-deletion) mouse models have
afforded great progress in the study of the cellular and genetic
basis of atherosclerosis, the use of bone marrow transplantation
(BMT) to specifically exchange the genetic makeup of hematopoi-
etic cells (but not the parenchymal tissues) has been and continues
to be essential to dissect the contribution of defined cells and
genes to atherosclerosis [7].

Murine atherosclerosis models are generated by inducing
hypercholesterolemia, which is facilitated by the use of mice with
specific genetic deletions, typically mice deficient for apolipopro-
tein-E (Apoe/~) or low-density lipoprotein receptor (Ldlr/~) in
combination with diets with a high content in fat and cholesterol
[1]. BMT studies in these mice have aided in the generation of
insights into the cellular sources of these particular receptors and
their contribution to the different phases of atherogenesis. For
example, while the reconstitution of Apoe~/~ mice with wild-type
BM cells resulted in virtually complete protection from diet-
induced atherosclerosis, the presence of LDLR on BM-derived
cells that are transplanted into Ldly~/~ mice did not have a signifi-
cant impact on the development of atherosclerosis or hyperlipid-
emia in these mice [8-12]. Conversely, wild-type mice reconstituted
with Apoe/~ BM cells exhibit increased atherosclerosis [13].
Therefore the Apoe”/~ mouse model has helped in the attribution
of specific roles for macrophage /monocyte-derived ApoE, whereas
Ldly/- mice have the advantage of remaining susceptible to ath-
erogenesis when reconstituted with bone marrow with an intact
LDLR [14]. Thus, irradiation of atherosclerosis-prone mice fol-
lowed by BM reconstitution from donors with genetic alterations
in the innate and acquired immune systems have been employed to
identify the role of BM-derived cells and their genes in atheroscle-
rosis, particularly in the Ldl/~ model. The BMT approach can
also be used experimentally to decipher the complex cytokine and
chemokine signatures involved in the recruitment and adherence
of various cell types to the arterial wall during atherogenesis. An
additional advantage of this method is that it allows discrimination
of the pathogenic effects on atherosclerosis development derived
specifically from the hematopoietic compartment (or more accu-
rately, the transplantable cells) relative to the “parenchymal” com-
ponents that remain of host origin, including the endothelial and
smooth muscle cells and extrahepatic lipoproteins [2, 3].

Among the various means of employing BMT in atherosclero-
sis research, there are three main purposes for which it can be uti-
lized: (1) to define the role of hematopoietic-borne (intrinsic)
mutations, in which case the mutant mouse would serve as the
donor while the atherosusceptible mouse (LAl/~) lacking that
particular mutation would serve as a recipient; (2) to detect non-
hematopoietic-derived (extrinsic) effects of genetic alterations for
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which the donors would be the wild-type mice and the recipient
mice would bear the mutation/s; and (3) to compare the behavior
of different donor-derived blood cells within the same atherogenic
microenvironment by generating mixed chimeras with either two
mutant donors or one mutant and one wild-type donor which are
transplanted into atherosusceptible recipient mice. In addition,
with major advances in the field of imaging of the atherosclerotic
plaque [15] and the development of reporter mice that tag specific
myeloid or leukocyte populations with fluorescent markers (e.g.,
Lyz2S) CX3CRI) ActbPSREP) which could be used as either
donors or recipients in BMT studies, it is now possible to assess the
behavior of single cells, their incorporation into the plaque, and
their contribution to disease at a very high resolution. Another
obvious advantage of using BMT is the relative ease in obtaining a
large number of sex- and age-matched animals for single experi-
ments while also rendering unnecessary the time-consuming pro-
cedure of genetic backcrossing to introduce a defined mutation in
the atherosusceptible mouse lines.

However, there are some caveats and concerns with the use of
BMT for research in atherosclerosis. For example, some studies
propose that irradiation does not eliminate tissue-resident macro-
phages that may be involved in atherogenesis; this is the case of
Kupfter cells which can be nonetheless removed from the recipient
mice using clodronate liposomes [16]. Other studies have demon-
strated significant differences in atherosclerotic lesion size and
composition in BM-transplanted mice [17]. While considering
these disadvantages, the use of BMT in atherosclerosis continues
to be extremely useful for further exploration of this complex dis-
ease if the procedure is done under optimal conditions and taking
into account several critical parameters that will ensure the repro-
ducibility of the method.

In this chapter we detail an optimized protocol for hematopoi-
etic stem cell transplantation with several tips and guidelines in
order to warrant a successful study of atherogenesis using BMT

(Fig. 1).

2 Materials

1. Irradiator: A commercial irradiator of X-rays or gamma rays
with a cesium/cobalt source.

2. Atherosusceptible recipient mice (e.g., Apoe/~, or Ldlr/-).
3. Sterile phosphate-buffered saline (PBS).

4. Saline solution or cell culture medium (e.g., RPMI) without
antibiotics.

5. Scalpel.
6. Petri dishes.
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Fig. 1 lllustrative example of bone marrow transplantation to generate mixed chimeras in mice. Six- to eight-
week-old recipient mice are irradiated with myeloablative doses of radiation. In this example, femurs from
non-fluorescent and transgenic fluorescent DsRed donors are extracted following euthanasia. One day after
irradiation, BM cells are processed and mixed in equal numbers and are injected intravenously in recipient
mice. Six weeks following BMT, chimerism in surviving recipients is analyzed. Irradiated mice exhibit visual
signs such as the appearance of grey patches of hair on skin. Reconstitution can be confirmed by analyzing
the blood counts of the recipient mice using a hematological counter. In this example, the engrafted donor cells
can be distinguished as derived from the DsRed transgenic- or the wild-type donor mice based on their fluo-
rescence in the DsRed channel by flow cytometry or by intravital microscopy. Flow cytometry allows for stan-
dardized quantification and characterization of relative numbers of the different donor-derived cells in the
recipients. Intravital microscopy allows the direct visualization of their relative numbers and to detect possible
differential behaviors of distinct donor-derived hematopoietic cell subtypes. Both protocols could therefore be
used to visualize not only the efficiency of engraftment of irradiated recipients but also for the analysis of
functional differences between the donor cell subsets during atherosclerosis

7. Hemocytometer.

8. 0.5-1 ml syringes.

9. 21 and 25-27 G needles.
10. Automatic pipettes for resuspension.
11. General anesthetic (e.g., isoflurane 2 %).

12. Flow cytometer: To check bone marrow reconstitution by
staining blood cells with antibodies for specific markers (e.g.,
CD45.1).
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13.
14.

Hematological cell counter: For analysis of blood parameters.

Optional: Microscope and surgical tools if intravital micros-
copy needs to be performed.

3 Methods

3.1 Preparation
of Donor BM Cells

3.2 Irradiation
of Mice and Injection
of Donor BM Cells

. Sacrifice donor mice and obtain femurs (and tibiae if necessary).

For reference, up to 30x10° cells can be obtained from one
femur of a healthy donor. BM cellularity increases with age, but
declines in very old mice. Hence the age of the donor mice
should be preferably between 6 and 14 weeks (see Note 1).

2. Use a scalpel to make an incision at the head of the bones.

. Flush bone marrow in a laminar flow hood, using PBS or cell

culture medium (containing no serum). Use a 21 G needle for
femurs, and 25-27 G for tibiae (see Note 2).

. Homogenize marrow gently with a p1000 pipette or a 1-mL

syringe with 21 G needle, taking care not to break cells. Make
a single-cell suspension. Lysis of red blood cells using hypo-
tonic buffers is possible but not recommended in order to
preserve the full viability of BM cells.

. Count cells with the hemacytometer and adjust with PBS or

sterile saline solution to have 1x10° BM cells in 100 pL (the
volume to be injected in the recipient mice). This number
should be adjusted depending on existing information about
the quality of hematopoietic stem cells in the donor mice
(see Notes 3 and 4).

. Recipient male or female mice of at least 6 weeks of age (to be

able to survive the irradiation) are irradiated with two doses of
650 rads (6.5 Gy) each (total irradiation of 1300 rads, 13 Gys).
Regarding the various parameters of irradiation and veterinary
care of irradiated animals see Notes 5-9.

. Anesthetize irradiated recipient mice and inject intravenously

(retro-orbital or tail vein) with at least 106 BM cells resus-
pended in 100 pl of sterile saline or culture media without
serum (see Notes 10 and 11).

. Transplanted mice should be allowed to recover for at least

1 month post-BMT.

. Confirm reconstitution by analysis of blood parameters

(see Note 12).

. Draw 50 pl of blood for flow cytometric analysis to detect

the degree of chimerism. Depending on the experiment, the
analysis can be done at different times post-transplantation
(see Notes 13-17 for guidelines concerning analysis of chime-
rism following BMT).
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4 Notes

1. While preparing donor BM cells, if the amount of cells obtained

from two femurs and two tibias is not sufficient, additional
cells can also be harvested from the humerus, radius, and
sternum.

. The cell-culture medium used for flushing of BM can be sup-

plemented with antibiotics to avoid contamination but should
not contain fetal calf serum. Alternatively, BM cells can be fro-
zen and reutilized at a later time. For this purpose, donor BM
cells are washed and resuspended in 1 ml of DMEM or RPMI
medium containing 20 % fetal calf serum and 10 % DMSO (a
cryopreservant) at a density of 107 cells/ml /vial. Cells are fro-
zen in cryotubes at a temperature of —70 °C or in liquid nitro-
gen. When the BM cellsneed to be used again for transplantation,
they should be thawed quickly in a water bath at 37 °C, washed
several times with plain RPMI medium/sterile saline solution
in order to get rid of the serum and DMSO, and resuspended
in PBS or saline solution, prior to injection into the recipient/s.

. Before engraftment, it must be assured that the donor hema-

topoietic stem cells have no defect or deficiency in the homing
molecules associated with their migration to the bone marrow,
the lack of which would result in a failure of reconstitution. If
the donor cells do have this deficiency alternatives such as
orthotopic graft delivery (directly into the bone marrow) or
wild-type BM cell supplements could be considered.

. Necrotic or apoptotic BM cells from donors will not survive

the transplant. In this case the degree of cell death in the donor
inoculum should be tested by measuring necrotic and apop-
totic cell content using Annexin-V or propidium iodide stain-
ing, prior to being injected into the recipients.

. The dose of radiation required for recipient mice needs to be

calculated based on the strain of the mice used. While C57/
BL6 mice can be irradiated with the above-indicated doses,
mice that are immunodeficient such as the RAG KO mice
should receive a dose that is no higher than 600 rad. BALB/C
mice are extremely sensitive to irradiation and should ideally
be subject to a total radiation dosage of 900 rads in order to be
lethally irradiated. This dosage should be administered as two
split doses of 450 rads each with a 2-3-h time interval.
Separating both sessions with an interval of at least 3 h reduces
the toxicity associated with total body irradiation. Some stud-
ies have documented the use of an 800 Gy dosage that was well
tolerated by BALB/C recipients [18].

. Sufficient evidence from literature shows that irradiation doses

ot 700-1300 Gy are myeloablative. While higher doses increase
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10.

the probability of irradiation-induced toxicity, lower doses may
reduce the chances of achieving full donor chimerism.
Therefore, the choice of dosage is important in determining
the success of the study and might differ considerably. It will
need to be adjusted based on the experimental setup and the
researcher’s specific objectives [19]. For example, when a sta-
ble mixed chimera needs to be generated with the recipient’s
immune system composed of both donor and recipient cells, a
lower dose of irradiation needs to be chosen. The overall goal
of transplantation studies will consequently require the identi-
fication of a dose that permits full (or partial) immune ablation
while minimizing radiation-induced toxicity.

. The amount of time spent by animals within the irradiator

depends on a number of parameters such as radioisotope decay
tables, extent of irradiation required, and source of ionizing
energy (X-rays versus gamma rays, for which a cesium or cobalt
source is needed). The size of the irradiator is another factor to
be considered since the space within the irradiator and the
amount of animals receiving the radiation within every cycle
need to standardize to ensure uniform distribution of ionizing
energy within the entire group of animals. As a reference we
use a cesium source with an activity of 1000 Ci, 2 animal con-
tainers with 12 mice arranged perpendicularly within an irra-
diator that has irradiation cycles that last for 12 min.

. The veterinary care of irradiated animals following BMT is

vital for their survival and well-being. The immunosuppression
induced in mice by irradiation can persist for a period of time
after BMT and therefore need to be housed in strict specific
pathogen-free /barrier conditions with a supply of sterilized
food and water. The immunocompromised state of trans-
planted animals makes them susceptible to Pueumocystis cari-
nit and Pseudomonas aeruginosa infection if they are not
housed in a barrier facility. If this is the case, mice should be
treated with acidified water or water that is supplemented with
antibiotics in order to prevent infection [20]. The commonly
used antibiotics include metronidazole, neomycin, ciprofloxa-
cin and tetracyclines [21].

. In addition to infectious disease, mice that are subject to long-

term experiments after BMT have increased incidence of neo-
plasia [22]. Considering their increased risk for tumor
development, mice belonging to these experiments should be
monitored regularly and subject to post-irradiation-specific
conditions.

Intravenous injection of mice through the tail vein is a tech-
nique that requires extensive practice and one needs to be
trained in the procedure prior to performing the BMT, to be
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11.

12.

13.

14.

15.

16.

17.

certain regarding the size and uniformity of the inoculum in
the recipient mice. Technical errors during injection will result
in either a failed, inadequate, or inconsistent BM reconstitu-
tion within the recipient.

To minimize stress of the recipient mice following irradiation
and to ensure maximum survival, we perform BMT between
1 and 24 h after irradiation.

Peripheral blood screening allows for detection of donor-
derived cells from 2 weeks after transplantation although opti-
mal detection is possible only at 4 weeks post-BMT. Blood can
be drawn using standard methods from each animal facility and
analyzed in a hematological counter that gives absolute leuko-
cyte, erythrocyte, and platelet counts.

When analyzing chimera in recipient mice, those that have
been adequately irradiated can be visually distinguished by the
appearance of gray patches of hair on the surface of their skin
after several weeks. Irradiated recipients that received a
marrow-ablative dose of radiation and no transplantation with
donor bone marrow cells will not survive for more than 12-14
days after irradiation. While those that did receive BMT should
be able to survive a normal life-span and in turn be reconsti-
tuted with peripheral blood cells that are almost entirely
derived from the donor bone marrow.

Analysis of blood from the same animal can be followed up
over time after BMT. However, care should be taken not to
bleed the mouse too often and maintain an interval of at least
7 days between each bleed.

Amongst the various methods used to discriminate donor ver-
sus recipient-derived hematopoietic cells atter BMT, the most
widely utilized and practical approach is flow cytometry. When
donor hematopoietic cells are derived from transgenic fluores-
cent mice, for example LysMGFP or DsRed mice, they can be
distinguished easily based on their fluorescence in the respec-
tive fluorescent channels. When using congenic mice, antibod-
ies that specifically identify the specific isoforms of surface
receptors such as CD45.1 and CD45.2 can be employed to
distinguish between donor- and recipient-derived cells.

Irradiation of mice eliminates the recipient’s BM but fails to
eliminate tissue-resident macrophages. In this case, injection of
a macrophage-depleting agent such as clodronate can be used
to remove subsets of donor-derived macrophages [16].

