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ABSTRACT

ABSTRACT

Atherosclerosis is a chronic multi-factorial vascular disease. It
generally requires large clinical settings and over many years to
study the disease progression in man. Genetically modified mouse
models of atherosclerosis have dramatically increased research
feasibility within this area. However, for optimal translational
studies, it is increasingly important to explore how human-like
these atherosclerotic mouse models demonstrate their disease
phenotype and respond to established cardiovascular interventions.

The aims of this thesis were to develop and apply iz wvive
translational techniques to study living atherosclerotic mice, with
human-relevant disease phenotype.

Color Doppler guided echocardiography and a high-frequency
ultrasound biomicroscope were used for imaging of peripheral and
coronary artery function and morphology. The potential role of
IL-18 in mice was explored in relationship to mouse coronary
artery disease. Finally temporal effects of rosuvastatin on
cardiovascular phenotype were studied in an ApoE knockout
mouse model of atherosclerosis.

This thesis illustrates that it is possible to investigate both central
and peripheral atherosclerosis in living mice using ultrasound-
based techniques. Our findings may also suggest an important role
of IL-18 in late stage atherosclerosis in an advanced model of
atherosclerosis. Finally, this particular ApoE knockout mouse
model showed time-dependent beneficial cardiovascular effects
following rosuvastatin treatment.

The established translational functional and morphological
imaging platform in combination with our human-like statin-
responding mouse model, provide us with powerful tools for
future atherosclerosis research.
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INTRODUCTION

INTRODUCTION

Cardiovascular disease

Cardiovascular disease is the comprehensive name for disorders in
the circulatory system. This includes high blood pressure, coronary
heart disease, heart failure, stroke and congenital cardiovascular
defects. In Sweden approximately 60 men and 25 women die every
day from cardiovascular disorders'. Coronary artery atherosclerosis
is the main cause of cardiovascular mortality and morbidity.
Atherosclerosis is a complex, multifactorial disease, where a
dysfunctional endothelium, lumen-narrowing plaque formation,
plaque inflammation and plaque rupture, are recognized as major
features associated with cardiovascular events. Without doubt,
however, hypercholesterolemia and inflammation are major
components that trigger atherosclerosis’.

Atherosclerosis — an inflammatory process

During the past decade, the theory of atherosclerosis as a low-
grade inflammatory disease of the larger arteries has become more
and more accepted. Hypercholesterolemia, smoking, high blood
pressure and diabetes are believed to be risk factors for the disease.
An early step in the atherosclerotic process is believed to involve
the endothelium, the layer closest to the circulation in the artery,
which becomes permeable to circulating lipoproteins that
subsequently accumulate in the intima. Once the endothelium is
activated, the expression of adhesion molecules is up-regulated on
the endothelial surface’. Circulating platelets and leukocytes (for
example monocytes and T lymphocytes) may bind to adhesion
receptors and infiltrate from the circulation into the intima as a
response to injury. The critical step for the atherosclerotic
development is when the infiltrated monocytes are exposed to
macrophage colony-stimulating factor (MCS-factor), produced by
the inflamed endothelium. This can stimulate monocytes
differentiation into macrophages that start to engulf the already
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present oxidized low-density lipoproteins (LDL) under the intima
and transform themselves into foam cells. Macrophages in turn
present T lymphocyte-activating antigens on their surface that
activate the T cells. T cells are one of the cell types always present
in all kinds of tissue, prepared for an immune response. Together,
the macrophages and T lymphocytes give rise to the initial fatty
streak formation that precedes more advanced atherosclerotic
plaques. The activation of T cells induces a cascade of cytokines.
As fatty streaks progress, ligand-receptor processes on T cells may
promote cytokine expression of interferon-gamma (IFN-y) and
tumour necrosis factor-alpha (TNF-o). IFN-y is a macrophage
stimulating cytokine, which activates macrophages to express
TNF-,o0 and interleukin-1 (IL-1), which can boost the
inflammation. Smooth muscle cells are recruited from the media
and produce collagen that build up the fibrous cap, which
separates the lesion from the lumen. As the plaque grows it will
intrude into the artery lumen and may eventually prevent blood
flow. As the plaque gets more advanced, metalloproteinases
released by macrophages may degrade the fibrous cap and reduce
the stability of the atherosclerotic lesion, thus making it more
rupture prone. If a plaque ruptures, thrombotic agents are exposed
to the circulation and form a thrombus. This thrombus can
occlude the vessel and prevent downstream blood flow or follow
the blood stream to a narrower vessel site. Both the lumen-
narrowing plaque growth and the thrombus-formation following
plaque rupture, have a strong relation to myocardial infarction and
stroke®™°,

Interleukin-18 and inflammation

Macrophages and T cells, prominent in the intima, express a large
number of proinflammatory cytokines™. A cytokine functionally
related to the IL-1 family®, interleukin-18 (IL-18), is a pro-
inflammatory cytokine that acts to induce interferon-y’. Recent
findings suggest that IL-18 is expressed by vascular endothelial
cells, smooth muscle cells and by macrophages of human plaques'.

High levels of IL-18 in the blood are suggested to play a role at a
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late stage in the progression of atherosclerosis'. In mice,
exogenously administered IL.-18 has been shown to accelerate the
progression of atherosclerosis in ApoE KO mice'”. In addition,
atherosclerosis was reduced in the aortic root in an ApoE KO
mice model that was simultaneously deficient for the 11.-18 gene".

Lipoproteins

Nearly all dietary fat required for energy production, both
vegetable fats stored in seeds and animal fats stored in adipocytes,
consists of triglycerides. Cholesterol, one of the crucial
components of cell membranes and the precursor of some
hormones is primarily produced by the liver (and intestines), but
can also originate from dietary intake. Both triglycerides and
cholesterol are insoluble in water and therefore also in the blood.
Consequently they are transported in the circulation by
lipoproteins. The main groups of lipoproteins are chylomicrons,
very-low-density lipoproteins, intermediate-density lipoproteins,
low-density lipoproteins and high-density lipoproteins. The
lipoproteins differ in terms of size, density, lipid composition and
apolipoprotein content. They consist of a core with TG and CE
surrounded by a water-soluble layer of the specific apolipoprotein
(Apo Al, A2, A4, Apo B48, B100, Apo C1, C2, C3 or Apo E),
cholesterol and phospholipids'* . The content of the core differs
depending on the lipoproteins nature. LDL and HDL are the main
carriers of cholesterol whilst chylomicron and VLDL carry mainly
triglycerides.

The lipoproteins are also distinguished by their main pathways:

Chylomicrons (CM) transport dietary triglycerides from the
intestines to peripheral tissue such as muscles, heart and adipose
tissue where they are used as energy in the form of free fatty acids
or re-estrified for storage. The chylomicron remnants are
transported to the liver for clearance from the circulation or to
become surface material for the HDL particles. On the surface of
the liver cells LDL receptors binds to apolipoprotein E on the
surface of chylomicron remnants. Very-low-density-lipoproteins
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(VLDL) rich in triglycerides are secreted from the liver to the
circulation and like the chylomicrons incorporated in peripheral
tissue as energy source. The remnant particles called intermediate-
density-lipoproteins (IDL) are transported either back to the liver
or transformed into low-density-lipoproteins (LDL) particles in the
plasma. The main purpose for the LDL particles is to transport
cholesterol to peripheral tissue. High-density-lipoproteins (HDL)
on the other hand transport cholesterol from the peripheral tissue
to the liver for excretion in the form of bile in a process called
reverse cholesterol transport. This is the reason for naming the
LDL the “bad cholesterol” since it transports cholesterol to
peripheral tissue, including the arteries, which is pro-atherogenic.
HDL is named the “good cholesterol” since it transports
cholesterol from the peripheral tissue such as the arteries and thus

- 16,17
may reduce atherosclerosis ™ .

