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A3z Adenosine Receptor Deficiency Does
Not Influence Atherogenesis
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Abstract Atherosclerosis is a multifactorial disease, the progression of which is modulated by several factors,
including inflammation and hypercholesterolemia. The A3 adenosine receptor (A3AR) has been reported to affect mast cell
degranulation leading to inflammation, as well as to influence cardiovascular homeostasis. Here, we show that its deletion
can also impact vascular smooth muscle cell (VSMC) proliferation in vitro. Based on these observations, we hypothesized
that A;AR deficiency would affect atheromatous lesion development in vivo. Our results indicate that the expression of the
matrix enzyme lysyl oxidase (LO) is increased while the proliferation potential of VSMC is decreased in A;AR-null aortas.
This is in accordance with the previously reported inverse correlation between LO level and proliferation. Nevertheless,
we found that A;-deficiency does not protect vessels against atherogenesis. This was demonstrated in mouse models of
high fat diet-induced atherosclerosis and guidewire-induced femoral artery injury. We conclude that the contributions of
the A3AR to inflammation and to modulating LO levels are not significant enough to control vascular response to injury.
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The nucleoside adenosine is a ubiquitous
extracellular signaling molecule that interacts
with four known adenosine receptors. Cur-
rently, the members of this G protein-coupled
receptor family are comprised of the A,
Asp, Asp, and Aj adenosine receptor subtypes
[Klinger et al., 2002]. In general, the As-type
adenosine receptors stimulate adenylyl cyclase
activity, which subsequently elevates cyclic
adenosine monophosphate (cAMP) levels,
whereas A; and Az adenosine receptor signaling
results in decreased cAMP via inhibition of
adenylyl cyclase [Olah and Stiles, 1995]. These
receptors are widely expressed and contribute
to a variety of physiological functions in several
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tissues and organs [Fredholm et al.,, 2001;
Jacobson et al., 2002; Klinger et al., 2002].

Adenosine-dependent regulation of cAMP
production can modulate DNA synthesis and
cellular proliferation [Jonzon et al., 1985]. In
fact, it has been shown that adenosine inhibits
cultured vascular smooth muscle cell (VSMC)
proliferation by activation of Asg adenosine
receptors which increase intracellular levels of
cAMP [Dubey et al., 1996]. Interestingly, an
in vivo model of smooth muscle cell prolifera-
tion, revealed that an A, receptor agonist, 2-
octynyladenosine, inhibited neointimal growth
[Takiguchi et al., 1995]. It has also been
observed that A; 5 adenosine receptor activation
reduced neutrophil and macrophage recruit-
ment, as well as neointimal formation, using
the carotid ligation injury model [McPherson
et al., 2001].

In addition to inhibiting DNA synthesis in
VSMC, adenosine receptors play a major role in
several inflammation-associated processes by
inhibiting immune activation and preventing
excessive tissue damage [Ohta and Sitkovsky,
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2001]. For example, adenosine analogs inhibit
neutrophil degranulation, which is associated
with increased cAMP levels [Richter, 1992].
Moreover, eosinophil chemotaxis was inhibited
in an Az-dependent manner [Walker et al., 19971,
while release of TNF-o and IL-10 in macrophages
can be mediated by adenosine analogues [Hasko
et al., 1996]. It has also been demonstrated
that inhibition of both T cell activation and the
release of IL-2 is associated with increased levels
of cAMP by an Asg-dependent mechanism,
suggesting that A;gAR upregulation may be a
potential mechanism of T cell deactivation
[Mirabet et al., 1999]. Adenosine is also the chief
mediator of the compensatory anti-inflammatory
response (CARS) during multiple organ failure
which subsequently leads to an immunocompri-
mised state [Hasko et al., 2002]. In fact, adenosine
plasma concentration in septic patients can
approach 10 pM, compared to less than 1 pM in
healthy individuals [Hasko et al., 2002]. Simi-
larly, increased levels of plasma adenosine
caused by a congenital deficiency in adenosine
deaminase, are associated with the develop-
ment of the severe combined immunodeficiency
syndrome (SCID) [Mirabet et al., 1999].
Increased plasma adenosine levels are asso-
ciated with a suppressed immune response in
both CARS and SCID.