There has been considerable speculation over the past 10 years
regarding the presence of donor-derived epithelial cells in
lungs, skin, intestine, liver, and buccal and nasal mucosa of
recipients. However, research in this area has demonstrated
that the highest epithelial engraftment obtained was 0.02 %,
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deemed too low to be of any significant relevance in BMT-
associated therapies or experimental studies unless combined
with special strategies (e.g., use of 1-day-old mice or additional
preparative regimens with specific chemical agents such as
busulfan) [23, 24].
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Chapter 23

Tandem Stenosis to Induce Atherosclerotic
Plaque Instability in the Mouse

Yung Chih Chen, Jennifer Rivera, and Karlheinz Peter

Abstract

Despite the number of animal models of atherosclerosis, a major limitation in research on mechanisms of
plaque rupture is the lack of appropriate atherosclerotic mouse models where lesions develop and progress
to a vulnerable and thus rupture-prone phenotype that is typically observed in humans. Most animal mod-
els of atherosclerosis typically represent a few but not the full combination of the characteristics seen in
human unstable/ruptured plaques. Such characteristics most importantly include a thin and ruptured
fibrous cap, plaque inflammation, neovascularization within the plaque (vasa vasorum), plaque hemor-
rhage, and intravascular (often occlusive) thrombus formation. Ideally, an animal model of plaque instability /
rupture would respond to current pharmacological interventions known to reduce the risk of plaque rup-
ture, such as statins. Here we describe a mouse model of plaque instability /rupture that is based on the
surgical introduction of a tandem stenosis in the carotid artery. This model results in the formation of
unstable atherosclerotic plaques that reflect human plaque pathology. It will allow to further understand-
ing of plaque instability /rupture, to identify the participating factors such as specific proteins, genes and
microRNAs, and to develop imaging methods towards the detection of vulnerable, rupture-prone athero-
sclerotic plaques.

Key words Acute myocardial infarction, Angiogenesis animal models of human disease, Arterial
thrombosis, Atherosclerosis, Gene expression profiling, Inflammation, MicroRNA profiling, Plaque
rupture

1 Introduction

The rupture of inflammation-driven, unstable atherosclerotic
plaques is the main cause of atherothrombotic complications such
as myocardial infarction, making it a major health burden and a
leading cause of mortality and morbidity. Atherosclerosis is well
characterized as a progressive, chronic, inflammatory disease with
specific, localized manifestations in the arterial wall. Human ath-
erosclerotic plaques preferentially occur at vessel bifurcations,
where shear stress is low and varies significantly over a small
distance. Similarly, in apolipoprotein E-deficient (ApoE~~) mice
fed a high-fat diet (HFD) atherosclerotic plaques preferentially
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develop in areas of low shear stress. Low shear stress upregulates
adhesion molecule and protease expression, increases the accumu-
lation of macrophages and other inflammatory cells, reduces stabi-
lizing collagen fibers, increases necrotic core volume, causes
thinning of fibrous caps, and promotes lipid accumulation [1].
However, while low shear stress promotes the formation of vulner-
able plaques, it does not seem to be sufficient to induce plaque
rupture. As a plaque progresses and intrudes into the lumen, shear
stress around the plaque is altered to increase tensile stress [2].
Tensile stress, which is higher by several magnitudes than wall
shear stress, appears to be an important trigger for plaque rupture
to occur. Indeed, plaque rupture occurs more frequently in the
proximal coronary arteries, where the tensile stress is higher com-
pared with the periphery of the coronary artery system [3]. On the
basis of these observations, we used computational fluid dynamics
(CFD) to design an animal model of plaque rupture. We devel-
oped a surgical approach whereby tandem stenosis (TS) is applied
to the right carotid artery of HFD diet-fed ApoE~/~ mice, which
creates high tensile stress upstream of the proximal stenosis, while
the rest of the arterial system within the vicinity of the TS exhibit
low shear stress (see Fig. 1). This facilitates the formation of plaques
with an unstable, rupture-prone phenotype within a defined vessel
segment. For representative morphological descriptions of each

vm
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Fig. 1 Schematic drawing of the tandem stenosis. ApoE~- mice at 6—8 weeks of age are fed with Western diet
containing 22 % fat and 0.15 % cholesterol and tap water ad libitum. At 12—14 weeks of age, including 6
weeks of Western diet, the animals are anesthetized for TS surgery. The fur is removed around the surgical site
and mice are placed on a 37 °C heater mat to prevent hypothermia. Vascular stenoses are created by two
sutures on the common carotid artery using a 6-0 blue braided polyester fiber. The distal point is 1 mm apart
from the carotid artery bifurcation. The proximal point is 3 mm apart from the distal point. The stenosis diam-
eter is defined by the needle applied as a space holder
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vessel segment and the characteristics of atherosclerotic plaque
composition and quantification, please refer back to original paper
[4]. Extensive characterization using histology, expression profil-
ing, hierarchical clustering, quantitative polymerase chain reaction
(PCR) and pharmacological intervention allowed us to demon-
strate that plaques generated using the TS model closely resembled
human unstable, vulnerable plaques [4-6]. In addition, we have
provided proof-of concept examples demonstrating that the TS
mouse model can be used to define and discover novel pathophysi-
ological mechanisms relevant to atherosclerotic plaque rupture in
humans [4]. In this chapter, we provide methodological detail of
the tandem stenosis surgical procedure, which reliably generates
unstable, rupture-prone atherosclerotic plaques.

2 Materials

Prepare all solutions using medical grade saline or autoclaved
phosphate-buffered saline (PBS).

1. PBS: 137 mM sodium chloride, 2.7 mM potassium chloride,
10 mM disodium hydrogen phosphate, 1.8 mM monopotas-
sium phosphate, pH 7.2.

2. HFD: Mouse chow supplemented with 22 % fat and 0.15 %
cholesterol (e.g., SF00-219, Specialty Feeds, Western
Australia).

3. Anesthetic: Mixture of ketamine (80-100 mg/kg), xylazine
(16-20 mg/kg), atropine (0.96-1.2 mg/kg).

4. Post-anesthetic: Atipamezole HCI (e.g., antisedan, 0.2 mg/
kg, s.c.).

5. Pain relief: Bupivacaine (marcaine, 2 mg/kg).

6. Surgical instruments and accessories: High-precision tweezers
(e.g., 4*Dumont Tweezers: T0545-811 Tweezers, style 5 /45,
Inox 08, high precision, polished), straight Castroviejo scissors
(e.g., 1*TS1092 Castroviejo scissors, 420SS, straight,
100 mm), straight dissecting scissors (e.g., 1 *TS1044 dissect-
ing scissors, 420SS, straight, 115 mm), 150 pm diameter nee-
dles (e.g., Ethicon 8-0, Virgin Silk blue: W1782), 450-pm
diameter needles (e.g., Terumo 26 Gx12": NN*2613R),
suture (e.g., 6-0 TL.CRON coated, braided polyester blue, 0.7
metric, Kendall), dissecting microscope, heater mat, depilatory
hair removal cream, gauze, cotton tips, 1 mL syringe (Terumo),
30 G needle (Terumo).
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3 Methods

. Use 6-8-week-old male ApoE~~ mice that weigh around

20-23 g, and maintain them on a high-fat diet and tap water
ad libitum for 6 weeks prior to the surgery.

2. At the day of surgery, weigh mice on a scale and record weight.

11.

12.

. It is recommended that at least semi-sterile conditions are

maintained during the whole surgical procedure. Wear a surgi-
cal gown, gloves, mask, and hair cap. Sterilize surgical instru-
ments using ultra-heat beads or autoclave the surgical
instruments before use.

. Administer bupivacaine (2 mg/kg) 10-15 min prior to anes-

thesia. Anesthetize mice by i.p. administration of a mixture of
ketamine, xylazine and atropine in saline according at a vol-
ume of 0.1 ml per 10 g of body weight, using a 30 G needle
(see Note 1).

. Monitor the depth of anesthesia by the response to toe pinch.

Movement or an increased breathing rate indicates inadequate
anesthesia. In this situation, a top-up dose (half of initial dose)
of anesthetic mixture should be given and it should be waited
for at least 5-10 min without further stimulation. If the animal
still responds to toe pinch, consider the option of using gas
anesthetics.

. After anesthesia has taken effect, lay the animals down in the

dorsal to ventral position on a 37 °C heat mat, disinfect the
surgical area with 70 % ethanol, and clear the neck region of fur
using hair removal cream.

. A small incision (~1 ¢cm) of the skin is made directly on top of

the left common carotid artery region. It is highly recom-
mended that from this step onwards, the procedure is per-
formed under a dissecting microscope to help increase accuracy
and avoid unnecessary bleeding.

. Bluntly dissect the connective tissue underneath the skin using

curved forceps.

. Expose a segment of the left common carotid artery.

. Lift up the common carotid artery and blunt dissect away from

the surrounding tissue.

Separate the vagus nerve from the common carotid artery
(see Note 2).

Induce vascular stenosis by suturing two points on the com-
mon carotid using 6-0 blue braided polyester fibre. Distal
point is defined as 1 mm from the carotid bifurcation.
Proximal point is defined as 3 mm from the distal point
(Fig. 1) (see Note 3).
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Perform carotid stenosis by tying against a probe made of a
needle, with the probe promptly removed to attain a narrow-
ing of the carotid from the needle used (see Note 4).

Tie the suture twice to generate a stable stenosis. Cut off any
excess filament.

When required, a less severe stenosis can be induced by using
either 26 G needles or any other needle with a higher diameter
(see Note 5).

Close the wound using a 6-0 monofilament suture in the single
interrupted or continuous method.

Give mice bupivacaine (2 mg/kg, s.c.) close to the surgical site
and atipamezole HCI (antisedan, 0.2 mg/kg, s.c) (se¢ Note 6).

Monitor mice to ensure recovery from anesthesia. Typically,
mice will recover within 15 min after atipamezole HCI.

Place cage half-on/half-oft a heat pad to allow mice to sustain
their body temperature for the next 24 h (see Note 7).

Mice should be monitored and placed under post-surgical care
in the next 48 h according to your institutional animal
guidelines.

4 Notes

. Gas anesthesia (e.g., halothane or isoflurane) is also recom-

mended. Some mice do not respond well to the mixture of
ketamine and xylazine. It is reccommended that both liquid and
gas anesthetics are included in the animal ethics. If using gas
anesthesia, 4 % isoflurane induction rate and 2 % isoflurane
maintenance rate supplied via a small rodent mask work well.

. Be careful when performing this step to avoid breaking or

punching a hole in the vessel. The vagus nerve loosely sits next
to the carotid artery. Some mice will have the middle thyroid
vein coming on top of the carotid artery. Bluntly dissect this
from the carotid artery. If major bleeding happens at this stage,
it is recommended that the mouse be euthanized.

. Due to bio-variability, the distal point to the carotid bifurca-

tion varies between animals. However, the distance between
the proximal point and distal point should be fixed at 3 mm. If
there is not enough space for the distal point position, it can be
adjusted by placing the distal point on top of the carotid
bifurcation.

. The proper control experiment for TS surgery will be changing

the probe size to a higher diameter (non-stenotic) or a sham
control (make an incision in the neck and close the wound
without performing stenosis surgery).
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5. If a higher diameter probe (450 pm) is used, due to the arterial

pulse, the distal suture spot may be pushed away from its origi-
nal ligation. In this situation, fix the proximal and distal sutures
to its surrounding tissue to stabilize the stenosis positions.

. Administration of other pain relief (e.g., general opioids like

buprenorphine) is also recommended. The use of non-steroi-
dal anti-inflammatory agents is not recommended as these
drugs may cause atherosclerotic plaque compositional changes.

. Some animals may show symptoms of pain after 48 h.

Additional pain relief should be given. If the symptoms of
pain persist, it is suggested that the mouse be euthanized
immediately or according to your local institutional animal

guidelines.
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Chapter 24

Detection of Intraplaque Hemorrhage
in Mouse Atherosclerotic Lesions

Judith C. Sluimer, Marion J. Gijbels, and Sylvia Heeneman

Abstract

Intraplaque hemorrhage is defined as the presence of fresh or lysed erythrocytes, iron deposits in macrophages,
and/or a fibrin clot in an atherosclerotic plaque. These features can be detected by hematoxylin and eosin,
Martius scarlet Blue, and Perl’s iron histological stainings.

It is noteworthy that intraplaque hemorrhage is only present in murine atherosclerotic plaques after
additional interventions or additional genetic traits affecting matrix degradation or thrombosis. In this
chapter, we describe methods to detect intraplaque hemorrhage in mouse atherosclerotic lesions.

Key words Intraplaque hemorrhage, Erythrocytes, Iron, Fibrin, Hematoxylin and eosin, Martius
scarlet Blue, Perl’s Prussian blue

1 Introduction

Specific features of an atherosclerotic plaque in humans are associated
with an increased risk of plaque rupture, and thus subsequent
clinical symptoms such as myocardial infarction and stroke. These
features include inflammatory infiltrate, a lipid /necrotic core, and
intraplaque hemorrhage [1]. Intraplaque hemorrhage includes
the leakage of erythrocytes into the plaque presumably from leaky
intraplaque microvasculature, medial dissection, or a plaque rup-
ture [1, 2]. This evokes infiltration of macrophages and erythro-
phagocytosis, leading to intracellular deposits of iron derived from
the erythrocytes hemoglobin content. Often, coagulation is insti-
gated resulting in the formation of a fine-meshed network of fibrin
fibers. Therefore, intraplaque hemorrhage is defined as the pres-
ence of lysed erythrocytes, iron deposits in macrophages, and /or a
fibrin clot.

In murine models of atherosclerosis, such as apolipoprotein
E-deficient (apoE-/-) mice, the presence of intraplaque
hemorrhage is not commonplace (Table 1). The occurrence of
hemorrhage depends on the arterial location and rarely occurs in

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
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Table 1

Frequency of intraplaque hemorrhage in apoE-/- mice

Age? Brachiocephalic Carotid
Intervention [reference] (weeks) Diet artery (%) artery (%)
None [ 3, 4] 20 WTD 8 0
Age [5] 42-50 Chow 66-75 n.d.
Collar [7] 52 WTD n.a. 8
Ligation +collar [6] 13 WTD n.a. 100
Irradiation 14y [3] 44-52 Chow n.d. 85
Collar + Ad.MMP9 [7] 18-20 WTD n.a. 90
adMMP bone marrow transplant [8] 52 chow 50 n.d.
ThrombomodulinP/?* + collar [10] 18 WTD n.d. unk
Fibrillin1€10396+/~ [4] 20 WTD 88 92

“Age at the time of analysis, WT'D western-type diet (high fat/cholesterol), #.a. not applicable, #.4. not
done, unk unknown/not analyzed

1.1 Hematoxylin
and Eosin

the carotid artery [ 3, 4] while being slightly more common in the
brachiocephalic artery, i.e., 8 % at 20 weeks of age [4]. In contrast,
frequencies rise with age up to 75 % in brachiocephalic arteries of
1-year-old apoE-/- mice [5], up to 100 % after additional surgical
interventions [6] or around 50-90 % with additional genetic traits
enhancing matrix degradation [4, 7, 8] or thrombosis [9, 10].
Of note, in mice intraplaque hemorrhage and plaque rupture are
not synonymous, the latter occurring even less frequently.