Statins

The development of pharmaceutical treatment that modifies
circulating lipoprotein levels and protects against atherosclerosis is
of major interest for atherosclerotic prevention. One type of
treatment already available is statins. The main effect of statins is
the inhibition of hydroxymethylglutaryl-Coenzyme A (HMG-CoA)
reductase, the enzyme controlling the rate-limiting step of the liver
cholesterol biosynthesis. As the endogenous biosynthesis of
cholesterol is inhibited in the liver expression of LDL receptors is
up-regulated on the hepatic cell surface. This leads to increased
uptake of cholesterol-containing LDL particles from the
circulation, which lowers the LLDL. cholesterol levels. Statins have
also shown a beneficial effect by increasing HDL levels. There
might also be pleiotropic effects from statins in terms of
improving endothelial function, lowering systemic and local
inflammation, and decreasing atherosclerotic plaque growthl& v,
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Mouse models of atherosclerosis

The normal wild-type mouse does not develop atherosclerosis,
mainly because of their high levels of the circulating protective
HDL. Since the mouse genome became completely mapped a few
years ago (Collins and Lander 2002) the possibilities have increased
for knocking out or inserting new genes. This effort became
important in the development of mouse models resembling human
diseases. When creating a knockout mouse model, cultured
embryonic mouse stem cells with a specific gene in the genome
disrupted, are used. These stem cells are placed in a fertilized egg
and implanted into the uterus of the host mother mouse.
Genetically modified mice with disturbances in the lipid profile or
inability of lipid clearance from the circulation, for example the
ApoE KO and LDLr KO mouse are important in the preclinical
field of atherosclerosis research. These mice spontaneously
develop hypercholesterolemia and atherosclerosis in several
vascular beds, accelerated when they are fed a high-fat and/or
high-cholesterol diet™ .

Coronary arteries

From the aortic sinus, two major branches of descending coronary
arteries arise; the left coronary artery (LCA) supplying the left
ventricle and septum with blood and the right coronary artery
supplying the right ventricle with blood™ . Filling of the coronary
arteries is affected by two major factors; the contraction of the
ventricles and the aortic pressure. During the diastolic phase of the
cardiac cycle when the ventricles are relaxed and the aortic
pressure is high is when the main flow can rise in the coronary
arteries. Regulation of the coronary blood flow is dependent on
the cardiac metabolic demand. Under resting conditions the
coronary arteries are autoregulated. With autoregulation changes in
blood pressure or flow cause the arteries to either constrict or
dilate to compensate. Thus, myocardial cells have extremely high
oxygen consumption. 65% of the oxygen carried out at rest is
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extracted and used compared to 25% in other tissue cells.
Consequently, the only way to increase the oxygen supply at
emerging need is through an increase in the blood flow™. At
increased oxygen demand, for example during exercise or in a
clinical stress test using vasodilators such as adenosine, local
carbon dioxide accumulation stimulates the release of nitric oxide
from the endothelial layer. This metabolic mechanism relaxes the
smooth muscle cells of the arteries and thereby increase blood
flow”. The proximal parts (in humans a diameter between 120-150
um) of the coronary arteries are sensitive to flow-mediated
vasodilatation whilst the smaller arterioles (diameter 30-60 pm) are
under myogenic control and the smallest (diameter <30 um) under
metabolic control™ .

Coronary artery atherosclerosis

As mentioned above, coronary artery atherosclerosis is the major
cause of death in the Western world' and has been shown to be
the strongest predictor of cardiovascular events®. The
development of coronary artery atherosclerosis is dependent on
several factors. In addition to the regular risk factors such as
hypercholesterolemia and inflammation the coronary arteries are
also under constant movement of the myocardium. In general,
atherosclerotic lesions tend to appear where the blood flow is
oscillatory or turbulent™ .

There is an emerging need for methods to investigate both
morphology and function of the coronary arteries. Two different
approaches to accomplish this are;

- The velocity ratio approach

- The concept of coronary flow velocity reserve

Velocity ratio

The flow velocity of a fluid over a narrow site in a pipe or hose
causes the velocity to rise, notable by the increase in sound. In an
artery affected by atherosclerosis the lumen diameter might be
narrowed, referred to as a stenosis. This leads to an increase in
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velocity over that specific site. A stenosis can lead to decreased
blood flow and oxygen supply to the more distal arteries™. This
event can be applied clinically when investigating coronary artery
atherosclerosis. Using color Doppler guided echocardiography it is
possible to measure flow velocity “in stenosis” and after the
vascular narrowing, “post stenosis”. The ratio between these two
sites indicates if there is a narrowing of the lumen at one of the
sites.

Coronary flow velocity reserve, CFVR

Coronary flow velocity reserve (CEFVR) and the volumetric
counterpart coronary flow reserve (CFR) are both measurements
of the heart’s capacity to respond to increased oxygen demand,
needed for example during exercise’” . Both CFVR and CFR can
be tested clinically in a stress test using vasodilatating substances.
The coronary flow reserve is calculated as the hyperemic value
divided by the basal value. The normal ranges for CFR in humans
are between 3.5 and 5 while a CFR ratio below 2 is considered as
pathologic. Both the CFVR and the CFR can be used in man to
investigate coronary artery stenosis and minimal lumen diameter”
. There are several parameters that could affect CFR. Vassalli et
al. summarizes several parameters to take into consideration, such
as diffuse coronary artery disease, small-vessel disease, regional
variations of myocardial flow, endothelial dysfunction and left
ventricle hypertrophy”. Heart rate, blood pressure, myocardial
resistance and blood viscosity may also have an affect on the
coronary flow and thereby the CFR™”® . Statins have been shown
to improve CFR both after long term administration but also in
acute phase, only one hour after administration™*'.

Adenosine is an endogenous substance found in mammals and
plays an important role in modulating vascular resistance. There
are four G-protein coupled receptors for adenosine: Al, A2A,
A2B, and A3. Receptor type A2A and A2B are coupled to a
specific subunit of the G-protein which activates Ca®" channels
whilst A1 and A3 inhibit Ca** conductance. In mouse, A2A
receptors are responsible for vasodilatation of coronary arteries
and A2B in the aorta. There is a higher density of receptors in the
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heart than in peripheral vasculature'” *. The mechanism for the
adenosine-mediated vasodilatation is not entirely understood, but
is most probably mediated through both nitric oxide-independent
and nitric oxide-dependent pathways*.

Ultrasound imaging

Ultrasound is emitted sound that is inaudible for humans. The
theory behind ultrasound based imaging is; emitted sound hits a
surface and the sound is emitted back to the transducer as an echo
and is projected as an image45 . The ultrasound transducer, or probe,
normally consists of piezoelectric crystals that vibrate when an
electric current is applied. This creates sound waves that penetrate
matter with different depth. The higher the frequency of the probe,
the shorter the wave length and consequently a shorter penetration
depth in the tissue. The frequency (in Hz) of the transducer is
determined from the thickness of the element of the piezoelectric
crystal layer. A high-resolution ultrasound thus generates images at
a greater resolution but only in tissue closer to the surface from
the probe. Frame rate (Hz/s) is also dependent on the probe
frequency. Frame rate is the time it takes for the ultrasound to be
emitted, reflected and projected as an image. The deeper into the
tissue the ultrasound goes the longer time it takes for the echo to
be reflected, which means that frame rate is decreased with
increased depth. So, what is won in resolution is lost in depth.
Another factor affecting the ultrasound images is angle. The
ultrasound wave is most accurately reflected when the tissue is at a
90 degree angle to the beam. Otherwise the reflected signal could
be underestimated.