Taken together, adenosine-dependent activa-
tion of its receptors plays an important role in
modulating inflammation and VSMC prolifera-
tion. The A5AR receptor subtype has been
shown to mediate many of the anti-inflamma-
tory effects of adenosine [Ohta and Sitkovsky,
2001]. We have previously shown that both the
A, and Aj adenosine receptor subtypes are
expressed in the vasculature and that they
contribute to the homeostatic control of adeno-
sine receptor subtype gene expression [Yaar
et al., 2002a] and function [Zhao et al., 2000].
Thus, AsAR-dependent increases in cAMP
enhance the expression of the Az subtype [Yaar
et al., 2002a]. Similarly, it was demonstrated
that deletion of the AsAR in a mouse model led to
elevated levels of cAMP in the aorta which was
associated with an enhanced vasodilatory
response upon adenosine administration [Zhao
et al.,, 2000]. Based on the analysis of these
AszAR-deficient mice, it can be concluded that
AsAR is an attenuator of AspAR activation.
Further support for adenosine receptor subtype
homeostasis was demonstrated by the finding
that the deletion or inhibition of AsAR enhances

As-dependent increases in coronary blood flow
[Talukder et al., 2002, 2003].

Since increased cAMP is known to inhibit
VSMC proliferation [Dubey et al., 1999] and to
increase the level of lysyl oxidase (LO) in VSMC
[Ravid et al., 1999], and in view of the role of
A3AR in mast cell activation [Salvatore et al.,
2000; Tilley et al., 2003], we hypothesized that
deletion of AsAR could impart an anti-athero-
genic phenotype. Surprisingly, although the
A3AR-null aortas have a decreased potential
for DNA synthesis in organ culture, lack of
A3AR has no impact on atherogenesis in an in
vivo animal model.

MATERIALS AND METHODS
Animals and Diet

Apolipoprotein E (ApoE) ™~ mice (C57BL/6J-
Apoc3™/Ur¢) were purchased from The Jackson
Laboratories, Inc. (Bar Harbor, ME). A;AR ™/~
mice on a C57BL/6 genetic background were
provided by Dr. Marlene Jacobson at Merck
Research Laboratories (West Point, PA). Both
ApoE~~ and A3~ null mice, were crossbred at
least eight generations to generate mice defi-
cient in both genes. Crossbred, heterozygous
ApoE~~ A3*"* and ApoE*" A3/~ mice were
used as controls. Murine genotypes were deter-
mined by the polymerase chain reaction for
ApoE and by Southern blot analysis for the
AsAR as previously indicated [Zhang et al.,
1992, 1994; Zhao et al., 2000]. In brief, the
following primer pairs (5'—3’), oIMR180 (GCC-
TAGCCGAGGGAGAGCCG) with oIMR181
(TGTGACTTGGGAGCTCTGCAGC) yield a
155 base pair amplicon for the wild type ApoE
alleles and oIMR180 with oIMR182 (GCCG-
CCCCGACTGCATCT) yield a 245 bp amplicon
for the targeted apoE allele (www.jax.org). After
weaning, mice were maintained on a 4.5% fat,
normal chow diet (Purina certified rodent chow
5002). To induce the formation of atherosclero-
tic lesions, 2-month-old mice were fed for
5 months on a high fat diet (TD 78399, 30%
fat) that was obtained from Harlan Teklad
(Madison, WI). Mice had free access to water
and food in all studies. Age and sex-matched
animals were used for analysis.