The detection of intraplaque hemorrhage, be it in mice or
man, involves histology to identify the components of intraplaque
hemorrhage. This chapter describes the protocols for hematoxylin
and eosin (HE) and Martius Scarlet Blue (MSB) staining, able to
discriminate erythrocytes and fibrin, and the Perl’s Prussian blue
staining identifying ferric iron. The protocols in this chapter should
preferably be used together to achieve maximal reliability in the
detection of intraplaque hemorrhage.

The widely used combination of hematoxylin and eosin allows the
discrimination between nuclei and cytoplasm/connective tissue,
respectively. Hematoxylin itself does not stain nuclei, but rather its
oxidation product hematein. In this protocol, Meyer’s hematoxy-
lin is used, which is chemically oxidized by sodium iodate.
Hematein is anionic, as is nuclear chromatin, and will thus only
stain nuclei in the presence of a mordant, in this case aluminium
salt. The mordant/metal cation will positively charge hematein,
providing a net charge able to bind and stain the anionic nucleic



1.2 Martius
Scarlet Blue

1.3 Perl’s Prussian
Blue for Ferric Iron
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Table 2
Colors identifying tissue components after each staining

Staining
Structure HE MSB Perl’s
Nuclei Blue Black Red
Cytoplasm Varying shades of pink Yellow Light red
Erythrocytes Orange/red Yellow Red
Fibrin Fuchsia Red n.a.
Collagen Pink Blue n.a.
Iron Brown-yellow n.a. Blue

n.a. not applicable

acids in chromatin in an acidic environment. The color change from
red to blue occurs in alkaline pH, which is achieved by washing in
a weak alkaline solution, such as tap water.

Eosin distinguishes the cytoplasm of different cell types and
types of connective tissues by staining them different shades of red
(Table 2). Fibrin is very acidophilic and is thus strongly stained by
eosin and appears as distinctly pink (Fig. la, b) [11].

The MSB procedure includes application of Martius yellow, Brilliant
Scarlet red, and Alcian blue dyes to easily distinguish erythrocyte
cytoplasm, fibrin, and collagen, respectively, while nuclei appear
black (Table 2, Fig. 1) [11]. Nuclei are first stained black with
Weigert’s iron hematoxylin, a solution allowing stable and acid-
resistant nuclear detection if compared to alum hematoxylins, such
as Meyer’s hematoxylin. Martius yellow is then applied together
with phosphotungstic acid in alcoholic solution to stain the cyto-
plasm of erythrocytes yellow. Mature fibrin will then be stained by
brilliant crystal scarlet (Fig. 1c, d). Phosphotungstic acid will subse-
quently fix the dye in fibrin fibrils while removing any red stain from
the collagen and blocking staining of muscle, collagen and connec-
tive tissue. Aniline blue subsequently stains collagen [11]. The MSB
staining is selective for fibrin, but not entirely specific. Bone tissue,
granulae in Paneth’s cells, and other cytoplasmic vesicles may stain.
The combination of the three histological stains described in this
chapter will resolve the detection of fibrin.

Perl’s iron visualizes ferric iron ions in hemosiderin, which is
hydrated, protein-bound iron oxide (Fe(OH);). Hemosiderin is
always located within cells and an intraplaque hemorrhage can
result in hemosiderin deposits in the macrophages. In unstained or
HE-stained tissue sections, hemosiderin presents as yellow-brown,
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Fig. 1 Murine intraplaque hemorrhage detection using HE, MSB, and Perl’s ferric iron (a). Atherosclerotic
plaque in the aortic arch of ApoE—/— mice fed chow for 30 weeks after single irradiation dose of 14y [3]
stained with hematoxylin and eosin. Bright pink indicates fibrin. Magnification 100x. Boxed region is shown in
higher magnification in (b). Detail of fibrin indicating intraplaque hemorrhage. Magnification 400x. (c). Section
of same plaque stained with MSB protocol detecting fibrin in bright red. Magnification 100x. Boxed region is
shown in higher magnification in (d). Detail of fibrin indicating intraplaque hemorrhage. Magnification 400x.
(e). Section of same plaque stained with Perl’s Prussian blue for ferric iron detection in blue, counterstained
with nuclear fast red. Magnification 100x. Boxed region is shown in higher magnification in (d). Detail of iron
in macrophage indicating intraplague hemorrhage. Magnification 400x
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coarse-grained pigment, which is more easily identified upon Perl’s
Prussian blue staining [11]. Ferric iron in hemosiderin reacts with
potassium ferrocyanide to yield insoluble blue ferric ferrocyanide
precipitate (Prussian Blue, Fig. le, f). This reaction takes place in
an acidic milieu to liberate iron from its protein carrier, such as
hemoglobin, as follows: 4Fe(OH);+3KFe(CN)s+12HCI
Fey[Fe(CN)s]®+12KCl+12H,0 [11].

2 Materials

2.1 Hematoxylin
and Eosin

2.2 Martius
Scarlet Blue

O 0 NN N Ul o W N

—
N = O

13.
14.
15.
16.
17.
18.
19.
20.
21.

—

. Formalin-fixed, paraffin-embedded murine arterial sections

(4-5 pm) on adhesive, silane-coated glass slides (see Note 1).

. Xylene.

. Alcohol 100 %.

. Alcohol 96 %.

. Alcohol 70 %: 700 ml alcohol 100 %, 300 ml distilled water.
. Alcohol 50 %: 500 ml alcohol 100 %, 500 ml distilled water.
. Distilled water.

. Tap water.

. Containers for solutions (see Note 2).

. Rack to place glass slides in and transfer between containers.
. Glass cover slips (see Note 3).

. Water-free mounting medium for the permanent mounting

of specimen for microscopy (see Note 4).
Microscope.

Timer.

Flow cabinet (see Note 5).

Stir plate.

Stir Bar.

Flasks.

Filter paper or equivalent for blotting or filtration.
Funnel.

Bottles.

. Meyer’s hematoxylin.

. Eosin, 0.2 % alcoholic solution, ready to use (se¢ Note 6).

. Weigert’s iron hematoxylin solution A: 10 g hematoxylin,

1000 ml alcohol 96 % (see Note 7).

. Weigert’s iron hematoxylin solution B: 11.6 g FeCl;, 10 ml HCI,

1000 ml distilled water.
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2.3 Perl’s Prussian
Blue for Ferric Iron

. Martius yellow solution: 0.5 g martius yellow, 2 g phospho-

tungstic acid, 98 ml alcohol 95 % (see Note 8).

. Brilliant crystal scarlet 6R 1 %: 1 g Brilliant crystal scarlet,

2.5 ml acetic acid, 97.5 ml distilled water (see Note 9).

. Phosphotungstic acid 1 %: 1 g phosphotungstic acid, 100 ml

distilled water (see Note 10).

. Aniline blue 1 %: 1 g Aniline blue, 1 ml acetic acid, 99 ml dis-

tilled water.

. Acetic acid 1 %: 1 ml acetic acid, 99 ml distilled water.

. Potassium ferrocyanide 2 %: 2 g potassium ferrocyanide,

100 ml distilled water.

. Hydrochloric acid 2 %: 54 ml HCI 37 %, 946 ml distilled water.

. Perl’s solution: Potassium ferrocyanide 2 %:hydrochloric acid

2% (1:1) (see Note 7).

. Nuclear Fast Red (Kernechtrot) Solution, ready to use.

3 Methods

3.1 Hematoxylin
and Eosin

. Deparaffinize slides:

e Place slides in container with xylene and incubate for
2 min.

e Transfer to second container with xylene and incubate for
2 min.

. Rehydrate slides:

e Transfer slides to container with 100 % alcohol and incu-
bate for 2 min.

e Transfer slides to second container with 100 % alcohol and
incubate for 2 min.

¢ Transfer to container with 96 % alcohol and incubate for
2 min.

e Transfer to container with 70 % alcohol and incubate for
2 min.

e Transfer to container with 50 % alcohol and incubate for
2 min.

e Transfer to container with distilled water and incubate for
2 min.

. Transfer to container with hematoxylin and incubate for 3 min.

4. Transfer to container with tap water and develop blue for

10 min.

. Transfer to container with eosin 0.2 % and incubate for 3 min.
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6. Transfer to container with tap water running until solution is
clear (see Note 11).

Dehydrate slides (see Note 12):

7.

Transfer to container with 70 % alcohol and incubate for
2 min.

Transfer to container with 96 % alcohol and incubate for
2 min.

Transfer to container with 100 % alcohol and incubate for
2 min.

Transfer slides to second container with 100 % alcohol and
incubate for 2 min.

Transfer to container with xylene and incubate for 2 min
(see Note 13).

Transfer to second container with xylene and incubate for
2 min (see Note 13).

. Place drop of mounting medium on slide and cover with

cover slip.

. Air-dry for 15 min under flow cabinet to evaporate xylene.
10.

Examine slides under microscope.

. Deparaffinize slides:

Place slides in container with xylene and incubate for
2 min.

Transfer to second container with xylene and incubate for
2 min.

. Rehydrate slides:

Transfer slides to container with 100 % alcohol and incu-
bate for 2 min.

Transfer slides to second container with 100 % alcohol and
incubate for 2 min.

Transfer to container with 96 % alcohol and incubate for
2 min.

Transfer to container with 70 % alcohol and incubate for
2 min.

Transfer to container with 50 % alcohol and incubate for
2 min.

Transfer to container with distilled water and incubate for
2 min.

. Transfer to container with a mix of Weigert’s solutions A and

B (1:1) (see Note 14) and incubate for 3 min.

4. Transfer to container with tap water.

. Place container under running tap water for 5 min.
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10.
11.

12.
13.

14.
15.
16.

17.

18.

19.
3.3 Perl’s Prussian 1.
Blue for Ferric Iron

. Transfer to container with 96 % alcohol and incubate for 2 min.

. Transfer to container with Martius Yellow and incubate for

2 min.

. Transfer to container with distilled water and incubate for 10 s.

. Transfer to container with Briljant crystal scarlet and incubate

for 10 min.
Transfer to container with distilled water and incubate for 10 s.

Treat with phosphotungstic acid for 1-5 min until no red
remains in the collagen.

Transfer to container with distilled water and incubate for 10 s.

Transfer to container with Aniline blue and incubate for 4-10 min
(see Note 15).

Transfer to container with Acetic acid 1 % and incubate for 10 s.
Blot dry by tapping slide rack on filter paper.
Dehydrate slides (se¢ Note 12):

e Transfer to container with 70 % alcohol and incubate for
2 min.

e Transfer to container with 96 % alcohol and incubate for
2 min.

e Transfer to container with 100 % alcohol and incubate for
2 min.

e Transfer slides to second container with 100 % alcohol and
incubate for 2 min.

e Transfer to container with xylene and incubate for 2 min
(see Note 13).

e Transfer to second container with xylene and incubate for
2 min (see Note 13).

Place drop of mounting medium on slide and cover with cover
slip.
Air-dry for 15 min under flow cabinet to evaporate xylene.

Examine slides under microscope.

Deparaffinize slides:

e DPlace slides in container with xylene and incubate for
2 min.

e Transfer to second container with xylene and incubate for
2 min.

. Rehydrate slides:

e Transfer slides to container with 100 % alcohol and
incubate for 2 min.

e Transfer slides to second container with 100 % alcohol and
incubate for 2 min.
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Transfer to container with 96 % alcohol and incubate for
2 min.

Transfer to container with 70 % alcohol and incubate for
2 min.

Transfer to container with 50 % alcohol and incubate for
2 min.

Transfer to container with distilled water and incubate for
2 min.

. Transfer to container with 2 % HCI-2 % ferrocyanide mixture

(see Note 16) and incubate for 30 min.

. Transfer to container with distilled water and incubate for 10 s.
. Counterstain with neutral fast red for 5 min.

. Transfer to container with distilled water and incubate for 10 s.
. Dehydrate slides (see Note 12):

Transfer to container with 70 % alcohol and incubate for
2 min.

Transfer to container with 96 % alcohol and incubate for
2 min.

Transfer to container with 100 % alcohol and incubate for
2 min.

Transfer slides to second container with 100 % alcohol and
incubate for 2 min.

Transfer to container with xylene and incubate for 2 min
(see Note 13).

Transfer to second container with xylene and incubate for
2 min (see Note 13).

. Place drop of mounting medium on slide and cover with cover
slip.

. Air-dry for 15 min under flow cabinet to evaporate xylene.

10.

Examine slides under microscope.

4 Notes

N U W

. For excision, fixation, and sectioning refer to Daugherty et al.

[12] or De Waard et al. [13].

. If used often prepare containers for each solution, change

solutions weekly.

. Dimensions depending on section size.
. Entellan, permount, or similar.
. Work under flow cabinet to avoid inhaling xylene fumes.

. Be careful to use the alcoholic not the aqueous solution.



348

Judith C. Sluimer et al.

7. Filter solution with filter paper to remove undissolved

precipitate.

8. Dissolve martius yellow in alcohol before adding phospho-

tungstic acid.

9. Synonym: Crystal Ponceau acid red 44.

10.
11.
12.

Synonym: Dodecatungstophosphoric acid.
Maximum 30 s to avoid washing out eosin from tissue.

Avoid any water carry over. Change alcohols every week. Blot dry

after each alcohol change by tapping slide rack on filter paper.

13.

Change xylene if contaminated with water drops to avoid

remaining water in tissue, hindering examination with light

microscopy.
14.

Prepare fresh daily; in contrast to Meyer’s hematoxylin,

Weigert’s hematoxylin is resistant to acidic washout.

15.

Examine under the microscope after 4 min and check after

successive 2-min intervals to avoid overstaining collagen.

16. Prepare fresh.
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Chapter 25

Mechanical Stabilization of Mouse Carotid Artery
for In Vivo Intravital Microscopy Imaging
of Atherogenesis

Raphaél Chévre

Abstract

We present here a procedure that allows real-time high-resolution multichannel imaging of early
atherosclerotic lesions of live mice, by dramatically reducing the respiratory and pulsatile movements of the
athero-susceptible carotid artery, without significantly altering blood flow dynamics. This surgical prepara-
tion can be combined with the use of various fluorescent probes and reporter mice to simultancously
visualize the dynamics of inflammatory leukocytes, platelets, or even subcellular structures. Stabilization of
the tissue renders it suitable for two-photon laser scanning microscopic imaging and allows tracking the
behavior of inflammatory cells in three dimensions.

Key words Intravital fluorescence microscopy, Mouse carotid artery surgery, Atherogenesis,
Leukocyte recruitment, Inflammation

1 Introduction

Atherosclerosis is a chronic inflammatory disease of large arteries
and a major cause of mortality in Western societies [1]. Despite
intense research in the field, many outstanding questions related to
the initiation and propagation of inflammation in athero-prone
arteries (e.g., aorta and carotid arteries) remain open. This is in
large part due to the difficulty of performing real-time imaging of
athero-prone arteries subjected to respiratory and pulsatile move-
ments, which greatly limit the temporal and spatial resolution.
Attempts to directly image leukocyte recruitment in athero-
prone regions of explanted arteries by applying epifluorescent or
two-photon laser scanning microscopy (TPLSM) have yielded
important mechanistic information on the processes that underlie
disease progression, including a role of adhesion receptors in leuko-
cyte recruitment [2 ], accumulation of activated platelets [ 3], or local
presentation of antigens by dendritic cells to T lymphocytes [4].