The Doppler technique

A variant of the ultrasound technique is a low frequency color
Doppler application. The color-guided technique allows detection
of movement of objects exposed the ultrasound beam®. This can
be applied to measure blood flow velocity since the red blood cells
are reflecting echo. Blood cells moving toward the transducer will
reflect a higher frequency than the emitted, whilst blood cells

10
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moving away from the transducer will send back a lower signal
than the emitted. Using Color Doppler echocardiography this
technique is applied for measurements of both velocity and
direction of the blood flow.

Imaging in atherosclerosis research

The high-frequency ultrasound biomicroscope (UBM) with both a
high temporal and spatial resolution, was first developed by Foster
et al*. The UBM has then been applied in mice both for
embryonic and cardiovascular imaging of central and peripheral
artery morphology'™. Recently, a paper was published in carotid
plaque imaging in atherosclerotic mice using UBM™. Other high-
resolution imaging techniques include magnetic resonance imaging
(MRI) which has been used for investigation of size and
composition of atherosclerotic plaques in mice’ ™. For
investigation of coronary artery function together with
morphological measurements of the LCA, Color Doppler
echocardiography and UBM was first applied in mice by our
group™”’. The CDE has also been used for aortic flow velocity
measurements in detection of atherosclerosis™. For morphological
studies of coronary artery atherosclerosis and imaging of
myocardial infarction in mice, an invasive micro-angiography
technique have previously been applied, both 7 vive™ and ex vive™.

11
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AIMS OF THE THESIS

The overall aim of this thesis was to develop and apply ultrasound-
based imaging techniques in morphological and functional studies
of atherosclerotic mice.

The specific aims of this thesis were:

- To develop an 2 vive protocol for investigation of both coronary
artery atherosclerosis and function in mice using Color Doppler
guided echocardiography

- To develop high-resolution 7z vivo methods to investigate aortic
and brachiocephalic atherosclerotic plaques in mice

- To investigate how a known risk factor (interleukin-18) correlates
with the development of coronary artery atherosclerosis in mice

- To apply the developed ultrasound techniques in an
interventional study wusing atherosclerotic mice treated with
rosuvastatin

12
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Animals and diets

The apolipoprotein E knock-out (ApoE KO) mouse on a mixed
background of 129Sv] and C57BL/6 (Taconic, Denmark) used in
paper IV and V, were fed a LARD diet (21% pork lard, 0.15%
cholesterol, SDS, Witham, UK). This diet increases the plasma
total cholesterol levels (to approximately 40 mM) and thereby
accelerates atherosclerosis.

The low density lipoprotein receptor knock-out (LDLr KO)
mouse on a mixed background of 129Sv] and C57BL/6 (Taconic,
Denmark) was used in paper II and fed Western diet (21% milk fat,
0.15% cholesterol, Lactamin) for 30 weeks prior to switching to a
standard diet for the final 8 weeks prior to study end. Their plasma
total cholesterol levels at the end of the study averaged at 10 mM.

The apolipoprotein E/low density lipoprotein receptor double
knock-out (ApoE/LDLt DKO) mouse on a mixed background of
129Sv] and C57BL/6 (Taconic, Denmark) on was used as the
animal model in paper I and III. These animals were fed a standard
chow (5% fat, 0.01% cholesterol, Lactamin) during the entire study.
Without the high-fat diet the animals had lower plasma total
cholesterol levels (14.4 mM at 10 weeks, 21.6 mM at 40 weeks, and
23.2 mM at 80 weeks of age).

The wild-type mice C57BL/6 (Chatles River Laboratories,
Sulzfeld, Germany) were used in papers I, II and III as a non-
atherosclerotic control and in paper II for validation of adenosine
dose. The wild-type mice fed a standard chow have total
cholesterol levels of about 2 mM and do not develop
atherosclerosis.

All three of the genetically modified mice used in this thesis

develop atherosclerosis to a more or less extent, depending on
knock-out model and diet. The atherosclerotic progression starts

13
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in the aortic root and spreads to the ascending aorta and further
out to the coronary arteries, neck-vessels and descending aorta and
abdominal aorta. The C57BL/6 mice do not develop
atherosclerosis when fed a standard diet but have been shown to
develop small atherosclerotic lesions in the aortic root when they
are fed a high-fat diet for one year®'.

Comments

In this thesis, male mice have been chosen for the in vivo studies.
Male mice have shown increased atherosclerotic progression and
the male ApoE KO mouse also responds to statin treatment® %,

A short summary of the genetic modifications in these mice: the
apolipoprotein E is part of chylomicron remnants that are brought
to the liver for clearance. Consequently, this ApoE knock-out
mouse model develops hypercholesterolemia-driven
atherosclerosis. The low density lipoprotein receptor knock-out
(LDLr KO) mouse lacks of the LDL receptor, mainly situated in
the hepatocyte membrane'’. This deficiency leads to decreased
clearance of circulating LDL particles containing cholesterol thus
increasing hypercholesterolemia-driven atherosclerosis in this
model. The ApoE/LDLr DKO mouse lacks both genes which
accelerates atherosclerosis without a high-fat diet feeding.

Ultrasound imaging

The preparations for a successful ultrasonic examination are good
and light anesthesia to maintain close to physiological conditions
and a good contact between the ultrasound probe and mouse
using ultrasound gel. During all our ultrasonic experiments the
animals were anesthetized with isoflurane gas (Forene isoflurane,
Abbott Scandinavia AB, Sweden) and kept sedated with a dose of
approximately 1.5% isoflurane in room air, resulting in a heart rate
around 400 beats per min. The fur from the anterior chest wall is
removed using a chemical hair remover. During the examination
the mice were kept on a heated bench and warm ultrasound
transmission gel was applied on the chest before scanning.

14
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Ultrasound biomicroscope (UBM)

A UBM system (Vevo 770, Visualsonics, Toronto, Canada)
equipped with a 40MHz mechanical transducer was used for all the
high-resolution imaging examinations. The maximum penetration
depth of this specific transducer is 1.2 cm with a centre focus at 6
mm. The 40MHz scan head has a theoretic resolution of 40 m
and operates with a frame rate of 32 Hz/s.

Ascending aorta

A right parasternal long axis view (LAX) was used to visualize the
ascending aorta, aortic arch and the neck vessels in one plane. A
short axis view (SAX) is used for capturing cross sectional loops
for comparison with histology (figure 1A). A 10 s CINE loop is
stored digitally for off-line analysis using the Vevo 770 software
(Vevo 770, Visualsonics, Toronto, Canada). At off-line analysis all
the images were analyzed blinded to the identities of the animals.
Aortic intima media thickness (IMT) was measured at the far
ascending aorta wall from the leading echo edge (intima) closest to
the blood stream to the next leading echo edge representing the
layer of adventitia’> ®. In the short axis images, the maximum
plaque thickness was averaged from three lesion sites around the
thickest part of a plaque, approximately 100 Wm apart from each
other. Plaque area was delineated by also using the leading-to-
leading edge approach, which includes the underlying smooth
muscle cell layers in the plaque area measurement.

Brachiocephalic artery (Br)

The brachiocephalic artery is visualized in a LAX and SAX view,
from the aortic to the subclavian bifurcation in one plane (figure
1B). In the off-line analysis the largest plaque seen in the stored
sequence was chosen for plaque area measurements. A similar
protocol as for the aorta was used for the brachiocephalic artery
analysis with the exception that smooth muscle cells were not
included in the plaque area measurements.

15
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Left coronary artery (LCA)

When imaging the proximal ascending aorta in a short axis view
the probe was slightly tilted laterally. In this projection a long axis
view of the left coronary artery was visualized (figure 1C). Both the
average diameter over the first millimetres of the LCA and the
narrowest lumen can be measured in the UBM images of the LCA
(see Appendix). The total vessel diameter and outer and inner

lumen diameter was measured in diastole, when LCA is maximally
dilated.