Ex Vivo Aortic Organ Culture

Mice (2—3 months old) were sacrificed by
carbon dioxide asphyxiation following which
the thoracic aorta was dissected and placed into
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DMEM medium (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum
(FBS), 1 mM sodium pyruvate, 1 mM nones-
sential amino acids, 100 U/ml penicillin, and
100 pg/ml streptomycin (DMEM-FBS). The
aortas were equilibrated under standard atmo-
spheric cell culture conditions (37°C and 5%
COy) for 24 h. After equilibration, the aortas
were incubated in fresh medium containing
0.6 uCi [°H] thymidine/ml (Perkin Elmer Life
Sciences, Boston, MA) for 4 h. The aortas were
then washed twice with PBS followed by lysis
with 10 mM Tris, pH 7.5, 1 mM EDTA, 0.5%
SDS, and 50 mM NaOH. The lysates were
sonicated three times for 20 s and 50 pl lysate
was spotted onto DE81 paper. The papers
were washed three times with 0.5 M NasHPOy,
twice with tap distilled water, twice with 95%
ETOH, air dried, and counted. The level of [°H]
thymidine incorporation was determined by
liquid scintillation spectrometry. The counts
were normalized to DNA content, which was
determined by UV 260 nm reading of the diluted
lysates. This assay for DNA synthesis was based
on a modification previously indicated [Ravid
et al.,, 1993]. The data obtained were deriv-
ed from six independent experiments. A two-
tailed Student’s t-test was used to compare [*H]
thymidine incorporation in wild type (control)
versus adenosine A;AR ™/~ vessels. A P value of
<0.05 was considered to be significant.

Aortic Elastin

Mice (2—3 months old) were sacrificed by
carbon dioxide asphyxiation and the aortas
were dissected and placed into ice cold phos-
phate buffered saline (PBS; pH 7.4). Tissue
samples were then weighed, homogenized, and
incubated in 0.1 N NaOH at 95°C for 45 min to
isolate insoluble elastin (the residue), followed
by acid hydrolysis and amino acid analysis of
the elastin product (Beckman Model 6300 with
System Gold software, Palo Alto, CA). An 80 min
cycle was used to confirm the characteristic
amino acid composition and determine quantity
of the elastin [Lansing et al., 1952; Stone et al.,
1987, 1997]. Briefly, the amino acids in the
hydrolysate were separated by ion exchange
chromatography and quantitated by reacting
with ninhydrin. A standard mixture of amino
acids was used to calibrate the instrument.
The hot alkali insoluble residue exhibited the
amino acid composition characteristic of elastin
[Starcher and Galione, 1976]. The amount of

elastin was calculated as the sum of the amino
acids (in moles) times the average amino acid
mass of 85 ng/nmol.

Aortic Immunohistochemistry,
Histology, and Microscopy

Mice were anesthetized by inhalation of ether
and were perfused through the left ventricle
with 10 ml of a solution of 4% formaldehyde in
PBS (pH 7.4). Each aorta was subsequently
dehydrated in an ethanol series, embedded in
paraffin and sectioned (5 um) [Yaar et al.,
2002b]. Aortic tissue sections were stained with
Verhoeff’s elastic tissue stain followed by Van
Gieson counterstain according to the manufac-
turer’s instructions (ACCUSTAIN Elastic Stain
Kit HT25-A; Sigma Diagnostics, St. Louis, MO).
Sections were visualized and digital images
were acquired with a Leitz Orthoplan micro-
scope at 250 x magnification. For immunocyto-
chemical localization of LO, confocal microscopy
was performed as previously described [Li et al.,
1997] with the exception that the secondary
antibody was conjugated to Cy3.

Western Blot Analysis

Western blot analysis was performed as
previously described [Sun and Ravid, 1999]. In
brief, total protein was extracted from whole
aortas and 20 pg were loaded onto a sodium
dodecyl sulfate (SDS)—polyacrylamide gel, sub-
jected to electrophoresis, and transferred to a
nitrocellulose membrane (Schleicher & Schuell,
Keene, NH). The membrane was allowed to
react with a polyclonal primary antibody
against LO [Li et al.,, 1997]. A secondary,
horseradish  peroxidase (HRP)-conjugated
anti-rabbit IgG was incubated with the mem-
brane and immunoreactive polypeptides were
detected using the ECL system (Amersham,
Arlington Heights, IL). Immunoblot bands were
quantitated on digital images using Scion
Image software (www.scioncorp.com).