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
vol. 1339, DOI 10.1007/978-1-4939-2929-0_25, © Springer Science+Business Media New York 2015

349



350 Raphaél Chevre

While these studies with explanted arteries dramatically improved
image quality, they have failed to provide the complex rheological
and immune context present in the arterial lumen of live animals.
Direct visualization of exposed carotid arteries in vivo at low
magnification allowed analysis of leukocyte rolling or even the iden-
tification of cellular clusters [5, 6]. However, visualization at higher
resolution or in 3D was prevented by the pulsatile motion of the
arterial wall, which prevented analysis of the dynamics of leukocytes
and platelets in the atherogenic environment, or the identification
of subcellular structures [2, 5-7]. Synchronization of acquisition
with arterial wall motion allowed nonetheless an increase in spatial
resolution in the z-axis at the cost of temporal resolution [6]. Other
studies in which the artery was fully immobilized allowed imaging
of the arterial wall at high spatial resolution but completely abro-
gated the physiological blood flow and could not be used to study
the dynamic inflammatory events that occur intravascularly [8].
We recently demonstrated that mechanical stabilization of
carotid artery in the vertical plane dramatically increases imaging
quality at subcellular and sub-second resolutions in both 2D or in
3D using TPLSM [9], comparable to the resolutions achieved in
the microvasculature of many tissues [3, 10, 11]. In this chapter, we
describe a method for the stabilization of the mouse carotid artery
which allows the quantification of leukocyte and platelet dynamics
during early atherogenesis, and of subcellular events, such as adhe-
sion molecule reorganization during rolling and arrest phases [9].

2 Materials

1. Athero-susceptible transgenic mice challenged with a high-fat
diet (see Note 1).

2. Intravital fluorescence microscopy platform with perfusion sys-
tem (e.g., water-jacketed heating coil, Radnoti, Monrovia,
CA) (see Note 2).

3. Custom plastic platform for mouse immobilization and tissue
perfusion (see Note 3).

4. Fluorescent probes or fluorescent transgenic mice (sec Note 4).

5. Anesthetics: 50 mg/kg ketamine (e.g., Imalgene 1000,
Merial) + 0.5 mg/kg medetomidine (e.g., Medeson, Urano) in
0.9 M NaCl prepared with distilled water.

6. Phosphate-buffered saline (PBS): 8.0 g/1. NaCl, 0.2 g/L KCl,
and 1.44.g/L Na,HPO, prepared with distilled water.

7. Ethanol 70 % in distilled water.

8. Razor.

9. Stereo microscope (e.g., Olympus SZX10).
10. Fine and dull forceps.
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11. Sharp/blunt serrated-edge scissors.

12. Water-resistant tape.

13. Intraperitoneal injection syringe.

14. Small size /high gauge sutures (e.g., C-7 12 mm 6,/0 USP).

15. Custom tissue spreaders (basically sutures hung with pieces of
tape to separate tissue).

16. Custom mechanical stabilizer: water-resistant modeling clay,
flat metal piece with a beveled edge (e.g., back end of a surgical
blade), plastic stick (e.g., cotton swab cut in half), and glass
cover 12 mm in diameter (Fig. 1).

1 Salivary glands
2 musculus omohyoideus

3 musculus sternocephalicus
pars mastoidea

4 musculus sternohyoideus
5 glass cover

W 6 Bevelled metal piece

7 modelling clay

8 Fixed pole

9 nervus vagus (right)

10 right carotid artery

-
62;( oT 4,5 mm
L

¢ ADOum-_i Glass cover

Bevelled '
edge

/ Flat metal
. Modeling support

Fig. 1 Surgical preparation and stabilization of the mouse carotid artery. Numbers indicate the different ele-
ments and tissues involved in the procedure. (@) Mice are immobilized in decubitus position, the carotid artery
area is exposed, and skin around the surgical wound is fixed with sutures (white arrows). (b) The salivary gland
(7) is fixed above the preparation with sutures (white arrows). (¢) Hyoid muscles surrounding the carotid artery
are separated and fixed with sutures (white arrows). Detail of hyoid muscles: omohyoid muscle (2), mastoid part
of sternocephalic muscle (3), sternothyroid muscle (4). (d) Positioning of the metal support and glass coverslip
for stabilization of the artery. The right vagus nerve (9) is carefully separated from the carotid artery (70). A flat
metal piece with a beveled edge (6) is placed under the vessel, while the other side of the piece is fixed to a
lateral holder (8). An image-grade round coverslip cut in half (5) is then placed above the artery and flexibly fixed
to the bottom support using water-insoluble modeling clay (7). (e) General and detailed views of the stabilizer
and of the platform. (f) Schematic representations of the stabilizer and tissues. (g) Schematic showing the
positioning of the stabilizer. (h and i) General view of the mouse on the platform without (h) and with (i) the
stabilizer positioned on carotid artery. (j) Image of the mouse prepared for observation under the microscope



352 Raphaél Chevre

3 Methods

3.1 Mouse
Preparation

3.2 Surgery
for Carotid Artery
Exposure

3.3 Carotid Artery
Mechanical
Stabilization

for Intravital Imaging

1.

Inject intraperitoneally the anesthetic mixture (ketamine +
medetomidine) and wait approximately 15 min until the mouse
losses reflex response to toe or tail pinching (see Note 5).

. Shave the neck and clean with 70 % ethanol to prevent con-

tamination at the surgical site.

. Immobilize mouse in decubitus position on the custom plastic

platform as shown in Fig. 1 using water-resistant tape.
Immobilize the head of the mouse by attaching its teeth to the
platform using sutures and tape (Fig. 1a and see Note 6).

Apply warm saline to the tissues throughout the procedure.

1.

Using sharp/blunt serrated-edge scissors, make an ~1-cm-
long straight incision on the right part of the neck region, par-
allel to the trachea, from just below the chin to the top of the
sternum just above the rib cage (se¢ Note 7).

. Using dull forceps, separate and blunt-dissect the skin on both

sides of the incision and dissect the underlying tissue away
from the skin circumferentially around the entire incision
wound. Using sutures hung with water-resistant tape, maintain
the skin away from incision wound (Fig. 1a and se¢ Note 8).

. Using the forceps, bluntly dissect the connective tissue away

from the mouse’s right jugular (see Note 9).

. Using the forceps, separate the fascia overlying the glandular

tissue to expose the underlying glands, and gently dissect
glandular tissue apart via blunt dissection to expose the muscu-
lar layer. Using sutures and tape, maintain the salivary gland
away from the wound (Fig. 1b).

. Using sutures and tape, maintain surrounding muscles

(omohyoid muscle, mastoid part of the sternocephalic mus-
cle, and the sternothyroid muscle) away from the carotid
artery (Fig. lc, f).

. Expose the right carotid artery and carefully dissect it from the

surrounding tissues (Fig. 1c, f and see Note 10).

. Carefully separate the right vagus nerve from the carotid

artery and surrounding tissues using dull forceps (Fig. lc, f
and see Note 11).

. Prepare the stabilizer (Fig. 1d—j). Fix the front end of the sur-

gical blade to the plastic stick using water-resistant tape. Cut
the image-grade round coverslip in half, and put it on the top
of the back end of the surgical blade. Fix both elements flexibly
using modeling clay (see Note 12). Using forceps, gently sepa-
rate the coverslip from the surgical blade to obtain a separation
of approximately 0.5-1 mm (Fig. 1f).
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. Place the beveled edge of the flat metal piece under the carotid

artery, with the coverslip on its top (se¢ Note 13).

. Attach flexibly the stabilizer to the platform using modeling

clay, as shown in Fig. 1f.

. Using the back end of forceps, press gently on the coverslip

and on the modeling clay to visually restrain motion in z-plane
without interrupting blood flow (sec Note 14, Fig. 1d—f).

. Place the stabilized region of the artery under the water-

dipping objective of a multichannel epifluorescence micro-
scope or a two-photon microscope (Fig. 1j and see Note 15).

4 Notes

. Athero-susceptible mice should be used (e.g., ApoE”~, or

Ldlr"). For diet-induced atherosclerotic studies, 6- to 8-week-
old male mice can be fed with atherogenic high-fat diet (e.g.,
10.8 % total fat, 0.75 % cholesterol, S8492-E010, Ssniff,
Germany). Primary lesions typically appear after 2 weeks of fat
tfeeding in ApoE~~ mice [9].

. Intravital fluorescence microscopy or TPLSM platforms can be

used. The humidity and temperature of the tissue can be main-
tained through constant dripping of saline at 37 °C delivered
onto the objective through a water-jacketed heating coil.

. A custom plastic support similar to the supports used for cre-

master muscle intravital microscopy is used to maintain the
mouse immobility and to easily transport it to the intravital
microscope stage after surgery. It consists basically of a plastic
support which allows the elimination of perfused liquids.

. As intravital imaging of the carotid artery does not allow

bright-field visualization (contrary to cremasteric arterioles or
venules), structures of interest should be fluorescently labeled.
Luminal cells of the carotid artery can be easily labeled by
injecting intravenously 50 pg of rhodamine 6G (Sigma) in PBS
[9]. Fluorescent mice (e.g., Lysm@ @ ApoE~/~ mice [9, 12] or
Mafia: ApoE~~ mice [9, 13]) can be used to visualize myeloid
cells. Other molecules and cells of interest in atherosclerosis
studies can be visualized using multiple fluorescent probes that
are commercially available (e.g., antibodies or fluorogenic sub-
strates), as well as other reporter murine strains. For example,
it should be possible to examine the specific recruitment and
behavior of regulatory and interleukin 17-producing T cells,
patrolling or inflammatory populations of monocytes, neutro-
phils, or platelets during atherosclerosis using existing reporter
mice [14-17].

. It is recommended to use sterile instruments and solutions and

a sterile surgical field and surgical attire (gloves, face masks, head
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10.

11.

12.

13.

14.

and hair covering, and/or surgical gown). Diligently follow all
waste disposal regulations when disposing waste material.

. Make sure mouse is immobilized from teeth to tail to attenuate

respiratory movements.

. Use scissors only at this step of the procedure. All other sur-

gery steps should be performed by using dull forceps to limit
tissue damage.

. Prepare in advance a set of 0.5—-1-cm pieces of tape. Doing this

now will save you time during the surgery procedure.

. Be extremely careful when working near the jugular vein because

its wall is quite thin and easy to damage. You don’t need to clear
everything off the jugular, just clear away enough to see what’s
going on. Doing this step now will save you time later.

Carotid surgical exposure for imaging [9, 18] is similar to prep-
arations for balloon and wire injury and remodeling studies
after ligation in rat or mice [19]. Nevertheless, preparation for
imaging requires to be particularly careful when working near
the carotid artery. The artery wall is easy to damage and should
not be touched directly to limit surgery-caused inflammation.

If the vagus nerve is too intimately adhered to the carotid
artery, don’t separate it from the vessel wall, just separate it
from the surrounding tissues.

Use the smallest amount of modeling clay you can; otherwise
the resulting stabilizer will be too big and the objectives of the
microscope may not reach the appropriate focal distance. Keep
in mind that you will have to place the coverslip under the
microscope. Therefore, check the shape/size of the objectives
and estimate the focal distance ahead of time.

To stabilize the carotid artery, the flat metal piece of the stabi-
lizer is placed underneath the vessel and the glass cover on top
(~0.5-mm distance between metal piece and glass cover).
Modeling clay should be flexible to allow modulation of the
distance between the metal piece and glass cover but also suf-
ficiently rigid to maintain the artery between both supports to
avoid motion in z-plane.

Gentle pressing on the coverslip should lead to a separation of
approximately 400+50 pm between both supports which
should visually restrain the vertical pulsatile movements without
significantly compressing the artery. This step is critical as you
should attempt to reach the better immobilization without sig-
nificant alterations of blood flow. If you abrogate blood flow and
compress too much the artery, even for a short period of time
(seconds), the carotid artery will not be suitable for imaging.
For example, accumulation of platelets and neutrophils can be
dramatically affected by artery compression.
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15. The humidity and temperature of the tissue should be main-
tained through constant dripping of saline at 37 °C delivered
onto the microscope objective.

I thank R. Villa-Bellosta for photography.
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Chapter 26

Intravital Microscopy in the Cremaster Muscle
Microcirculation for Endothelial Dysfunction Studies

Cristina Rius and Maria J. Sanz

Abstract

The intravital microscopy in the mouse cremaster muscle microcirculation is a method widely used to visualize
in vivo blood cells interacting with the endothelium and within the vessels. Therefore, it is a suitable tech-
nique to study leukocyte-endothelial cell interactions along every stage of the canonical leukocyte recruit-
ment cascade: rolling, adhesion, intravascular crawling, and migration both in postcapillary venules and
arterioles of the mouse cremasteric microcirculation. This technique also enables to assess vessel functionality,
since hemodynamic parameters such as shear stress, flow rate, and vasodilatation /vasoconstriction, among
other vascular events, can be additionally determined. Furthermore, response to multiple drugs and mecha-
nisms underlying blood cells interactions within the vascular system can be studied in a real scenario. This
chapter describes a protocol for intravital microscopy in the mouse cremaster muscle microcirculation.

Key words Atherosclerosis, Endothelial dysfunction, Intravital microscopy, Cremaster muscle,
Murine microcirculation, Leukocyte recruitment, Leukocyte migration, In vivo imaging

1 Introduction

The early atherosclerotic lesion involves an inflammatory response
consisting of intimal accumulation of T lymphocytes and lipid-
laden macrophages, and these events occur continuously through-
out the entire atherogenic process [ 1, 2]. One of the earliest stages
of atherogenesis is endothelial dysfunction. Endothelial function
has been assessed primarily in terms of endothelium-dependent
vasomotion, largely based on the assumption that impaired
endothelium-dependent vasomotion reflects alterations of other
functions of the endothelium as well. Indeed, endothelial dysfunc-
tion leads to a pro-inflammatory and prothrombotic phenotype of
the endothelium [3] and, thus, provokes the attachment and the
subsequent migration of leukocytes.

Intravital microscopy represents one of the best methods to
visualize in real time and in vivo a great deal of biological vascular
processes. Since early indications of the use of intravital microscopy

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
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technique in 1839 [4], the technique has been improved largely
due to the upgrading of the optical systems The incorporation of
high-resolution microscopes such as confocal or multiphoton and
the use of fluorescence-labeled markers, including molecules
(dextran-FITC or albumin-FITC) [5] for vascular permeability
studies, fluorescence-conjugated antibodies to detect different cell
subtypes [6], or even bioluminescent pathogens (usually employed
for analyzing mechanisms of host-pathogen interaction) [7], have
implemented the quality of the studies since they allow to investi-
gate in detail highly complex pathophysiological processes.

Nowadays, the versatility of this technique has gained increased
interest given the development of new fluorescent tools which
allow exploring new tissues and organs. The organs or tissues
which are commonly examined are: the cremaster muscle [8] to
study leukocyte interactions with the venular and arteriolar endo-
thelium; the liver, in order to investigate hepatocellular cancer [9],
microbial infections [7], or sterile injury [1], among others; the
brain, for cerebrovascular events [10]; the lymph nodes, for
immune system trafficking studies [11]; as well as the adipose tis-
sue for chronic metabolic diseases [12].

For cardiovascular pathologies, and specifically in endothelial
dysfunction research, the mouse cremaster microcirculation has
been widely employed [8, 13, 14]. In fact, in addition to provide a
relevant vascular scenario, this technique can be used to study
acute local effects through intrascrotal injection of the inflamma-
tory stimulus, drugs, or pathogens, as well as the impact of sys-
temic effects in this vascular territory through the intravenous or
intraperitoneal administration of the agents under investigation.