Comments

The reason for sampling both LAX and SAX images of the aorta
and brachiocephalic artery is that the images both complement and
confirm each other, which will increase the accuracy of the plaque
measurements.

Figure 1. Images from the UBM; A cross-section of the ascending aorta, B
long-axis view of the aorta and brachiocephalic artery, C long-axis view of the
left coronary artery

(Ao = aorta, Br = brachiocephalic artery, LCA = left coronary artery)

Color Doppler Echocardiography (CDE)

Basic echocardiography

Echocardiography was performed using a high-frequency 15-MHz
linear transducer (Entos CL15-7, Philips Medical Systems, Bothell,
Washington) connected to an ultrasound system (ATL-HDI5000,
Philips Medical Systems). The maximal theoretical resolution of

the 15MHz probe is 150 pim and the frame rate is 230 Hz/s. All
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cardiac measurements were made in accordance with guidelines
from the American Society of Echocardiography®. Stroke volume
(SV) and the end-diastolic volume (EDV) were calculated using
the cubic formula, and ejection fraction (EF), fractional shortening
(FS) and cardiac output (CO) were calculated from previously
validated formulas®”. Left ventricular mass (LVM) was calculated
according to the area-length formula®. All off-line measurements
were made using MedArchive viewer 2.1 (Secure Archive,
Indianapolis, IN, USA) or Image Arena software (Image Arena
2.9.1, Tomtec Imaging Systems GmbH, Germany).

Assessment of left coronary flow velocity

Doppler flow measurements were made in both the proximal and
mid segment of the LCA. The heart was imaged using a
parasternal long-axis view with the probe lateralized and the
ultrasound beam anteriorly tilted. In this image window, the entire
LCA, from the aortic sinus to the distal branch site, could be
visualized using CDE. The course of the LCA was typically parallel
to the Doppler beam, which also facilitates Doppler measurements
without any angle correction. A 6-MHz pulsed Doppler with a gate
size of 0.5 to 1 mm was used. Mean diastolic flow velocity was
obtained by outlining the diastolic phase of coronary flow signals
in an off-line software program (MedArchive, Secure Archive,
Indianapolis, IN, USA or Image Arena 2.9.1, Tomtec Imaging
Systems GmbH, Germany). Measurements were averaged from
three consecutive cardiac cycles.

Velocity ratio

For the velocity ratio (Vratio) assessment a value from both the
proximal part and mid part from the LCA was obtained. The
Vratio was calculated as the proximal flow velocity divided with
the mid flow velocity. Atherosclerotic mice seem to develop
proximal coronary artery atherosclerosis unlike humans were the
atherosclerosis is more distally localized”’. This means that mice
with coronary artery stenosis will have enhanced flow velocity
values in the proximal part compared with the mid part, and thus
an increased Vratio.
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Coronary artery function

In the CFVR protocol the flow velocity measurements were made
at the same vessel site (either at proximal or mid site) during
baseline and hypoxia or adenosine-induced hyperemia. The CFVR
was thereafter calculated as the mean diastolic flow velocity during
hyperemia divided by the baseline. In the interventional study
(paper V) we chose to look at the volumetric flow at baseline and
hyperemia separately instead of the reserve. Flow is calculated by
measuring LCA-segment length and area, assessed by the UBM,
combined with the velocity time integral values measured with
CDE (tigure 2). The UBM-measurements were made in diastole,
when LCA is maximally dilated.

Adenosine

Doppler measurements were made at baseline and during
adenosine-induced hyperemia (paper II, V). Infusion of 140-160
Kg/kg/min of adenosine were facilitated via the tail vein as
described above. This dose was validated to induce coronary
hyperemia without influencing systemic hemodynamics, as
validated in C57BL/6 mice (paper II). This dose seems to induce
maximum coronary hyperemia, because an additional dose of 320

Ug/kg/min in C57BL/6 mice did not further increase the
hyperemic flow velocity. Maximal hyperemia was typically
obtained within 2 to 3 min.

Hypoxia

Flow velocity measurements were made at baseline and during
hypoxia-induced hyperemia for a maximum of 3 min (paper II).
Moderate hypoxia was induced during anesthesia by changing the
mixture of air and nitrogen gas into the gas mask. Baseline oxygen
tension was 21% in air with no addition of nitrogen gas. Hypoxic
gas mixture with an oxygen tension of 12.5% was obtained by
quick reduction of air and addition of nitrogen gas.

Comments

The use of volumetric flow (ul/min) in the LCA during baseline
and adenosine-induced hyperemia was used in paper V instead of
the CFVR. We showed recently that coronary artery diameter in
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both wild-type and ApoE KO mice increased following adenosine
infusion, which may imply that CFVR might slightly under-
estimate the true coronary flow®. In paper V we wanted to
investigate the potential treatment effects in baseline and
hyperemia separately.

A

Figure 2. A. UBM visualization of the proximal LCA, B. with measurements of
LCA area and LCA area segment length.

Lipid extraction

Frozen liver tissues were homogenized in methanol, and the
protein concentration was measured according to standard
protocol®”. Liver lipid extraction was performed with methanol
and chloroform™. A normal-phase HPLC system was used for
lipid class separation according to Homan et al., with slight
modifications”. Lipid classes were detected using an evaporative
light scattering detector (PL-ELS 1000, Polymer Laboratories,
Ambherst, MA, USA). Calibration curves for detector response
versus mass of lipid were obtained by injecting lipid standards. The
results are presented as mass of lipid corrected for amount of
protein recovered.

Comments

This technique will in the future be applied to study mechanisms
underlying lipid lowering effects of treatment. In this study (paper
V) it was used to analyze whether the statin treated mice suffered

19



METHODS

from liver steatosis, which was not the case apparently in either of

the groups.

Histology and immunohistochemistry

As a standard procedure at study end in this thesis the heart, aorta,
and brachiocephalic arteries were dissected out after a quick rinse
with saline solution and fixed in formaldehyde before being
embedded in paraffin. Serial cross sections of 5um were made
using a microtome (RM2255, Leica Microsystems) form the
ascending aorta, at different sites on the brachiocephalic artery
(proximal and mid-brachiocephalic and more distally at the
bifurcation with the subclavian artery) and the proximal part of the
heart and coronary arteries (from the aortic sinus to the mitral
valve). The sections were placed on TechMate slides
(ChemMateTM  Capillary Gap  Microscope  Slide  S2024,
DakoCytomation).

For cross-sectional plaque area measurements and collagen
content quantification, sections were stained with Picro Sirius Red
(Histocenter, = Gothenburg, = Sweden). = For  macrophage
accumulation, sections were stained with a Mac-2 antibody at a
diluton of 1:15,000 (CL8942AP clone M3/38, Cedarlane).
Quantitative measurements of collagen and macrophage content as
percentage of plaque area were made using Image-Pro Plus 5.1.2
software (MediaCybernetics, Bethesda, MD, USA).

For qualitative localization of IL-18 protein in atherosclerotic
plaques, rabbit anti-human antibody (ProteinTech Group Inc,
Chicago, IL, USA) at a concentration of 1:500 was applied to
tissue sections. All the immunohistochemical staining procedures
were automated using TechMate 500 (DakoCytomation, Glostrup,
Denmark). Prior to the immunohistochemical analysis, the
antibodies were pre-incubated with the corresponding protein to
confirm the specificity.
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Plasma analysis

Blood samples were collected from the saphenous vein during the
studies and obtained via heart puncture under 1.5% isoflurane
anesthesia (Forene isoflurane, Abbott Scandinavia AB, Sweden) at
study end. Samples were placed in lithium heparin-containing
tubes, centrifuged at 4°C and 2000 x g for 10 minutes. The plasma
was then stored at -80°C until analysis of total cholesterol, IL-18 or
SAA. Total cholesterol levels were analyzed using commercial
reagents (cat. no. 12016630, Roche Diagnostics, GmbH,
Mannheim, Germany) and Cobas Mira Plus (Roche Diagnostics)
with enzymatic-spectrophotometric methods. The levels of the
acute inflaimmatory parameter serum amyloid A (SAA) were
analyzed using a Murine Serum Amyloid Enzyme Immunoassay kit
(cat. no. TP802-M, Tridelta Development LTD, Ireland). 1L.-18
levels in the plasma were measured by following the
manufacturer’s protocol for the ELISA kit (R&D Systems Inc.,
Minneapolis, MN, USA).