Culturing of Mouse Aortic VSMC

VSMC were isolated from the murine aorta by
enzymatic dispersion as previously described
[Devlin et al., 1995]. This method was adapted
by using shorter enzymatic dissociation times to
minimize cell death. After the adventitia was
carefully removed, each vessel was suspended
in 1 ml of enzyme dissociation solution (1 mg/ml
collagenase, 0.25 mg/ml elastase, and 0.5 mg/ml
soybean trypsin inhibitor; Sigma) for 120 min at
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37°C in a humidified cell culture incubator
equilibrated at atmospheric conditions of 5%
carbon dioxide and 95% air. After digestion, 9 ml
of DMEM-10% FBS were added to stop the
digestion. The cell suspensions were centri-
fuged at 400g for 5 min at 4°C. The resulting cell
pellet was resuspended in DMEM-10% FBS and
plated into a 6-well culturing dish.

Analysis of Atherosclerotic Lesions

Aortic atherosclerotic lesions were analyzed
and quantitated as previously described
[Cayatte et al., 2001]. In brief, the aortic tree
from the aortic root to the abdominal aorta was
dissected from animals that were sacrificed by
carbon dioxide asphyxiation. The aorta was
mechanically cleaned of adventitia, washed in
KREBS buffer (Sigma, K-3753) supplemented
with 1 g/L glucose, and dissected longitudinally.
Aortas were immersed in an Oil Red O solution
(0.5% solubilized in isopropanol) and subse-
quently differentiated in 60% isopropanol. The
complete stained vessel was photographed and
the images were digitized. The Oil Red O-
positive lesions were quantitated using Scion
Image software (www.scioncorp.com). Statisti-
cal analysis of the quantitated lesion areas was
conducted using two-tailed Student’s ¢-test. A P
value of <0.05 was considered to be significant.

Femoral Artery Injury

Endothelial denudation of the mouse femoral
artery was carried out essentially as described
[Reis, 2000; Reis et al., 2000]. Twelve to
twenty one week old male ApoE /'~ A;AR**
and ApoE~~ As AR~ mice that were fed a nor-
mal rodent chow diet ad libitum, were anaes-
thetized, anincision wasmadeinthe groinand a
clamp was used to occlude the femoral artery
below the inguinal ligament. A cut was made
distal to the epigastric artery, and a 0.25 mm
angioplasty guidewire was introduced. The
clamp was then removed and the guidewire
advanced 3 cm, ten times. After removal of the
guidewire, the artery was ligated and the
incision was closed. Sham surgery included all
of the procedures described except that no
guidewire was introduced. Four weeks after
bilateral femoral artery injury, mice were an-
aesthetized and then perfused with 4% para-
formaldehyde. The hind limbs were excised,
further fixed by immersion, decalcified as
described [Reis, 2000], paraffin-embedded, and
sectioned (5 uM). The entire injured region of

the femoral artery (or the corresponding region
on sham-injured mice) was sectioned. Sequen-
tial sections at 100 pM intervals (every 20th
section) were subjected to analysis by (1)
hematoxylin and eosin staining and (2) Mas-
son’s trichrome staining (using a modification of
the Accustain Trichrome Stains (Masson) kit
from Sigma Diagnostics, as described by Garvey
[1984]). Sections were visualized and digital
images were acquired with an Olympus micro-
scope at 200x magnification. Morphometric
analysis was conducted using Scion Image
software (www.scioncorp.com).