Another advantage of this technique relies in the minimal inva-
sive surgery required since the testicles are external non-vital
organs that do not imply a threat for the animal’s life. In general,
the manipulations do not affect the respiratory or the cardiac sys-
tem functions if the anesthetics have been properly selected.
Additionally, the potential bleeding during surgery manipulation is
very low given that the blood vessels that irrigate the testis and
have high blood flow are far away from the area under investiga-
tion. Furthermore, the cremasteric tissue is very accessible, and the
microvascular structures are easily identified; therefore, there is no
need of a long training to learn how to exteriorize the muscle.

In addition, and from an optical point of view, the cremaster
muscle is a thin layer that allows the direct visualization of vessels
and blood flow under a conventional transilluminating microscope,
and it is possible to get excellent resolution with bright field [15].
In fact, correct surgical preparations are very stable over time and
allow visualizing the vessels in only one plane providing high-
quality imaging not affected by striated muscle movements.

Nevertheless, the main obvious limitation of this technique is
its restriction to studies in male mice. The use of the murine
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mesenteric microcirculation is neither common nor ideal due to
the nearly absence of microvessels in this preparation. Therefore,
for female studies, it has very recently established the intravital
microscopy for the mouse carotid artery visualization [6].

2 Materials

1. Heated surgery tray (Fig. 1) (see Note 1).

2. Electrothermometer to monitor mouse rectal temperature
(see Note 2).

3. Intravital microscopy system (see Note 3).

4. Common materials and buffers: all the materials and solutions
are prepared under sterile conditions.

(a) Mouse anesthesia is a mixture of xylazine hydrochloride
at the dose 10 mg/kg and ketamine hydrochloride
200 mg/kg.

(b) Sterile water.

Warmed bicarbonate-buffered salt
solution perfusion inlet

Warmed plate

Warmed bicarbonate-buffered
salt solution perfusion outlet

v

Fig. 1 Mouse board for cremaster muscle intravital microscopy. The board should be maintained in a constant
temperature (36.5-37.5 °C) with a heating system. There are two areas in the tray: the warmed plate and the
cremaster muscle pedestal. Mouse should be placed in the warmed area, while the cremaster should be
externalized and fixed in the cremaster muscle pedestal. The warmed bicarbonate-buffered salt solution
should be perfused directly to the cremaster, keeping the muscle wet during the whole study
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13.

(c) Sterile physiological saline solution: 0.9 % NaCl.

(d) Sterile bicarbonate-buffered salt solution (BBS): 131.9 mM
NaCl, 4.7 mM KCI, 1.2 mM MgSO,, 20 mM NaHCO;,
2.0 mM CaCly, pH 7.4. The buffer is bubbled with a
95 % N,/5 % CO, gas mixture to reduce the oxygen ten-
sion to the physiological level (40-50 mmHg).

. Surgical materials:

(a) A pair of sharp-tip tweezers and a small surgical scissors.

(b) Triangular suture needle.

. Sterile gauze pads.

. 1 ml syringe with 25-gauge needles.
. Thermocautery.

. Water-resistant surgical tape.

10.
. Electric razor.
12.

Male mice.

Optical Doppler velocimeter (Microcirculation Research
Institute, Texas A&M University, College Station, Texas).

Video caliper to measure vessel diameter (e.g., Microcirculation
Research Institute, Texas A&M University, College Station,
Texas).

3 Methods

3.1 Surgical
Procedure to Access
Mouse Cremaster
Muscle (Fig. 2)

. Anesthetize a male mouse by intraperitoneal injection of a

mixture of xylazine hydrochloride (10 mg/kg) and ketamine
hydrochloride (200 mg/kg).

. Shave the testicle area, legs, and lower abdomen, using an

electric razor.

. Remove the cut hairs using wet sterile gauze pads moistened in

water (see Note 4).

. Place the animal in a supine position on the surgery tray taking

into account that surgical tape pad should be located close to
the cremaster muscle pedestal (area of the plate specially
designed for the visualization of the cremaster muscle).

. Extend each leg of the animal, separating them as much as pos-

sible to have enough space to facilitate the manipulation of the
testis and exteriorize the cremaster muscle (see Note 5). Fix
them to the plate using water-resistant surgical tape.

. Press gently the lower abdomen using the fingers to bring

down the testicles (see Note 6).

. Hold with tweezers the skin testicle apex and use small scissors

to make a tangential incision of 1 ¢cm until visualizing the round
white tissue that corresponds to epididymis (se¢ Note 7).
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Fig. 2 Main steps during the cremaster muscle surgery. (a) Externalization of the testicle and fixation of the apex
to the board. (b) Exposure of the cremaster muscle and fixation with five stitches to the board, to create a surface
as flat as possible (suture at least with 3-5 stitches). (¢) The preparation must be kept moistened constantly with
sterile bicarbonate-buffered salt solution. (d) Visualization under the microscope using the 40x objective

10.

11.

12.

13.

14.

15.

. Gently separate the scrotum sac from the surrounding tissue

using sharp-tip tweezers (see Note 8).

. Take the end of the scrotal sac with suture and pull it up to

exteriorize the testicle completely.

Separate tissues surrounding the cremaster muscle using sharp-
tip tweezers (se¢ Note 9).

Recognize the prolongation of the femoral artery and iliac vein
in the cremaster muscle (see Note 10).

Pin the apex of the cremaster muscle using a suture.

Tension the suture that has been inserted in the apex until the
testicle is externalized and longitudinally extended onto an
optical clear viewing pedestal.

Make a small incision with a thermocautery without touching
the main vessels.

Extend the initial incision using the thermocautery longitudi-
nally along the line drawn by the prolongation of the femoral
artery and the iliac vein, until reaching the base of the testicle.
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3.2 Cremaster
Muscle
Microcirculation
Visualization and Data
Analysis

16.

17.

18.

19.

20.

21.

Open the cremaster sac carefully with tweezers until the testi-
cle and epididymis are visualized.

Keep wet the exposed tissue with a few drops of warm BBS
(see Note 11).

Tear testicular ligament with sharp-tip tweezers at the same
time that epididymis and testis are separated from the cremas-
ter muscle (see Note 12).

Move the testicle and the epididymis to the pedestal side
(see Note 13).

Hold flat the cremaster muscle against the pedestal by attach-
ing silk sutures to the corners of the tissue (see Note 14).

Immediately, perfuse the muscle continuously at a rate of
1 ml/min with warmed BBS (temperature 37 °C).

. Let stabilize the cremaster preparation with continuous perfu-

sion of warmed BSS (temperature 37 °C) at a rate of 1 ml/min
for at least 30 min (se¢ Note 15).

. Select the 40x objective to visualize the microcirculation and

identify venules, arterioles, and capillaries (see Note 16). Avoid
for the study the branched cremasteric venules thinner than
20 pm in diameter (see Note 17). Once you find an appropri-
ate vessel for the study, begin to record a video.

. Use an optical Doppler velocimeter to measure the centerline

red blood cell velocity ( V).

. Calculate the venular blood flow from the product of mean red

blood cell velocity (Viean= Ve 1.671) and cross-sectional area,
assuming cylindrical geometry.

. Calculate the venular wall shear rate (y) based on the

Newtonian definition: y =8 x ( Ve D71) 871, in which D, is the
vessel diameter [16].

. Determine the number of rolling, adherent, and emigrated

leukocytes off-line during playback of videotaped images
(see Note 18).

. Sacrifice the animal once you have completed the study.

4 Notes

. The mouse board for cremaster muscle intravital microscopy

studies is a specific device composed of a surgery tray in a
warmed plate connected to a heating system to maintain mouse
temperature between 36.5 and 37.5 °C along the whole pro-
cedure (Fig. 1).
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2. Rectal temperature is monitored using an electrothermometer.
A dispenser system is required for a continuous perfusion of
the cremaster muscle. Ideally, it should be coupled to the
pedestal.

3. Different intravital microscopy systems can be employed
depending on the researcher needs. Leukocyte trafficking
within the cremasteric microcirculation can be visualized using
just transillumination of the exposed tissue. Nevertheless,
other microscopes with either spinning-disk multichannel-
fluorescence confocal or multiphoton microscopes can be also
used to image this preparation using fluorescent-labeled anti-
bodies and /or molecules.

The intravital microscopy system recommended is built by
3i (Intelligent Imaging Innovations, Denver, CO). The system
is composed of an AXIO Examiner Z.1 work station (Zeiss,
Oberkochen, Germany) mounted on a 3-dimensional motor-
ized stage (Sutter Instrument, Novato, CA) for fast control of
the focal plane and precise computer-controlled lateral move-
ment between XY positions. The microscope is equipped with
a CoolLED pE widefield fluorescence LED light source system
(CoolLED Ltd. UK), and a quad pass filter cube used with a
Semrock Di01-R405,/488,/561 /635 dichroic and FFOI-
446/523/600/677 emitter. The objectives used are Plan-
Apochromat 40x NAl.0 and N-Achroplan 10x NAO0.3
water-immersion objectives (Zeiss). The images are recorded
with CoolSnap HQ2 camera (Photometrics, Tucson, AZ).

For video and images visualization and analysis, some dif-
ferent softwares can be used, but we recommend the SlideBook
software 5.0 (Intelligent Imaging Innovations).

4. Take special care when shaving the testicular area. The animal’s
penis is very close to the cremaster and can be damaged during
shaving. If this happens, stop the bleeding using a sterile gauze
pad and press the wound. The manipulator must assess the
severity of the injury caused to continue or stop the surgery.

5. If the animal has not been properly placed on the board from
the beginning, it can be repositioned removing the
water-resistant adhesive plaster and placing the mouse in the
correct position.

6. If the bladder is full when the researcher presses the lower
abdomen, urine can come out leaving the testicular area wet.
In this case, wash properly the area with a sterile gauze moist-
ened in water.

7. Both testes can be used for surgery preparation, because it
does not affect the results. Be aware of not touching, damag-
ing, or piercing the internal tissue during the skin incision.
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8.

10.

11.

12.

13.

14.

15.

16.

17.
18.

Connective and fatty tissues are surrounding and protecting
the scrotum sac. They must be removed carefully without
damaging the internal tissue.

. It is very important to remove the connective and fatty tissues

surrounding the cremaster muscle as they can interfere with
the correct visualization of the blood vessels. Transgenic, old,
or fat mice are usually examined by this technique, and fat
deposits surrounding the vessels can affect leukocyte visualiza-
tion. Old or obese mice have fat surrounding the cremaster
muscle; therefore, once the testicle is externalized and before
starting the cremaster muscle incision, the fat must be carefully
removed using the tweezers, to obtain an adequate transillumi-
nation of the tissue for microscope examination.

The prolongation of the femoral artery and iliac vein in the
cremaster muscle can be easily identified since they stand above
the rest of the vessels. In addition, they have a bright red color
and larger size than the rest of the vessels.

Do not ever let the tissue dry. It should be preserved at physi-
ological temperature (37 °C) and humidity conditions (Fig. 2¢).

The testicular ligament is a thin and transparent tissue which is
located below the epididymis and testis.

There are two methods for removing the testicle and the epi-
didymis from the cremaster muscle: either they can be internal-
ized back into the abdominal cavity or left on one side of the
cremaster muscle.

It is recommended to suture at least with 3-5 stitches to extend
and properly fix the muscle without damaging the blood vessels.

It is important to wait the adequate time to allow stabilization
of the microvasculature after the surgical manipulation.

Venules can be easily identified since white blood cells can be
visualized flowing or interacting within the vessel under basal
conditions. In contrast, the high shear rate of the arterioles
does not permit leukocyte visualization under the same con-
ditions. Only in a pathological scenario leukocytes can be
shown adhered to these vessels. Leukocyte-endothelial cell
interactions in the arterioles should be determined at the cur-
vatures where rheological changes occur. Those are the easi-
est ways to distinguish between arterioles and postcapillary
venules (Fig. 3).

The vessel diameter is measured using a video caliper.

Rolling leukocytes are defined as those white blood cells mov-
ing at a velocity less than that of erythrocytes in the same
vessel. The white blood cells that are rolling along the endo-
thelial cells differ on their velocity depending on several fac-
tors but mostly on the inflammatory state of the blood vessel.
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Venule

—> Adhered leukocyte —> Rolling leukocyte —> Migrated leukocyte

Fig. 3 Visualization of the cremasteric microcirculation. Examples of an arteriole and venule of cremasteric
microcirculation. Arrows point to adhered leukocytes (red), rolling leukocytes (green), and migrated leukocytes

(blue)

The leukocyte rolling velocity ( Vi) is determined from the
time required for a leukocyte to move along 100 pm length
of the microvessel and is expressed as pm per second. The flux
of rolling leukocytes is measured as those cells that could be
seen moving past a defined reference point in the vessel. The
same reference point is used throughout the experiment
because leukocytes may roll for only a section of the vessel
before rejoining the blood flow or becoming firmly adhered.
A leukocyte is defined as adherent to arteriolar or venular
endothelium, if it is stationary for at least 30 s. 20 % of leuko-
cytes that remain halted start to emigrate across the vessel to
the extravascular (postcapillary venule) or to the subendothe-
lial (arteriole) space. Leukocyte adhesion is expressed as the
number per 100 pm length of vessel during 5 min. Leukocyte
emigration is expressed as the number of white blood cells per
microscopic field surrounding the vessel. In each animal, leu-
kocyte responses are measured in three to five randomly
selected arterioles or postcapillary venules.
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Chapter 27

Fluorescent Molecular Tomography for In Vivo Imaging
of Mouse Atherosclerosis

Alicia Arranz, Markus Rudin, Carlos Zaragoza, and Jorge Ripoll

Abstract

Optical imaging technologies such as fluorescence molecular tomography (FMT) are gaining great
relevance in cardiovascular research. The main reason is the increased number of available fluorescent
agents, especially those termed “activatable probes,” which remain quenched under baseline conditions
and are fluorescent when a specific enzymatic activity is present. A major characteristic of FMT is the pos-
sibility of obtaining quantitative data of fluorescence signal distribution in a noninvasive fashion and using
nonionizing radiation, making FMT an invaluable tool for longitudinal studies with biomedical applica-
tions. Here, we describe a standard procedure to perform FMT experiments in atherosclerosis mouse
models, from the handling of the animals to the reconstruction of the 3D images.

Key words Fluorescent agents, Activatable probes, Optical systems, Optical tomography, Whole-
body optical imaging, In vivo models, Scattering, Diffusion, Near-infrared probes, 3D imaging

1 Introduction

Microscopic fluorescence techniques are routinely and widely used
in biomedical research laboratories. When dealing with in vivo
models, however, whole-body imaging technologies are desirable
in order to allow longitudinal studies and to reduce the number of
animals required for experimentation. From these whole-body
imaging approaches, optical imaging systems display a number of
advantages such as their high sensitivity, their high throughput,
their cost-effectiveness (e.g., when compared with other technolo-
gies such as magnetic resonance imaging, MRI, or positron emis-
sion tomography, PET), and their safety (due to the nonionizing
nature of the wavelengths employed).