Statistics

Data in all papers are presented as mean * standard error of mean
(SEM) with the exception for paper II where data are presented as
mean Tt standard deviation (SD). A p value <0.05 was considered
statistically significant except when a Bonferroni correction was
used. For correlation testing between two parameters, Pearson’s
linear regression test (paper 1I-V) or Spearman non-parametric
correlation test (paper I) were used. Differences between two
parameters at a certain time point were tested by using Student’s t
test with a Bonferroni correction for multiple comparisons (paper
IT and V). When time-dependent change where compared, one-
way analysis of variance (one-way-ANOVA) with Bonferroni post
hoc test was used, once the ANOVA showed significance.
Repeated measurement 2-way ANOVA was used together with
Student’s t test in each time point, only when the 2-way ANOVA
tests showed significance. For methodological validation and
comparison of UBM and histology-assessed measurements of
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plaque area, Bland-Altman analysis was used to show individual
variations compared to the average values from both of the
methods. The coefficient of variation for inter-observer variability
was calculated using the following formula: standard deviation (x-
y)/mean (x,y) x 100. All statistical analysis was performed using
Prism 4.0 (Graphpad Inc., San Diego, California).

Comments

With the exception of paper I, we chose to statistically analyze our
data as parametric. The data in the particular study show similar
correlations independently of parametric or non-parametric
correlation analysis.
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Methodological validations (paper I-1II)

Coronary artery atherosclerosis can be assessed non-
invasively in mice using ultrasound imaging (paper I)

In paper I we established a new technique to investigate coronary
artery atherosclerosis iz vivo in a non-invasive manner in mice.
Using color Doppler guided echocardiography in ApoE/LDLr
DKO mice we measured flow velocity in both the proximal and
mid part of the left coronary artery (figure 3). The ratio between
these two sites is the velocity ratio (Vratio). To confirm the Vratio
data we measured the degree of LCA atherosclerosis using both
the recently developed UBM-technique and histology.

PROX LCA

Figure 3. The figure illustrates a formalin-fixed mouse heart with the left
coronary artery (A) and its corresponding image visualized with color Doppler
echocardiography (CDE) (B). Figure C, is showing the CDE-assessed flow
velocity in the proximal part of LCA in an atherosclerotic mouse (upper profile)
and in the mid part (lower profile).

The results from the first paper show that Vratio increase with age
in 10, 40 and 80 weeks old ApoE/LDLtr DKO mice (P=0.0055).
Vratio correlates to percentage wall thickness in the left coronary
artery (LCA), measured both by ultrasound biomicroscope
(P=0.0044, r=0.65) and histology (P=0.0002, r=0.78, figure 4).
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Figure 4. Graph showing the correlation between velocity ratio and
percentage wall thickness assessed with (a) UBM (P=0.0044, r=0.65) and (b)
histology (P=0.0002, r=0.78)

This technique provides us with a quantitative tool to assess
coronary artery atherosclerosis in mice in real-time with a
resolution down to 40 um. Contrary to the more distal part of the
LCA, the proximal portion of LCA, which is epicardially localized,
can be easily visualized both with color Doppler and UBM. Mice
develop proximal rather then distally located atherosclerotic
lesions in the coronary arteries compared to humans®. This seems
to be the reason for increased flow velocity in the proximal part
rather than mid part in atherosclerotic mice (figure 5).

Prox

Mid

10w 40w 80w

Figure 5. lllustration of histological images of the LCA. Upper panel
represents the proximal LCA in A. 10 weeks old, B. 40 weeks old and C. in 80
weeks old ApoE/LDLr DKO mice. Lower panel represents the corresponding
images from the mid LCA.

In conclusion, coronary artery atherosclerosis can be measured in vivo and non-
invasively in mice using color Doppler echocardiography.
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Ultrasound-based coronary flow velocity reserve can be
assessed in living mice (paper II)

In paper II we investigated the ability to use the coronary flow
velocity reserve (CFVR) approach in atherosclerotic LDLr KO
mice and in wild type C57BL/6 mice. Using color Doppler
echocardiography and either hypoxia or adenosine in anaesthetized
mice, we achieved maximal hyperemic flow velocity. CFVR is the
ratio between the hyperemic flow velocity and the basal flow
velocity (figure 6). UBM was used for assessment of minimal
lumen diameter of the proximal left coronary artery.

Figure 6. Diastolic
basal flow velocity
(delineated) in the
mid part of the LCA
(A) compared to the
hyperemic flow
velocity (B).

This study reveals that CFVR can be induced in mice using either
hypoxia or adenosine. The results also show that hypoxia-induced
CFVR correlates with UBM-assessed minimal lumen diameter
(P<0.005, R2=0.8707, figure 7) in the LDLr KO mice. The
presence of proximal lumen narrowing was confirmed with
histological sections of the LCA. In addition, this paper also
includes a validation study in C57BL/6 mice. We investigated
which dose of adenosine to use without receiving circulatory
effects such as decreased blood pressure or changes in heart rate.
These results show that a dose of 160 pg/kg/min caused maximal
hyperemia without affecting blood pressure.
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Figure 7. UBM-assessed images of LCA in (A) a non-atherosclerotic wild-type
mouse compared to an atherosclerotic LDLr KO mouse (B). Arrows indicate
the minimal lumen diameter. Scale bar = 1Tmm.

In conclusion, coronary flow velocity reserve can be assessed in mice using either
hypoxia or adenosine. The CEV'R correlated with minimal lumen diameter of
L.CA in this animal model of atherosclerosis.

Atherosclerotic lesions in mice can be assessed in vivo using
high-resolution ultrasound biomicroscopy (paper III)

In paper III, we investigated the ability to use UBM for
quantitative imaging of aortic atherosclerotic plaques in living
atherosclerotic ApoE/LDLr DKO mice at ages 10, 34, 40 and 80
weeks. Using the UBM with the 40 MHz probe we obtain a spatial
resolution down to 40 um and were thus able to measure
atherosclerotic lesions (figure 8).

10w 40w 80w

Figure 8. The upper panel
2 llustrates a long axis view of
the aortic arch in 10, 40 and
80 weeks old ApoE/LDLr
DKO mice (A, B and C
respectively). In the lower
panel the atherosclerotic
lesions are delineated. Scale
bar =2 mm.
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The plaque thickness assessed from histology significantly
correlated with ultrasound-measured intima media thickness (IMT)
in SAX view (p < 0.0001, Pearson r = 0.91, figure 9a). The results
also reveal that histological assessed plaque area correlated
significantly with UBM-measured plaque area in the SAX view (p
< 0.0001, Pearson r = 0.94, respectively, figure 9b).

-
N
1

®  0.54
]
g 8 104
f’ 0.4+ £
= 0.8
f £ 0.3 Sx
SE g E os
g 02 c £
- E 0.4+
=
= 0.1 = 0.24
D -
0.0 T T T T 1 0.0 T T T T T 1
0.0 0.1 0.2 0.3 04 0.5 0.0 02 04 06 08 10 1.2
(a) Histology plaque thickness (mm) (b) Histology plaque area (mm2)

Figure 9. (a) Correlation between UBM and histology-assessed plaque
thickness; (b) Significant correlation between UBM and histology-assessed
plaque area in the cross-sectional views of the ascending aorta.