RESULTS

A3 Adenosine Receptor Deficiency Decreases
DNA Synthesis in the Aorta

Adult aortas were dissected from wild type
and AzAR-deficient mice and placed into organ
culture. Once equilibrated, [°’H] thymidine was
added to the culture medium and its incorpora-
tion into DNA was determined. As shown in
Figure 1, incorporation of [*H] thymidine was
significantly reduced (by 56%; P <0.05) in
A3AR-null aortas compared to wild type. These
findings were similar to our unpublished results
showingthat therate of proliferation of cultured
mouse aortic VSMC derived from AzAR-null
mice (prepared as described under “Materials
and Methods”) was approximately 60% that of
the wild type control.

LO Is Upregulated in A;AR Null Aortic VSMC

The matrix enzyme, LO, is responsible for
cross-linking polypeptide chains within elastin
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Fig. 1. DNA synthesis in aortas dissected from A3 adenosine
receptor (A3AR)-deficient mice compared to those from the wild
type control. Organ cultures were pulsed with [*H] thymidine for
4 h and radioactivity was assayed as described in the ““Materials
and Methods.” The exhibited data represents the mean values
and associated standard deviations generated from six indepen-
dent experiments (n =6).
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Fig. 2. Histological and immunohistochemical examination of
aortic sections isolated from A;AR-null and wild type mice. A:
Identification of lysyl oxidase (LO) and elastin in aortic sections
derived from A3AR knockout and wild type mice was imple-
mented as described in the ““Materials and Methods’” section.
The purple arrows point to the elastin fiber, and the red arrow

points to LO staining. B: Western blot analysis of LO expression
in extracts isolated from wild type and A3;AR null aortas,
representative of two determinations. C: Aortic sections (5 pm)
were stained with Verhoeff-van Gieson stain. Collagen is
indicated by the red arrows and elastin by the purple arrows.
The data shown are representative of three experiments.
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and collagen [Smith-Mungo and Kagan, 1998].
Our previous studies demonstrated that levels
of LO in VSMC were inversely related to cellular
proliferation [Gacheru et al., 1997] and that
increased cAMP elevated LO levels in cultured
VSMC [Ravid et al., 1999]. Since aortas from
A3AR-null mice were shown to have increased
steady state levels of cAMP in comparison to
wild type mice [Zhao et al., 2000], immunohis-
tochemistry was conducted on wild type and
AsAR null aortic sections to examine LO levels.
We demonstrated that LO staining increased in
aortas deficient in A3AR as shown in Figure 2A.
This was further confirmed by Western blotting
(Fig. 2B), which shows approximately a 1.5 fold
increase in LO expression in the A3SAR knock
out mice. These results are consistent with the
inverse relationship between LO expression
and VSMC proliferation and indicate that
AsAR-dependent changes in LO may impact
VSMC proliferation as determined by organ
culture (Fig. 1).

Levels of Elastin in A3;AR Null
Mice Are Unaltered

Amino acid analysis was used to determine
the levels of elastin in both wild type and AsAR-
null aortas. The wet weight of each aorta was
used to normalize for differences in vessel size.
As shown in Table I, there were no statistical
differences in the total levels of insoluble
elastin. Aortic sections from AsAR-deficient
and wild type mice were also examined for
visible structural abnormalities using Ver-
hoeff’s elastin and Van Gieson collagen stains.
The vascular architecture in AsAR-null mice
appears to be similar in terms of the number of
elastin layers and adventitial collagen deposi-
tion Figure 2C. Thus, endogenous levels of LO
are likely saturating, and any further increase
does not result in changes in the level or
architecture of elastin in the aorta.

TABLE 1. Determination of Insoluble
Elastin in Aortas of A3;AR-Null and

Wild Type Mice
Elastin Elastin® (ug elastin/
Mouse strain (ng) ug wet weight)
Wild type 146 + 46 0.022 £0.002
A;AR™™ 142+19 0.021+£0.003

%The normalized values for elastin were calculated as the
microgram of elastin divided by the wet weight of the aorta. The
data represents the mean values and associated standard
deviations generated from four animals in each group.