Whole-body optical imaging approaches, on the other hand,
have to deal with two main characteristics of living tissue which
affect light propagation: high scattering and high absorption. When
traveling in non-scattering media, as it happens in traditional micro-
scopic techniques, light keeps its directionality and its original

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
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intensity decays exponentially with the amount of tissue traversed.
When considering whole-body optical imaging, however, light loses
its directionality due to the high scattering nature of tissue, and its
original intensity is absorbed selectively by different tissue constitu-
ents, the most important being melanin and blood. Scattering and
absorption affect the light source energy differently: scattering sim-
ply redistributes light spatially and does not remove any of the
energy, even though the energy density diminishes with increasing
distance from the light source; absorption, on the other hand,
sequesters the energy we need for imaging fluorescence [1, 2].

In order to predict the effect of scattering in propagation, light
transport in highly scattering tissue is typically modeled using the
diffusion approximation, accounting for the wavelength-dependent
absorption of the tissues present. This effectively means that if one
needs to recover the spatial distribution of fluorescence in 3D, we
need to solve what is termed an “inverse problem,” which in the
case of diffusion is highly nonlinear as opposed to imaging in
microscopy, where there is a direct relationship between the data
and the object that one intends to image [1, 3, 4].

On the other hand, the only way to effectively overcome the
loss of signal intensity due to absorption is to operate in wave-
lengths where the main tissue constituents (oxy- and deoxy-
hemoglobin, water, and lipids mainly) absorb the least. To that
end, near-infrared fluorescent (NIRF) agents and proteins have
been developed with excitation maximums above 650 nm, allow-
ing the use of excitation sources and emission spectra in a region of
the optical spectrum termed the “optical window” where blood
absorption is reduced to a minimum. This region spans from 700
to 900 nm, approximately, increasing exponentially in the Infra-
Red due to water absorption [5, 6].

Recently developed NIRF agents are usually classified accord-
ing to the mechanism involved in the production of the fluorescent
signal. Thus, within this framework, we can distinguish the nontar-
geted, the targeted, and the activatable fluorescent probes.
Nontargeted fluorescent imaging agents are nonspecific and are
generally used for imaging of perfusion or vascular leakage of the
tissue. They typically suffer from severe background signal and
require a careful study of the imaging times in order to optimize
the signal-to-background ratio. Targeted probes, such as
fluorescent-conjugated antibodies, recognize and bind specific
ligands and are thus specific, but need some clearing time in order
to reduce the signal originating from the unbound portion of the
probes. Finally, activatable probes are those fluorescent imaging
agents which are designed in such a way that the fluorescent signal
is quenched unless a specific enzymatic activity cleaves the probe
(e.g., two fluorophores in close proximity would quench each
other—if they are joined by a cleavable linker, this system would
fluoresce in the presence of the specific enzymatic activity that
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cleaves the linker). In cardiovascular studies, nontargeted fluores-
cent agents are generally used for imaging of vascularization and
angiogenesis, whereas targeted fluorescent agents have been used
to detect, for example, fibrin deposition in deep vein thrombosis
[7] or apoptotic cells after myocardial infarction in a mouse model
[8]. In recent years, however, the use of activatable fluorescent
agents has witnessed a significant increase in studies of different
cardiovascular pathologies [9, 10], including atherosclerosis. More
specifically, activatable fluorescent agents have allowed the quanti-
fication of protease activity from matrix-metalloproteases (MMPs)
[11-13] and different cathepsins [14, 15] in atherosclerosis
models.

This chapter describes a method for 3D optical imaging of
mouse atherosclerosis using fluorescence molecular tomography
(FMT). Variations from this protocol, though, will depend on the
specific experimental model and the fluorescent agent used and on
the FMT system employed.

2 Materials

2.1 Mice and Diet

2.2 Anesthesia

2.3 Hair Removal

2.4 Fluorescent
Agents

1. Atherosclerosis-prone mice. Mouse models for atherosclerosis
are based on genetic modifications of lipoprotein metabolism
in combination with high-fat dietary changes (see Note 1). All
procedures involving animals should have received the corre-
sponding ethic committee approval.

2. High-cholesterol and high-fat diet (see Note 2).
3. Chlorophyll-free chow is highly recommended (se¢ Note 3).

1. Inhaled anesthesia: 2 % isoflurane is recommended due to
reduced toxicity and reduced recovery time.

2. Equipment for inhalatory anesthesia: a system including an
isoflurane vaporizer, a supply of oxygen with a regulator, and a
flowmeter will be the minimum equipment required, as well as
a filtration system to avoid the exposure of the operator to
isoflurane (see Note 4).

3. Ocular lubricant cream (see Note 5).

1. Hair removal cream for shaving the mice (se¢ Notes 6 and 7).

2. Cotton swabs.

1. NIRF agents: several are available in the market which are suit-
able for cardiovascular research. Selection depends on the spe-
cific objectives of the experimental procedures (se¢ Note 8).

2. Phosphate-buffered saline (PBS): this is the most common
diluent of the fluorescent imaging agents.
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2.5 Fluorescence
Molecular Tomography

. Tools for mouse tail vein injection of fluorescent agents: mouse

restraining device or equipment for anesthetizing the animal,
sterile 27-30 G needles, sterile 0.5-1 ml syringe, cannulation
tubing, and heating pad (se¢ Note 9).

. EMT system: The commercial systems officially performing

FMT are the FMT series offered by PerkinElmer, FMT1000,
FEMT2000, and FMT4000. Another system capable of per-
torming tomography is the IVIS Spectrum (PerkinElmer).

2. Mouse holder (see Note 10).
3. Excitation source and emission filters (se¢ Note 11).
4. Imaging camera (sec Note 12).
5. 3D reconstruction software (se¢ Note 13).
6. Spectral unmixing software (see Note 14).
2.6 Validation 1. Surgical instruments.
by Histology 2. Tissue-Tek optimal cutting temperature (OCT) compound.
3. Cryotome.
4. Microscope glass slides and coverslips.
5. Mounting medium.
6. Epifluorescence microscope coupled to a digital camera.
3 Methods
3.1 Administration of 1. Reconstitute (when required) and /or prepare a dilution of the
Fluorescent Agents specific fluorescent imaging agent in PBS (generally, commer-
cial fluorescent agents are administered at a concentration of
2—4 nmol/25 g body weight).
2. Inject the probe intravenously 24—48 h prior imaging
(see Notes 15-17).
3.2 Mouse 1. Anesthetize mice with isoflurane.
Pr eparat{on 2. Keep anesthetized mice in a heating pad.
Z’;gggg;gg 3. Gently cover the area of interest with hair removal cream

(see Notes 6 and 7) and remove it using cotton swabs damped
with lukewarm water.

4. Repeat shaving procedure, if needed.

. Place the mouse in the animal holder of the FMT system

(see Note 6). Make sure that the anesthesia and temperature
control systems are correctly located.

. Add a drop of ocular lubricant cream to both eyes of the animal

to prevent corneal desiccation during anesthesia (see Note 5).



3.3 Image
Acquisition

3.4 Image Analysis
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. Make sure that the system is properly calibrated (see Note 18).
2. Make sure that the CCD camera is cooled down (se¢ Note 12).
. Select the region of interest (ROI). This will be the area

scanned by the laser (see Note 19).

. If allowed by the FMT system used (se¢ Note 20), select the

number of “sources” (spots where the laser will be focused)
that would be registered during the imaging procedure
(see Note 21).

. Select the excitation laser and the emission filter according to

the fluorescent agent used.

. Acquire the excitation and emission pair which is best suited to

the fluorophore or fluorescent protein used. In some commer-
cial systems, this is done sequentially and automatically, ensur-
ing the best signal-to-noise ratio is obtained for each case by
varying the excitation power and/or the exposure time of the
camera. Whenever possible, acquisition of extra emission wave-
lengths improves sensitivity (see Note 11) and simplifies spec-
tral unmixing whenever needed (se¢ Note 14).

. When using more than one fluorescent agent, repeat steps 5

and 6 for each of them.

. Once the image acquisition is finished, keep the animal warm

in a recovery chamber until full recovery.

. Return the animal to the cage.

. Visualize 2D data. Before analyzing the reconstructed data,

there is very valuable information that can be obtained using
directly the raw data. Since FMT data consists of a collection of
source positions for each excitation/emission pair, by adding
these measurements and normalizing by the sum of all excita-
tion measurements, one obtains a semiquantitative image
which is independent of the reconstruction algorithm

( Tmage :Z[Fluo]i/[Z[Exc]i + sj , where [Fluo]; and [Exc];

represent the fluorescence and excitation image for source
position 7, respectively, and s is a smoothing factor that pre-
vents division by very small excitation values). This resulting
image does not provide true quantitative 2D but should cor-
relate spatially with the depth projection of the results obtained
in the reconstruction.

. Quantify 3D fluorophore concentration. If the system has

been properly calibrated for imaging the fluorescent probe
used, the 3D images should be quantitative (see Note 22).
This is done by using mathematical algorithms to solve the
“inverse problem.” Some of them are described in [1, 3, 4].
Commercial systems include their own proprietary software
for 3D reconstruction of the data (see Note 13).
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3.5 Validation
by Histology

3.

Unmix spectra. As mentioned previously (see Notes 11 and
14), whenever the system allows the acquisition of data from
several excitation/emission pairs, spectral unmixing helps in
reducing the contribution of autofluorescence (see Note 23)
and allows imaging of more than one fluorophore simultane-
ously, even if there is overlap between the emission curves. It is
important to understand that spectral unmixing will not help
in elucidating which is the probe that has been activated or
bound specifically to the unspecific activation or unbound
probe, since both present the same emission spectrum.

It is recommended to validate the results of FMT by performing
postmortem histological analysis.

1.

2.

Euthanize the animal following the procedures accepted by
the ethics committee.

Surgically remove the area of interest (i.e., the aortas), embed
it in Tissue-Tek (OCT compound), and freeze it at -80 °C.

. Cut cryo-sections using a cryotome and mount them in glass

slides, covered by a small drop of mounting medium and a
coverslip.

. Acquire fluorescent images of the frozen sections with an epi-

fluorescence microscope connected to a digital camera.

4 Notes

. Among the existent mouse models for atherosclerosis, low-

density lipoprotein receptor-deficient mice (LDLR~ mice)
and apolipoprotein E-deficient mice (apoE~~ mice) are the
most widely used. LDLR~~ mice show delayed clearance of
VLDL and LDL from plasma, developing atherosclerosis on
high-fat diet. On the other hand, homozygous deficiency in
apoE contains the entire spectrum of lesions observed during
atherogenesis and was the first mouse model described to
develop lesions similar to those of human. Under normal
dietary conditions, apoE~~ mice develop extensive atheroscle-
rotic lesions, and the process can be accelerated on a high-fat
diet (see Note 2). A chronological analysis of atherosclerotic
lesions in apoE~~ mice revealed that the sequential events
involved in lesion formation in this model are strikingly similar
to those in larger animal models and in humans [16].

. High-cholesterol and high-fat diets are used to accelerate the

formation of atherosclerotic plaques in mouse models of ath-
erosclerosis. The atherosclerosis-promoting diet most fre-
quently used in mice contains 0.15 % cholesterol and 21 % fat
derived from milk fat. After 10-14 weeks under this diet,
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10.

11.

apoE-deficient mice develop complex fibrous plaques in the
aortic sinus [16, 19].

. Providing chlorophyll-free chow to the animals is recom-

mended at least 10 days prior imaging, in order to reduce
autofluorescence [20].

. Human exposure to anesthetic gases has been associated with

health risks. Therefore, safety considerations have to be taken
into account when using inhaled anesthesia.

. Applying an ocular lubricant cream in the eyes of the animals

during anesthesia is recommended in order to prevent corneal
desiccation. Avoid touching the eye with the tip of the oint-
ment dispenser as it may scratch the cornea. Using a small
piece of tissue paper to apply the cream is recommended.

. Hair strongly interferes with light, and therefore hair removal

from the skin is highly recommended for FMT experiments
when using haired animals. In black haired mice, such as the
C57BL/6 strain, the first steps of hair growth are accompanied
by strongly dark pigmentation of the skin [21]. This pigmenta-
tion will completely ruin the FMT experiment due to light
absorption. Therefore, whenever performing a longitudinal
study with black haired mice, the time between hair removal
and the initiation of skin pigmentation should be considered as
the optimal imaging period. Whenever possible, it is recom-
mended to use albino mice (such as albino C57BL/6 mice,
which carry a mutation in the tyrosinase gene).

. Hair removal creams are very irritant for the skin of the mice.

They should not be applied for longer than 1 min. We recom-
mend diluting it in lukewarm water (1:2) prior to using it and
wash it away right after shaving, keeping always the animal
warmed on a heating pad.

. Apart from the mentioned fluorescent imaging agents, recently

developed NIRF proteins [22, 23] are also optimal for FMT
imaging.

. Fluorescent imaging agents are usually administered intrave-

nously. Exceptional cases may require administration via
intraperitoneal.

Placing the animal in an adequate holder during the imaging
procedure is the key to obtaining good quality images. The
animal holder of each imaging system might be slightly difter-
ent; ensure that good coupling between the light source and
the exposed tissue takes place in order to avoid the contribu-
tion of stray light (i.e., light that has not traveled through the
animal) to the detected signal.

Depending on the FMT system employed, several laser lines
will be available. Choose the laser line and emission filter most
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12.

13.

14.

15.

16.

17.

appropriate for the probe under study. Whenever imaging
more than one probe, if the setup allows it, take as many
combinations of excitation/emission pairs as possible, always
making sure that the emission filter used covers a range of
wavelengths longer (i.e., lower energies) than the excitation
source, always bearing in mind the total duration of the experi-
mental session. Before ordering a fluorescent probe, make sure
the FMT setup you have access to has the optimum excitation/
emission pair for this particular probe: not all FMT systems
have the same laser lines and filters, and most commercially
available ones do not provide imaging below 600 nm.

Each FMT system might have a different camera attached. The
sensitivity of the camera is important, especially when imaging
deep signals. Signal-to-noise is increased by cooling the cam-
era; therefore, make sure you always cool the camera to the
lowest temperature possible (typically from -80 °C to -100 °C
when CCD cameras are used, from -30 °C to -40 °C when
sCMOS are employed).

Each imaging system will have its own reconstruction software
for solving the “inverse problem.” If not all, practically all of
them will rely on solving the diffusion equation through differ-
ent approaches, mainly through numerical solvers such as the
finite elements method (FEM), see, for example, ref. 17, or
analytical expressions [1]. Additionally, there are two popular
open-source alternatives which require some basic skills in pro-
gramming but provide the necessary tools to reconstruct in 3D
fluorophore distribution given a set of data as long as the
geometry is provided. The most popular are TOAST (now
TOAST++), developed by S. Arridge and M. Schweiger at
UCL (http://web4.cs.ucl.ac.uk /research /vis/toast/) and
NIRFAST, developed by H. Dehghani and B. Pogue at
Dartmouth (http://www.dartmouth.edu/~nir/nirfast/).

In those imaging systems which allow the collection of several
excitation/emission pairs (see Note 11), it is possible to
perform spectral unmixing in the data. Note that for this to be
effective, one should spectrally unmix the FMT reconstruction
and not the raw data [18]. In case your FMT system does not
provide spectral unmixing software, open-source alternatives
such as Image]J can be used as long as unmixing is performed
on the 3D FMT reconstruction and not on the raw data.

Typical timing for commercial fluorescent imaging agents is
2448 h. The optimal time point should be determined for
each imaging agent and the specific application.

Total volume administered per injection should not exceed 1 %
of the body weight of the animal.

When using more than one fluorescent agent, different aspects
should be taken into consideration: (1) their emission spectra
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18.