In a separate study in this paper we used mice at ages 32, 33, 34
and 35 weeks old to test the accuracy of UBM to distinguish
between the IMT in mice closer in age (P=0.0002). We found that
UBM was able to distinguish the differences in IMT in the aorta of
these animals close in age. Also, since a good correlation was
found between histology and UBM plaque area during both systole
and diastole in both LAX and SAX views, we chose to use the
diastolic values in the future, since it may better reflect the
pressure-less situation in the ex zzvo histological preparation. Using
Bland-Altman analysis the difference between UBM and
histologically assessed plaque thickness was relatively uniform and
did not seem to increase with increased plaque thickness.
Compared to histology, UBM seems to overestimate the IMT and
systematically underestimate the histologically assessed plaque area
values.

In conclusion, UBM is a highly feasible and non-invasive technigue, which
allows accurate real-time imaging of atherosclerosis in mice aorta. Using IMT
measurement, progression of atherosclerosis can be followed on a weekly basis in

ApoE/LDILr DKO mrice.
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Methodological applications (paper IV-V)

Coronary artery atherosclerosis correlates with circulating
IL-18 expression in ApoE KO mice (paper IV)

In paper IV we wanted to investigate the potential relationship
between coronary artery atherosclerosis using our velocity ratio
protocol (from paper I) and circulatory IL-18. IL-18 is a cytokine
found to be present in atherosclerotic plaques and elevated in
serum in patients with coronary artery disease'”'". The findings in
paper IV reveal that velocity ratio correlates with the circulating
level of 1L.-18 implying that increased atherosclerosis in the LCA is
associated with enhanced levels of plasma IL.-18 (P<0.01, r=0.75,
figure 10A). The 1L-18 levels also correlate with the percentage of
macrophages present in the aortic plaques (P<0.001, r=0.91, figure
10B). Histological sections stained for IL-18 showed that 1L.-18
seems to be present in macrophages in the plaques.
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Figure 10. A. Correlation between Vratio and circulating IL-18 levels after 15
weeks of diet (p<0.01, r=0.75). B. The percentage of macrophages in aortic
plagues compared to Vratio (p<0.001, r=0.91).

In conclusion, the results from paper IV suggest that IL-18 plays a role in the
development of coronary artery stenosis in this advanced mouse model of
atherosclerosis.
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Ultrasound-based imaging can be used for detection of
cardiovascular effects following statin treatment in mice

(paper V)

In paper V we treated ApoE KO mice with LARD diet with or
without rosuvastatin for 16 weeks. Every fourth week blood
samples were collected for total cholesterol measurements and
high-resolution UBM technique was applied for investigation of
the plaque progression during the interventional study. The results
revealed a decrease in plasma total cholesterol in the rosuvastatin
treated group starting after four and remaining until 16 weeks of
treatment (2-way ANOVA, P<0.05, figure 11).
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This was accompanied by retardation in brachiocephalic artery
lesion progression in the treated group as shown in LAX and SAX
views with UBM (2-way ANOVA, P<0.001 and P<0.05
respectively, figure 12) and at study end by histology (P<0.05).
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Figure 12. UBM-assessed plaque area progression in the brachiocephalic
artery over time of treatment in two different projections; to the left a long-axis
view (LAX) and to the right in a short-axis view (SAX).
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At the end of the study the coronary volumetric flow was
measured in baseline and hyperemia using the wvasodilating
substance adenosine. Flow was increased during adenosine
infusion in the treated group compared to controls (P<0.001,
figure 13). Also the plasma marker for inflammation serum
amyloid A (SAA) was reduced in the treated group (P<<0.001).

Flow proximal LCA
Figure 13. Volumetric
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In conclusion, effects of treatment on atherosclerotic lesion progression can be
Sfollowed on a regular basis using UBM. All our findings from this study
suggest an improved cardiovascular status using rosuvastatin in male ApoE
KO smice. This animal model fed a I ARD diet and treated with rosuvastatin
thereby provides us with a robust animal model with a statin-responding
phenotype, which may facilitate future translational drug intervention studies in
nice.
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Ultrasound-based imaging of atherosclerotic lesions in mice

Using the high-resolution ultrasound technique we found a good
correlation between UBM and histology-assessed plaque area and
plaque thickness in the aorta and plaque area in the
brachiocephalic artery. However, due to differences between the 77
vivo and ex vzvo situation, such as the cardiac cycle, blood pressure
and ex vivo histological shrinkage, caution should be taken for
accurate measurement. Thus, we present in paper III and V the
validated protocols for optimal plaque measurements in aortic and
brachiocephalic arteries, respectively.

Ultrasound biomicroscopy has gained increased usage in recent
years mostly within mouse embryonic research’™. With a resolution
down to 40 um and a frame rate of 32 Hz, UBM is theoretically
suitable for zz vivo study of the murine cardiovascular systems.
Recently, Zhou et al. showed that several major peripheral vascular
systems could be imaged using UBM in adult mice*. However, the
accuracy and feasibility of the technique to assess atherosclerotic
lesions in adult mice have not previously been validated. The
40MHz scan head used in all papers of this thesis has a fixed focus
depth at 6 mm, which may in some cases complicate the imaging
windows and require skilled operators to obtain good image
quality. However, with training, the feasibility is extremely high
and the technique is well tolerated by the animals, due to the short
scanning and anesthesia time. Average time needed for scanning is
below 8 min per mouse. Also, as shown in paper III, acceptable
intra- and inter-observer variability can be achieved regarding
measurement of both intima-media-thickness (IMT) and lesion
area. The progression of atherosclerosis can even be followed on a
weekly basis using IMT measurement.

Three-dimensional fast spin-echo magnetic resonance imaging has
been used to image atherosclerosis in mouse innominate arteries

with a typical resolution of 140 Wm isotropic resolution®. The
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procedure takes approximately 30 min. Using implanted coil a
resolution of 25 Wm can be obtained”. However, the latter
technique is invasive and the procedure is much more complicated
than the one described by Hockings et al. Thus, UBM is a highly
feasible, non-invasive and uncomplicated technique, which allows
accurate real-time imaging of atherosclerosis in all the major
peripheral vascular systems in mice.

Morphological and functional imaging of coronary arteries in
mice

Flow velocity measurements using CDE

Prior to this work, we developed a technique to assess mouse
coronary artery flow velocity 7z vivo with great success rate and
good  reproducibility using transthoracic color Doppler
echocardiography™. In mice with small vascular structures and
extremely high heart rate, there are so far no established non-
invasive methods for quantification of mouse coronary artery
function and morphology.

CFVR method

In paper II we further developed this imaging procedure, where
we assessed the CFVR protocol to investigate mouse coronary
artery function. CFVR or its volumetric counterpart CFR is
induced by infusion of wvasodilating substances. The two
techniques are used clinically to address hemodynamic relevance of
stenosis™ °and for investigation of myocardial microvessel status
"7 Adenosine is commonly used in clinical practice to induce the
maximum coronary hyperemia. In paper II we showed that similar
hyperemic values are achieved using either adenosine or hypoxia in
wild-type C57BL/6 mice. Using the protocol in the LDLr KO, the
results also reveal a good correlation between hypoxia-induced
CFVR and minimal lumen diameter (MLD). This indicates a
lowering in ability to raise flow at increased oxygen demand when
the vessel lumen is narrowed by atherosclerosis in this animal
model. CFVR has been used previously to predict coronary

stenosis and MLD in atherosclerotic coronary arteries in man® .

32



DISCUSSION

In a general population of patients with coronary artery disease
and multiple cardiovascular risk factors, a CFVR value <2.0 has
been shown to comprise high sensitivity and specificity for
prediction of hemodynamically significant coronary artery stenosis
irrespective of other risk factors”. In mice hearts, ex zivo perfusion
studies have shown that adenosine usually induces resistance
lowering and a flow increase that correspond to a CFR between
1.4 and 4.4% 7" Our results from paper 11 show that the average
CFVR values from both the C57BL/6 mice and the LDLr KO
mice are <2. The differences in flow responses reported in the
above mentioned studies and our studies, are most probably
attributable to differences in adenosine concentrations and other
methodological differences, such as basal metabolism and oxygen
saturation of the perfusion medium. Also, the CFVR values
induced in mice in our study averaged at 2, whereas corresponding
values in healthy humans usually exceed 3. This discrepancy may
be explained by several factors. First, the housing of mice in cages
without voluntary daily physical activity may result in reduced
cardiac performance. Second, one may speculate that the small
body size and the high HR could lead to an elevated basal
metabolism with corresponding lower cardiac reserve capacity
compared with humans. Third, it is also now evident that mice are
only capable of increasing their oxygen uptake by a factor of two
when they are forced to run on a treadmill”’, compared with the
nearly 20-fold increase in humans.

Velocity ratio

With time atherosclerotic lesions tend to become lumen-
obstructive. Lumen-narrowing plaque growth is associated with
locally increased flow velocity, a hemodynamic phenomenon,
which is widely used in, for example measurement of carotid artery
stenosis®. The velocity ratio between prestenotic and stenotic flow
in the left coronary artery using CDE has previously been applied
to determine the degree of restenosis in patients undergoing
angioplasty®® *. Mouse coronary artery stenosis was studied
recently by several groups using micro-angiography”” *’. However,
due to its invasive nature, the technique does not permit repeated
measurement in mice. We show in paper I that mouse coronary
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artery stenosis can be accurately assessed by using a non-invasive
approach. By measuring the proximal and mid LCA flow velocity
with CDE we can calculate the velocity ratio which indicates the
degree of atherosclerosis of the LCA.

Morphology, percentage wall thickness and coronary artery
diameter

In addition to flow velocity measurements and its applications in
the CFVR and Vratio protocols we have developed techniques to
assess left coronary artery morphology. Contrary to the more distal
part of the LCA, the proximal portion of LCA, which is
epicardially localized, can be visualized using the UBM imaging
windows validated by us. We show in paper I that UBM-assessed
wall thickness reflects proximal coronary artery plaque area
measured with histology. Left coronary artery lumen diameter can
also be measured in a similar manner. This is useful when assessing
minimal lumen diameter in atherosclerotic mice, shown in paper 11,
as well as for diameter change during adenosine infusion, shown in
paper V®. This technique provides us with a quantitative tool to
assess coronary artery morphology in mice in real-time with a

resolution down to 40 Um.

Quantification of coronary artery status

To summarize, the advantage with the CFVR protocol and the
Vratio is that they complement each other for studies of the
coronary arteries. CFVR can be used for microvessel function
both in normal and atherosclerotic mice whilst the Vratio is limited
to use in stenotic mice. Since the atherosclerotic progression
differs over time from early to late phase, we find that it is
important to have available methods for investigation of the entire
process. In the early phase, before the development of flow-
limiting or rupture-prone atherosclerotic plaques, it is important to
have methods to study microvessel function of the heart. In the
later phase when the wvessel wall is affected by severe
atherosclerosis the Vratio is favourable. Still, the cut-off values for
CFVR and Vratio in terms of detecting flow-limiting stenosis have
to be established in mice.
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In our experience, the baseline coronary flow differs substantially
between different strains. Strain-related difference in coronary
artery diameter, myocardial oxygen demand, body temperature, as
well as influence of anesthesia might be responsible for the
baseline coronary flow differences. The precise underlying
mechanism is still under investigation. However, the strain
dependent baseline velocities may have minor importance when
calculating degree of coronary artery stenosis using the Vratio. The
combination of direct morphological imaging and velocity-based
measurement assures robust assessment of coronary artery
function and atherosclerosis.

IL-18 and coronary artery atherosclerosis

In paper IV we investigated the potential relationship between
coronary atherosclerosis evaluated with ultrasound and a known
risk factor, I1.-18. We detected a positive correlation between IL-
18 levels, left coronary atherosclerosis and aortic macrophage
content in this study. Analysis of histological sections from both
the aorta and left coronary artery revealed local presence of 1L.-18
protein mainly in macrophages and to some extent also in smooth
muscle cells. This has been confirmed previously where IL.-18 and
its receptor have been found present in vascular endothelial cells,
smooth muscle cells and macrophages of human atheromas'’.
Since macrophages produce most of the cytokines that promote
inflammation’, we speculate that the increased macrophage
accumulation might contribute to increased IL-18 production.
Increased IL-18 levels might then accelerate coronary artery
atherosclerosis. High cholesterol levels are thought to precipitate
atherosclerosis. Surprisingly, we found no correlation between
total cholesterol levels and coronary artery atherosclerosis in our
model system. Our data suggest that early and late atherogenesis
could be under influence of different cellular mechanisms. While
cholesterol levels contribute to the total atherosclerosis burden,
the inflammatory drive may aggravate the severity of the
atherosclerotic disease during the late stages.
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Evidence in the literature points to a causative role for the
cytokine IL.-18 in promoting the advancement of atherosclerosis.
IL.-18 has been shown to increase atherosclerotic lesions after
exogenous administration in ApoE KO mice, whilst decreasing
plaque development in atherosclerotic mice deficient in the IL-18
gene'® ", This specific cytokine has been found in various diseased
tissues in mice including liver, spleen, lung and intestines®’. While
IL-18 is not detected in early subclinical atherosclerosis in humans,
a recent clinical study showed that IL-18 was an independent
predictor of severity of coronary artery atherosclerosis'’.

To summarize the results from paper IV, our data indicate that IL-
18 levels increase in mice with advanced atherosclerosis. I1L.-18
levels correlated positively with the advancement of coronary
artery atherosclerosis as well as peripheral artery plaque
composition. Though these relationships do not necessarily
suggest any causality, our findings may suggest an important role
of 1L.-18 in late stage atherosclerosis in our mouse model. Our
findings add to and support the previous findings in mouse
models and in humans.

Effects of rosuvastatin in a mouse model of atherosclerosis

Contradictory results have been reported regarding the response of
genetically modified mice to statin treatment. In paper V we
showed that ApoE KO mice treated with rosuvastatin for 16
weeks had reduced plasma total cholesterol levels and reduced
brachiocephalic artery atherosclerotic lesion progression. Beneficial
cardiovascular effects similar to ours have been observed in ApoE
KO mice on a high-cholesterol diet treated with rosuvastatin; these
studies showed both a plasma lipid lowering effect and reduced
lesion formation after 12 weeks of treatment®” *. Simvastatin, on
the other hand, showed no positive effect in ApoE KO mice after
three months of treatment, but lowered total cholesterol levels and
reduced atherosclerotic lesions in low-density lipoprotein receptor
knockout mice (LDLr KO)* ¥. Atorvastatin, developed after
simvastatin, has shown positive effects on atherosclerotic lesion
progression and cholesterol levels in female ApoE3*Leiden mice™
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’!. Further, there are studies demonstrating atherosclerotic plaque
reduction and anti-inflammatory effects of rosuvastatin that are
independent of its lipid-lowering effect™ ™.