19.

20.

21.

22.

23.

should be well separated with the FMT system used—in case of
overlap, spectral unmixing will be required, and (2) the timing
of injection/imaging procedure of each agent should be well
coordinated.

Most commercial systems will provide a calibration phantom
to ensure the system is working properly. This will automati-
cally provide quantitative data for those probes provided by
the same vendor. Whenever using fluorescent proteins or
probes from several vendors or research groups, a linear rela-
tionship between probe concentration and 3D concentration
must be obtained prior to imaging if quantitative results are
pursued.

Mathematical models of light propagation in high scattering
media make use of detected diffused light. Therefore, the ROI
should be big enough to cover the expected emitting area and
adjacent areas (i.e., allow an extra ~5 mm around the expected
area). If the system allows it, there is a possibility of selecting
the size of the voxel to be reconstructed. Bear in mind that due
to the diffusive nature of light in tissue, voxels smaller than
1 mm cannot be resolved [1] and thus would increase the
computational time unnecessarily.

Some commercially available systems will automatically select
the number of sources present within the ROI.

The number of sources directly correlates with the final resolu-
tion and inversely with the computing time during the 3D
imaging reconstruction.

Note that typical artifacts in 3D FMT reconstructions might
include signal close to the location of the sources and that spu-
rious artifacts might arise from light reaching the detector
through reflections (due, e.g., to bad coupling of the exposed
surface to the sources when placing the animal in the FMT

holder).

Multispectral measurements also serve as a correction for the
autofluorescence generated endogenously [1, 24].
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In Vivo '8F-FDG-PET Imaging in Mouse Atherosclerosis

Jesus Mateo, Izaskun Bilbao, Juan José Vaquero,
Jesus Ruiz-Cabello, and Samuel Espaia

Abstract

Positron emission tomography (PET) is an important technique in cardiovascular research. Vascular
inflammation detected by fluorodeoxyglucose (FDG)-PET has been shown to predict cardiovascular (CV)
events independent of traditional risk factors and is also highly associated with overall burden of atheroscle-
rosis. The use of PET imaging in mouse models of atherosclerosis is challenged by the reduced size of the
scanned organs. However, the last generation of dedicated PET scanners has an improved spatial resolution
(<1 mm) and increased sensitivity allowing those studies to be performed. Here, we describe a procedure
to perform FDG-PET experiments in atherosclerosis mouse models, the required equipment for animal
handling and imaging, and the tools and procedures for image analysis and validation of the results.

Key words DPositron emission tomography (PET), Fluorodeoxyglucose (FDG), Computed
tomography (CT), Vascular imaging, Atherosclerosis, Small animal imaging

1 Introduction

Increased FDG-PET uptake has been demonstrated in a variety of
inflammatory processes, which has been typically attributed to
FDG uptake by macrophages [1]. FDG-PET enables highly pre-
cise measurements of inflammatory activity of atherosclerotic
plaques in large- and medium-sized arteries [2]. Vascular inflam-
mation detected by FDG-PET has been shown to predict CV
events independently of traditional risk factors and is also highly
associated with overall burden of atherosclerosis [ 3]. Plaque activ-
ity by FDG-PET is modulated by known beneficial CV interven-
tions such as statin therapy [4] as well as by long-term therapeutic
lifestyle changes [5].

Cardiac preclinical in vivo research using FDG-PET has mainly
been done on rabbits [6-8]. As transgenic mouse models have
shown their value in atherosclerosis, FDG-PET for in vivo imaging
of atherosclerosis [9-12] has been used for in vivo imaging of mice
suggesting that this method can be used to follow the development
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of atherosclerosis in murine models. The aorta is typically used as
the human coronary artery analog in rodents since the diameter of
mouse aorta is ~1 mm, comparable to the size of small arteries in
humans [13].

This chapter describes the methodology to obtain reliable val-

ues of FDG uptake in mouse atherosclerosis using PET imaging.
However, the methodology can vary depending on the specific
focus under study and the employed equipment.

2 Materials

. Atherosclerosis-prone mouse models and wild-type controls

(see Notes 1 and 2).

. A small animal PET/CT scanner (a combined PET and CT

system (Fig. 1) is required in order to fuse functional and ana-
tomical images for the analysis on the PET image of the desired
anatomical region).

(a) CT subsystem (see Note 3).
(b) PET subsystem (see Note 4).

. Animal bed (the bed support should integrate a mask for the

anesthesia and a heating system to keep a constant temperature
of the animal during the study, ~38 °C).

4. Anesthetic delivery system (see Notes 5 and 6).

. Reconstruction software. The system should include recon-

struction software to recover the CT image from the projec-
tions and the PET tracer distribution from the measured data.

PET/CT scanner
Bed

Injector

Induction chamber
Heating pad
Anesthesia system
Charcoal filter

D e Do R

Fig. 1 PET/CT scanner and different equipment needed for anesthesia, injection of CT contrast agent, and

temperature control
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For PET, different reconstruction methods can be typically
chosen: 2D, 3D, analytical (FBP), and iterative (MLEM,
OSEM).

. Contrast agent (se¢ Note 7).

. PET tracer (see Note 8).

. Activimeter for PET tracer dose calibration.
. Blood glucose meter.

10.

. Materials for radiotracer uptake validation (se¢ Note 10):

Imaging analysis software (se¢ Note 9).

(a) Surgical instruments to extract the anatomical organ or
structure of interest.

(b) Material for autoradiography: phosphor imaging system
equipped with software for data acquisition and image
analysis and a phosphor imaging screen or autoradiogra-
phy films and tools for developing and analysis.

(c) Automatic gamma counter for tissue gamma counting.

Materials for histology /immunohistology validation: phosphate-
buftered saline (PBS, pH 7.4), 10 % buffered formalin, dissection
tools, Tissue-Tek O.C.T. compound (Sakura), paraffin, hema-
toxylin, eosin, antibodies (e.g., F4,/80 for mouse macrophages),
reagents for developing and visualization of immunostaining,
microtome (to section tissue specimens embedded in paraffin),
cryostat (to section tissue specimens embedded in O.C.T.), and
microscope equipped with camera and imaging dedicated
software.

3 Methods

3.1 Animal
Preparation

1.
2.

A schematic of the animal preparation, imaging procedure, and
validation protocol is summarized in Fig. 2.

Have mice fasting overnight prior to the FDG-PET/CT scan.

Keep the mice warm from 30 min before the injection until the
end of the uptake period in order to reduce uptake by fat.
Difterent strategies such as heating pads, IR lamps, or hot air
are available.

. Weigh the animal.

. Check the fasting serum glucose levels prior to FDG adminis-

tration using a blood glucose meter to ensure that glucose
within the body does not compete with FDG. Values between
80 and 120 mg/dlI are typically obtained.
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‘ overnight fasting
heating pad ~38°C
anesthesia anesthesia
‘ validation
c z
) s c > oo
2 A S |lsE¢
8 oo s 5] = E c
= o 0 o X @ 3
£ & 5 = vo 8
2 & = o CF g
m L™
= G £ LS E
o a 3 m
© [
-0.5 0 0.5 3 time (h)

Fig. 2 Protocol for FDG-PET/CT imaging in atherosclerotic mice

3.2 PET/CT
Acquisition

5. Anesthetize the animal prior to injection and keep the anesthe-

10.

sia for at least 30 min after injection to reduce the muscular
uptake (e.g., isoflurane, sevoflurane).

. Prepare the FDG dose in an insulin syringe and measure the

activity in the activimeter. Subtract the background activity
from the obtained value. Write down the background-corrected
activity in the syringe and the time at which the measurement
is done (see Note 11).

. Inject the FDG dose (10-20 MBq) in the tail vein (se¢ Notes

8 and 12) and allow for an uptake time of 3 h (see Note 13).
Measure in the activimeter the activity left in the syringe and
subtract it from the previous obtained values after correcting
this last measurement by decay.

. Put the animal back in the cage in a shielded area to protect the

personnel from radiation.

. Anesthetize the animal again for 20 min before the end of the

uptake time and place it in the scanning bed enabling the anes-
thesia and heating mechanism.

Place a drop of ocular lubricant (e.g., Puralube or Lacryvisc
gel) on each eye of the mouse during the anesthesia to prevent
corneal ulceration.

. Use the CT detector to obtain a localizer, which consists in a
projection image of the entire animal that is used to delimit the
region to be scanned with both CT and PET scans.

. Perform a CT scan using contrast agent before the PET scan in
order to avoid any further movement of the animal once the
contrast agent is administered. The field of view of the CT scan
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should at least cover the one that is imaged with the PET scan
to allow for scatter and attenuation correction and to use as an
anatomical reference. The CT scan configuration parameters
will depend on vendor to vendor, but some reference could be
55 kVp, exposure time 500 ms, projections 180, and isotropic
voxel size 0.1 mm. Try to keep a low level of dose (<100 mGy
CTDI) by using a larger voxel size instead of an increased dose
to avoid producing side effect on the animal.

(a) In case of using continuous infusion of CT contrast agent,
place a catheter in the tail vein and administer the contrast
using an injector (see Fig. 1). In case of using long-circulat-
ing contrast, this is directly administered through the tail
vein (see Note 14).

. Perform the PET scan. The axial extend of the field of view for

the PET scan should at least cover from the iliac bifurcation to
the neck of the mouse to cover the entire aorta. This requires
one or two bed positions depending on the axial extent of the
PET scanner. An acquisition time of 10-30 min can be used
depending on the scanner sensitivity and the injected dose.

. Once finished with the image acquisition, return the animal to

the cage, resume the food supply, and leave it in a shielded area
until most of the activity has decayed (typically 10 half-lives,
~18 h after injection).

. Open PET and CT images on the analysis software.
2. Adjust the contrast level on both images.

. Make sure that the units in which the PET image is shown are

standardized uptake values (SUV), which is the ratio of tissue
radioactivity concentration at time point and the injected activ-
ity extrapolated to the same time divided by the body weight
(see Note 15).

. Check the registration between PET and CT images and adjust

it in case it is needed using fiducial markers (se¢ Note 16), in
case they were added, or by anatomical references.

. Localize the aorta or artery of interest navigating through the

axial, coronal, and sagittal views.

. Draw the regions of interest (ROIs) preferably using the axial

views of fused PET/CT images (see Fig. 3). In that way, the
CT provides the anatomical information to localize the artery,
and the PET is used to avoid possible influence of neighbor
region into the aorta due to partial volume effect (spill-in and
spillover), which should be removed from the analysis. A good
approach for the aorta is to analyze it from the heart to the
kidneys. The aorta in the CT can be identified as it has higher
HU values (more white) due to the contrast agent. The ROIs
around the vessel should be drawn slightly bigger than is shown
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CcT
(a.u.)

axial coronal sagittal

Fig. 3 Axial, coronal, and sagittal views of fused FDG-PET and CT images of an atherosclerotic mouse. Aorta is
delineated in red

on the CT to account for the spillover of activity due to partial
volume effect.

7. Obtain several reporting values for each of the segmented
artery or regions. From each slice, the SUV,,.,, (mean uptake
in the ROI) and SUV,,,, (maximum uptake in the ROI) values
can be obtained. Later, the mean of both parameters for all the
slices (meanSUV,,c.n, meanSUV, ) can be computed as a sin-
gle parameter to characterize the FDG uptake in the artery
(see Note 17).

3.4 Validation 1. Euthanize the animal following the procedures accepted by
the ethics committee (se¢ Note 18).

2. Surgically remove the area of interest (i.e., the aorta)
(see Note 19).

3. Ex vivo PET /CT: place the extracted tissue in the animal bed
of the PET/CT scanner and perform a localizer followed by a
PET/CT scan. Acquire the PET scan for a longer time than
previously for the in vivo study in order to compensate for the
extra activity decay during the surgery.
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. Autoradiography: use an exposure time of 1-10 h depending

on the employed methodology. Ex vivo PET/CT is not
required if autoradiography is performed.

. Gamma counting: introduce the tissue sample in the gamma

counter for 1-5 min.

. Histological (e.g., hematoxylin and eosin) and /or immunohis-

tological (e.g., anti-F4 /80, anti-Mac-3, etc.) validation of the
results obtained with noninvasive PET /CT imaging is strongly
recommended. Standard and routine histological techniques
can be found elsewhere [8, 9, 11].

4 Notes

. Mouse models for atherosclerosis are based on genetic modifi-

cations of lipoprotein metabolism in combination with the use
of high-fat diets. The most widely used atherosclerosis models
are low-density lipoprotein receptor-deficient mice (LDLR")
and apolipoprotein E-deficient mice (apoE~").

. High-cholesterol and high-fat diet is required to accelerate the

formation of atherosclerotic plaques in apoE~~ mice. We use
0.75 % cholesterol and 11 % fat diet (§9167-E010, “Ssnift,”
Germany), but other compositions with varying percentage of
cholesterol /fat are commonly employed.

. The CT consists of a microfocus x-ray tube source and a

semiconductor-based flat panel detector that rotate around the
animal in order to record different angular projections of how
much the x-ray beam is attenuated through each particular
angle position. Different configuration parameters can be
adapted to the requirements of each specific acquisition, e.g.,
the energy and intensity of the x-ray beam, the exposure time,
or the number of projections.

. The most common PET scanners are based on a ring of detec-

tors surrounding the animal, each one based on scintillation
crystals coupled to a position-sensitive photosensor. The acqui-
sition time should be adjusted according to the injected dose
and PET system sensitivity.

. Animal anesthesia: inhalant anesthetics (e.g., isoflurane, sevo-

flurane) using a precision vaporizer, supply of 100 % oxygen
with a regulator and a flowmeter (1 1/min), and a filtration
system to avoid the exposure of the operator to isoflurane.
Expired carbon dioxide can be collected using a charcoal filter

(Fig. 1).

. Animal monitoring is reccommended during the scanning time,

including temperature, ECG, and respiratory sensors.

. Blood vessels provide very little inherent contrast for micro-CT

imaging, and therefore their localization requires the use of
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10.

11.

12.

13.

14.

vascular contrast agents [14]. In vivo CT studies take long scan
times (5—40 min) and require either a long-circulating contrast
agent or continuous infusion of contrast agent. However, long-
circulating agents ease the animal handling and improve the
success rate of the study. Some of these long-circulating agents
used for preclinical vasculature imaging are Fenestra (Fenestra
VCH, ART Advanced Research Technologies Inc., Canada)
and ExiTron (Viscover™ ExiTron™ nano; Miltenyi Biotec,
Bergisch-Gladbach, Germany). An example of clinical contrast
agent for continuous infusion is Ultravist 300® contrast agent
(Bayer Schering Pharma, Germany).

. Fluorodeoxyglucose (¥F-FDGQG) is by far the most commonly

employed tracer on PET imaging and also in atherosclerosis.
The relatively long half-life of '*F (109.8 min) allows deliver-
ing it to sites that are far from the cyclotron where it is pro-
duced (<100 km). A dose of 10-20 MBq of FDG is typically
administered to the mouse in a volume of 100-150 pl. A cali-
brated activimeter and a reproducible protocol should be used
to prepare the individual doses.

. The imaging systems usually provide software for image analy-

sis. However, other public domain software can be used as
Amide (http://amide.sourceforge.net/) or OsiriX (http://
www.osirix-viewer.com/). The software should be able to load
and fuse the PET and CT images obtained from the scanner,
show them in the proper units, draw ROIs, and provide the
quantitative values of the selected ROIs (typically maximum
and mean values).