One explanation for these differences might be related to the
physical properties of the different statins. In clinical trials,
Rosuvastatin has been shown to be the most potent third
generation statin. Statins not only inhibit cholesterol biosynthesis
in the liver but also upregulate the expression of low density
lipoprotein (LDL) receptors in the liver and thereby enhance
clearance of cholesterol-containing LDL-particles from the
circulation to the liver'. Other possible causes for the inconsistent
results of statins in mouse models might depend on the different
genetic backgrounds of the knockout mice, the lipid type and
cholesterol content of their diet, the site of investigation in the
vascular bed, and the gender of the mice. Zadelaar et al. recently
published a review describing the most commonly used mouse
models in atherosclerotic research and the response of the models
to different pharmaceutical treatments”. The review states that
there is no consensus about which mouse models respond to
statins, and that atherosclerotic development can be diminished
independent of cholesterol-lowering effects. In paper V, we show
that the total cholesterol levels over time correlates significantly
with the plaque burden in the brachiocephalic artery as measured
by histology. This provides evidence that the plaque regression
seen in our study is dependent on the cholesterol-lowering effect
from rosuvastatin treatment rather than being a result of another
effect of the medication, although additional effects that are
independent of cholesterol lowering cannot be ruled out.

Rosuvastatin-treated mice had greater hyperemic flow in the LCA
following adenosine infusion compared to control mice. This
indicates an improved microcirculatory function after rosuvastatin
treatment in these mice. Our data partially concur with previous
studies showing improved ex vzvo artery function in the heart and
aortas of ApoE KO mice treated with rosuvastatin, despite
unchanged cholesterol levels in these mice. Similar observations
have been made in human trials in which both short- and
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DISCUSSION

moderate long-term statin therapy improved coronary flow and
coronary flow velocity reserve (CFR)”*. The mechanism
underlying improved vessel function seems to be enhanced nitric
oxide release from endothelial cells following statin treatment,
which has been shown in both cell-based and animal studies.
Interestingly, improved coronary function is observed in humans
after only one hour of statin infusion”. This demonstrates that
statins have an effect on microvasculature independent of a
cholesterol-lowering effect, which could not occur during that time
frame (1 hour). Thus, both coronary flow and CFR could be useful
as integrated physiological markers for coronary artery disease
since they reflect several of the major risk factors for
atherosclerosis (inflammation, endothelial function, microvascular
function, and blood viscosity).

In paper IV and V we fed the mice with a LARD diet. This
specific diet has been shown to increase the extent of rupture
prone lesions in the brachiocephalic artery”. The LARD diet
induces extensive atherosclerosis in a shorter period of time,
especially in this ApoE KO model. Additionally, the male ApoE
KO mouse on this mixed background fed a LARD diet has been
shown by others to respond to statin-treatment®.

To summarize, the male ApoE KO mouse treated with
rosuvastatin provides us with a robust animal model with a statin-
responding phenotype, which may facilitate future translational
drug intervention studies in mice.
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CONCLUSIONS

In this thesis, we have developed and applied a number of non-
invasive ultrasound-based imaging techniques in mouse models for
investigation of various relevant aspects of atherosclerotic
cardiovascular disease (summarized in figure below). We have
established techniques to study coronary artery status using the
CFVR and coronary flow protocol in both early and advanced
stages of atherosclerosis in mice. In mice with advanced
atherosclerosis, we showed that both coronary and peripheral
artery plaque size could be measured 77 vivo, as well as coronary
artery stenosis using Vratio approach. Further, we showed for the
first time that 11.-18, a well-validated atherosclerosis risk factor in
man, closely correlated to coronary artery disease status in our
mouse model of atherosclerosis. Finally we established a mouse
model responding to statin treatment, in which our developed
ultrasound-based methods were applied.

The established translational functional and morphological
imaging platform in combination with our human-like statin-
responding mouse model, provide us with powerful tools for
future atherosclerosis research.

Atherosclerosis —
a multifactorial disease

v

Relevant mouse model of atherosclerosis

v
Imaging-based in vivo
validation platform

/ / \ Statin responsivness

Morphology:
- Coronary Coronary microvessel  Correlation with known
- Peripheral function risk factors
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POPULARVETENSKAPLIG SAMMANFATTNING

POPULARVETENSKAPLIG
SAMMANFATTNING

Aderférkalkning ar en kalcifierad fettinlagring i blodkirlens vigg
och ir ofta den underliggande orsaken till hjirtkirlsjukdom. Ett
flertal riskfaktorer dr associerade med sjukdomen, exempelvis
r6kning, hoga kolesterolvirden, hogt blodtryck, fetma och diabetes.
Hjirtkirlsjukdom dr den vanligaste dédsorsaken i Sverige och i
storre delar av den industrialiserade varlden, vilket medfor att
forskning inom detta omrade ar vildigt relevant. I nulaget uppnas
den basta forskningen genom att kombinera studier pa minniska
med djur- och cellforsok. Genetiskt modifierade moss som relativt
snabbt utvecklar aderforkalkning har Oppnat nya vigar for
forskarna att studera sjukdomen, som annars har ett langsamt
térlopp 1 manniska. Hittills har det inte funnits tillrickligt bra
musmodeller som liknar den minskliga sjukdomsbilden och inte
heller tillrdckligt bra tekniker for att underséka sjukdomens
utveckling i méss. I denna avhandling har vi utvecklat och
tillimpat  ultraljudsbaserade metoder f6r forskning kring
hjirtkirlsjukdom i moss. Teknikerna férser forskningsfiltet med en
bredd for att relevant kunna folja forloppet fran tidigt till sent
stadie av sjukdomen. Resultaten visar att funktionen i kranskirlen
men ocksa storleken pa de dderforkalkade placken 1 bade
kranskarlen och 1 kroppspulsadern och halskarl, kan studeras med
hjilp av ultraljud. Ultraljudsmetoder mojliggor dven att varje mus
kan foljas pa individuell niva vid upprepade tllfillen. Ett
individbaserat undersokningssitt liknar inte bara det sitt man
studerar minniskor pa utan mojliggdr ocksa att antalet forséksdjur
kan reduceras. I avhandlingen finns en behandlingsstudie dir en
musmodell som utvecklar aderférkalkning behandlats med
blodfettssinkande statin. Med hjilp av de utvecklade
ultraljudsteknikerna kunde ett flertal foérdelaktiga effekter pa hjirta
och kirl pavisas i denna modell. For att ytterligare kunna bota och
lindra sjukdomssymptomen vid hjirtkirlsjukdom krivs ofta
ytterligare en behandlingsform férutom blodfettssinkande medicin.
Av denna anledning idr det av yttersta vikt att ha relevanta
musmodeller samt teknikerna for vidare utveckling av nya
behandlingsstrategier mot hjartkarlsjukdom.
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APPENDIX

Cardiac calculations

Left ventricular mass (LVM) = 1.05 * ((5/6 * LV _er area diastole sax

X *
LV length diastole LAX + LV wall thickness SAX) - (5 / 6 LV inner area diastole SAX

LV length diastole LAX))

: _ 0.5
LV wall thickness SAX (for LVM CalculathﬂS) - (LV outer area diastole SAX / TC)
0.5
- (LV inner area diastole SAX / TC)

. . _ 3
End dlaStOhC Volume (EDV) - LV inner diameter diastole mmode

— 3
Stroke volume (SV) - (LV inner diameter diastole mmode ~ LV inner diameter systole

mm0d63)

ShOI'teﬂmg fraction (SP) = ((I‘V inner diameter diastole mmode ~ LV inner diameter
*
systole mmodc) / LV inner diameter diastole mmodc)) 100

Ejection fraction (EF) = SV/ EDV * 100

Cardiac output (CO) = SV * heart rate

Coronary calculations

Coronary flow velocity reserve (CFVR):
flow velocity hyperemia / flow velocity baseline

Coronary artery flow:
LCA diameter = LCA segment area / LCA segment length

LCA area = n * (LCA diameter/2)”

Flow (ul/min) was calculated both in baseline and in
hyperemia as: (velocity time integral * LCA area * HR)
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