Ex vivo counting can be considered devoid of any partial vol-
ume and spillover effects, and it is considered as a reference for
tracer uptake quantification. Ditferent validation techniques
can be used to compare between the measurements done
in vivo and ex vivo: Ex vivo PET /CT scan, autoradiography, or
gamma counting.

Make sure that the time in the clock that you use during the
measurement of the activity in the syringe is the same than in
the acquisition console.

To facilitate i.v. injection into the mouse tail vein, an infrared
lamp can be used to allow vasodilatation.

To perform vascular PET studies, a longer FDG circulation
time than that for oncology PET imaging is advised. This is to
allow sufficient FDG accumulation in the arterial wall and to
permit blood levels of FDG to become reduced. Early dynamic
PET studies determined that the optimum time from FDG
injection to imaging was approximately 3 h [15, 16].

The circulation time of the contrast agent allowed before the
CT scan can be optimized depending on the employed
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contrast. In some cases can be administered at the time of the
FDG injection [12] or right before the CT scan.

SUV units will be only available and valid if the weight of the
animal and the activity and time of measurement of the FDG
dose have been introduced correctly in the acquisition console
during the acquisition procedure. Make sure that you used the
proper units (typically grams for weight and MBq for activity)
as required by the acquisition console. In addition, the system
should have followed all the quality control procedures in
order to obtain reliable values.

One or two round glass capillaries filled with FDG can be used
as fiducial markers. Prepare a diluted amount of FDG and
introduce the capillary tube in the dilution from one of'its ends
and the fluid will get inside the tube by capillarity. Tilt the tube
to control the length of the tube that is filled. Seal the tube on
the same side that was used to fill it. To have a similar activity
concentration than in the animal, divide the amount of injected
dose by the weight of the animal and prepare a dilution with a
similar concentration assuming a density of 1 g/cm?. Place the
capillary tubes in the scanner bed at the same position where
the animal is placed. Make sure that the entire source is scanned
with both PET and CT images.

In some studies, the FDG uptake is reported as the ratio
between the arterial uptake and the uptake in some reference
tissue (blood pool, muscle). For example, a small ROI can be
drawn in the inner part of the cava vein in order to compute
the SUV in the blood pool, and the target-to-background ratio
(TBR) can be obtained as the ratio between the arterial SUV
and the venous blood pool SUV.

A CO, chamber and an overdose of anesthetics are common
methods for euthanizing mice. CO,-induced euthanasia is pre-
ferred over other mechanical methods (decapitation, cervical
dislocation) to avoid displacement of the heart, aorta, etc.

It is recommended to leave some reference organs as the heart
and/or the kidneys when the aorta is removed for anatomical
guidance once the aorta is removed from the animal.
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Abstract

Plaque development has been extensively studied using magnetic resonance imaging (MRI) in animal
models of rapidly progressing atherosclerosis, such as apolipoprotein E-knockout (apoE-KO) mice.
Preclinical MRI plays a significant role in the study of experimental atherosclerosis. Currently, MRI is
capable of detecting luminal narrowing, plaque size, and morphology with high accuracy and reproduc-
ibility, providing reliable measurements of plaque burden. Therefore, MRI offers a noninvasive approach
to serially monitor the progression of the disecase. Compared with other imaging modalities, MRI appears
to have the greatest potential for plaque characterization, through the use of multiple contrast weightings
(e.g., T1, T2, and proton density). Here, we illustrate a standard procedure to image the aorta of athero-
sclerotic mice using noninvasive MRI.

Key words Magnetic resonance imaging (MRI), Atherosclerosis, Plaque, Aorta, apoE-KO mice

1 Introduction

Atherosclerosis is a chronic inflammatory disease characterized by
the progressive accumulation of lipid deposits and different cell
types (mainly vascular smooth muscle cells that migrate from the
tunica media and immune cells recruited from the blood stream)
in the subendothelial space to form the so-called plaques.
Atherosclerosis is the primary cause of cardiovascular disease, lead-
ing to myocardial infarction and stroke [1]. The early detection
and characterization of atherosclerotic lesions in humans is critical
and is currently under investigation to try to identify potential
markers associated with the progression of atherosclerosis [2] as
well as the occurrence of clinical cardiovascular events [3].
Conventional X-ray and computed tomographic angiography are
well-established techniques in clinical practice for detection of

Vicente Andrés and Beatriz Dorado (eds.), Methods in Mouse Atherosclerosis, Methods in Molecular Biology,
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stenotic lesions. However, even though the degree of coronary
artery stenosis may correlate with ischemic symptoms such as
angina, it does not necessarily predict sudden plaque rupture or
acute myocardial infarction [4, 5].

High-resolution magnetic resonance imaging (MRI) has
emerged as the leading noninvasive in vivo imaging modality for
atherosclerotic plaque characterization. The MRI is based on the
detection of a signal, typically emitted from water protons, follow-
ing administration of a radio-frequency (RF) pulse, while the sub-
ject is placed in a strong magnetic field. The emitted signal mainly
varies according to the water concentration and the relaxation
times (71 and 72). Using combined analysis of different tissue
signal intensities generated by the application of T1-weighted
(TIW), T2-weighted (12W), and proton density-weighted (PDW)
sequences, it has been possible to determine both plaque anatomy
and composition [6]. Thus, MRI differentiates plaque components
on the basis of biophysical and biochemical properties such as
chemical composition, water content, physical state, molecular
motion, or diffusion. MRI does not involve ionizing radiation and
can be repeated sequentially over time. Currently, MRI is being
used to study atherosclerotic lesions in vivo in humans [7, 8] and
in large animal models (e.g., rabbits) [9, 10] by use of conven-
tional MR scanners (1.5-3 T) with a spatial resolution ranging
from 300 to 500 pm. To study small structures, such as the abdom-
inal aorta of mice (<1 mm in luminal diameter), it is necessary to
increase the signal-to-noise ratio by use of high-magnetic-field
scanners equipped with small RF coils and strong magnetic field
gradients [11-15]. Yet, the small size of mouse arteries and the
presence of cardiac, respiratory, and blood flow induced artifacts
make in vivo vascular imaging challenging. In this chapter, we
describe a method for noninvasive imaging of mouse atheroscle-
rotic aorta using MRI.

2 Materials

1. Atherosclerosis-prone mouse models and wild-type controls
(see Notes 1-3).

2. MRI equipment:

(a) Horizontal bore experimental MR scanner (e.g., 7 T
300 MHz Agilent/Varian, Santa Clara, CA) (see Note 4)
equipped with a DD2 (DirectDrive 2) NMR/MRI con-
sole, an active shielded 205,120 gradient insert coil with
130 mT/m maximum gradient strength, and a four-
channel receiver.

(b) Transmit/receive RF coils to improve data quality
(see Note 5).
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. Animal holder (se¢ Note 6).

4. System for monitoring respiration, electrocardiogram (ECG)/

heart rate, and body temperature equipped with an MRI-
compatible thermocouple (e.g., Model 1025 Monitoring and
Gating System for MRI, SA Instruments Inc., New York, NY)
(see Note 7).

. Anesthetic delivery system (e.g., isoflurane vaporizer with

oxygen line).

. DICOM viewer software (see Subheading 3.3).
. Material for histological validation: phosphate-buffered saline

(PBS, pH 7.4), 10 % buffered formalin, dissection tools,
Tissue-Tek O.C.T. compound (Sakura), paraffin, hematoxylin,
eosin, microtome (for tissue embedded in paraffin), cryostat
(for tissue embedded in O.C.T.), and microscope equipped
with camera and imaging dedicated software.

3 Methods
3.1 Animal

Preparation
and Handling

3.2 MRI Acquisition

. Anesthetize mice initially with 2 % isoflurane in oxygen

(2-3 min) and maintain anesthesia with 1-1.5 % isoflurane
during the MRI experiments (se¢ Note 8).

. Place the mouse in the animal holder in prone position using a

dental bar to fix the teeth inside the mask (sec Note 9).

. Enable the warming system.

4. Connect a pair of ECG leads to subdermal needle electrodes

positioned in the forepaws.

. Lubricate the temperature probe and insert it into the rectum

of the animal.

. Place the respiration sensor under the body of the animal near

the lungs.

. Apply a drop of ophthalmic gel in the eyes to prevent corneal

drying during scanning time.

. Make sure that the region-of-interest (ROI) to be scanned is in

the center of the coil of the MR scanner.

. Check that the monitoring system is recording all the signals

(ECG/heart rate, respiration, and temperature).

. Tune and match the transmit RF coil according to the manu-

facturer’s instructions.

. Position the scan on x, y, and z to confirm that the region to

be scanned is in the center of the coil (see Note 10).
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3. Perform a localizer scan (scout). The default scout protocol in the

7 T Agilent/Varian MR scanner is based on a gradient-echo
sequence with a field of view (FOV)=50 mm, slice thick-
ness=1 mm, matrix size =128 x 128, echo time (TE)=2.6 ms,
repetition time (TR) =32 ms, and number of averages=2. The
scout protocol acquires three slices in each of the three cardinal
planes in order: axial, coronal, and sagittal. The scan takes less
than 40 s. This acquisition is useful for slice planning of subse-
quent scans and for serial studies to identity relevant anatomi-
cal markers.

4. Calibrate the RF pulses for given pulse shapes and durations.

. Perform shimming: run auto shim or manual shim to compen-

sate field inhomogeneities.

. Depending on the scope of the study, perform 71- and/or 12-

and/or proton density (PD)-weighted imaging. MRI param-
eters should be selected to optimize visualization and
characterization of the arterial wall.

. Typically, a high-resolution T1-weighted imaging in coronal

and axial orientations can be acquired using a 71 fast spin-echo
sequence with the following parameters: two-dimensional
(2D) acquisition mode (see Note 11), FOV=60 mmx 30 mm
(for coronal) and 30 mmx30 mm (for axial), slice thick-
ness=0.8 mm, TR=400 ms, TE=8 ms, acquisition matrix
size =256 x 256, reconstruction matrix size=256x256, 10-20
slices (interleave mode), with 6 signal averages, and ~5 min
average acquisition time (see Fig. 1). The resulting spatial reso-
lution is 117 x 117 pm? for axial and 234 x 117 pm? for coronal
imaging (see Note 12).

8. A saturation pulse can be planned to eliminate signals from fat

tissue to better delineate the outer boundary of the aortic wall
and minimize chemical shift artifacts [11].

3.3 Image Analysis We recommend to convert images to a standard format such as
DICOM. Open source DICOM viewer software packages are
available for Apple Macintosh computers (e.g., OsiriX, http://
www.osirix-viewer.com), for Windows-based computers (e.g.,
Sante DICOM viewer, http: //www.santesoft.com/dicom_viewer.
html; Onis Free Edition, http://www.onis-viewer.com), as well as
multiplatform software (e.g., 3D Slicer, http://www.slicer.org;
Mango viewers, http://ric.uthscsa.edu/mango). Some of these
software packages also provide initial and advanced imaging analy-
sis. Some of the following measurements are commonly obtained
after image magnification during the off-line analysis: vessel area,
wall thickness, lumen area, and area of the plaque.
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Fig. 1 Representative T1-weighted MR serial images showing the abdominal aorta (white arrow) above the
right renal artery of an apoE-KO mouse demonstrating large atherosclerotic lesions protruding the arterial
lumen. Magnification of the aorta outlining the plaque area is displayed at the bottom right of each image

3.4 Validation Postmortem histological validation of the results obtained with
of Results noninvasive MRI is strongly recommended.
with Histology

1. After the last imaging session, euthanize the animal following
the procedures approved by the ethics committee (see Note 13).

2. Open the chest and cannulate the aorta via the left ventricle.

3. Perfuse the aorta with PBS through an incision in the iliac
arteries until complete exsanguination. Continue the perfusion
with 5-10 ml of 10 % buffered formalin.

4. Surgically remove the aorta and fix it in 10 % buffered formalin
for 24 h. Aortic tissue segments can be embedded in paraffin
or frozen using O.C.T. compound.
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Fig. 2 Representative histological image (200x) of an aortic section from an apoE-KO mouse stained with
hematoxylin and eosin (H&E). A adventitia, M media, P plaque

. Cut 5-10-pm-thick sections using a microtome (paraffin-

embedded tissue) or a cryostat (O.C.T.-embedded tissue), and
place them onto histology glass slides.

. Stain the sections with hematoxylin and eosin (H&E) for his-

topathological examination (see Note 14). Figure 2 shows an
example of an abdominal aortic section stained with H&E
demonstrating plaque formation.

. Acquire photomicrographs with a camera attached to the

microscope and perform morphometric measurements using
dedicated software.

4 Notes

. Care of animals should be in accordance with institutional

guidelines and regulations, and animal procedures must obtain
approval from the Ethics Committee.

. Mouse models of atherosclerosis are based on genetic modifi-

cations of lipoprotein metabolism in combination with high-
fat dietary changes [16]. Apolipoprotein E-deficient mice
(apoE-KO) and low-density lipoprotein receptor-deficient
mice (LDLR-KO) are the most commonly used models. We
typically use apoE-KO mice and wild-type controls (both
C57BL /6], Charles River, Lyon, France).
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. High-cholesterol and high-fat diet is required to accelerate the

formation of atherosclerotic plaque. We use 0.75 % cholesterol
and 11 % fat diet (§9167-E010, “Ssnift,” Germany), but other
compositions with varying percentage of cholesterol/fat can
be employed similarly.

. In order to provide sufficient signal-to-noise ratio, MRI

systems for rodents consist of magnets that generate strong
static magnetic fields (7 T, 9.4 T, or even higher).

. We use a combination of a volume coil operating in transmit-

only and a two-channel phased-array coil (RAPID Biomedical
GmbH, Rimpar, Germany) operating in receive-only. Different
magnet, gradient, and RF coil configurations should also work.

. The animal holder restrings the animal motion. It should inte-

grate a mask for the anesthesia, a dental bar to fix the teeth,
and an MRI-compatible system for thermoregulation (e.g.,
circulating warm water system, electric warming pad, or forced
warm air).

. Respiration can be monitored using the pressure signal of a

respiration balloon sensor (e.g., Graseby Medical Ltd.,
Hertfordshire, UK). The ECG signal is used to synchronize
cardiac movement and MR data acquisition.

. Reducing fast breathing movements helps to improve image

acquisition of the aorta. We recommend adjusting the percent-
age of'isoflurane in order to maintain no more than 60 breaths
per minute.

. The optimal position of the animal (prone or supine) in the

animal holder may depend on the specific application and ana-
tomical region to be scanned and should be optimized by the
investigator. The best position in our most favorable coil com-
bination (volume coil for TX /two-channel array coil for RX) is
when the array coils are proximate to the region to be scanned
for better B1-field homogeneity.

Make sure the correct RF coil is selected and well positioned.

3D acquisition is also possible. Although it is more demanding
technically, it can provide better signal-to-noise ratio and near
isotropic resolution [15].

Similarly as described for the T1W sequence, 72W and PDW
sequences can be used with good results to image and monitor
mouse atherosclerotic lesions [11, 14].

A CO, chamber and an overdose of anesthetics are two
common methods for euthanizing mice.

Additional staining protocols might be of interest: oil red O
(for plaque lipids), Masson’s trichrome (for elastic fibers), von
Kossa (for calcifications), etc.
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