A3 Adenosine Receptor Does not
Impact on Atherogenesis

To determine the influence of As;AR-defi-
ciency on atherogenesis in vivo, AsAR-null mice
were bred onto an ApoE-deficient genetic back-
ground. ApoE '~ mice are susceptible to ather-
osclerotic lesion formation in response to a high
fat diet. After 5 months on an atherogenic diet,
aortas were dissected from ApoE~~ As*,
ApoE~~ A;7/~, and ApoE** A3/~ mice and
subsequently stained with Oil Red O. Figure 3A
shows digital images of representative
vessels that were used to quantitate lesions.
The data in Figure 3B show that as expected,
lesion formation in ApoE™" Ag™/~ mice is
negligible. Moreover, the results indicate that
there was no significant difference in the area
occupied by lesion between ApoE '~ A;** and
ApoE '~ Az~

To further assess the potential role of A3AR in
lesion formation, another model was used.
Lesions formed in response to guidewire-induced
injury to the femoral arteries of ApoE /'~ A"+
and ApoE™~ A;”~ mice were assessed. As
discussed in the “Materials and Methods,” the
mouse femoral artery was surgically denunded
and harvested 4 weeks later. Tissue sections were
stained with hematoxylin and eosin and Masson’s
trichrome stains to conduct morphometric analy-
sis. Figure 4 shows representative injured and
sham-injured controls from ApoE~'~ Ag™* and
ApoE ™~ A3/~ mice. Table II shows that there is
no significant difference between the mean
luminal area (LLA) and intimal area (IA) in the
wild type and AsAR-null mice.

DISCUSSION

Vascular remodeling is a multifactorial pro-
cess and results from complex interactions,
including those of inflammatory mediators and
proliferating endothelial and VSMC. Az adeno-
sine receptors play an important role in inflam-
mation via mediation of mast cell degranulation
[Salvatore et al., 2000] and it has been specu-
lated that they affect VSMC proliferation by
influencing cAMP level, the latter via attenua-
tion of effects mediated by AsAR activation
[Zhao et al., 2000; Yaar et al., 2002a]. Therefore,
we hypothesized that AszAR-deficiency in a
murine model of atherosclerosis would inhibit
atherogenesis.

We demonstrate that a genetic deficiency in
the A3AR subtype significantly reduced the
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Fig. 3. Atherosclerotic lesion formation in ApoE ™~ As*/*, ApoE™~ A;™/~, and ApoE™* A; ™~ miceon a
high fat diet. A: Aortas were harvested and stained en face with Oil Red O as described in the ““Materials and
Methods.”” B: The mean lesion areas were calculated for ApoE "~ A;** and ApoE ™~ A; ™/~ mice. The data
shown represents the mean values and associated standard deviations generated from 10 independent

experiments (n=10).

proliferative potential of aortas in organ cul-
ture. Dubey et al. [1999] reported that the
activation of Ay,gAR and/or direct elevation of
cAMP were associated with the inhibition of
VMSC growth. cAMP was also shown to in-
crease LO gene expression and to increase LO

levels in VSMC [Ravid et al., 1999]. In accor-
dance, aortas from A3AR null mice display
decreased levels of cAMP [Zhao et al., 2000],
and increased levels of LO (Fig. 2). It has been
previously shown that there is an association
between elevated LO levels and reduced
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Fig. 4. Lesion formation in response to injury to the femoral artery in ApoE ™~ A3 */* and ApoE ™~ A; ™/~
mice. The femoral arteries of injured and sham-injured mice were harvested and stained with Masson’s
Trichrome stain as described in the ‘“Materials and Methods’ (A, ApoE’/* A7 B, ApoE*/* A3~ sham
injury; C, ApoE~~ A;**; D, ApoE™~ A" sham injury). Arrows indicate areas of increased neointimal

proliferation. Images are magnified 200x.

proliferation of fibroblasts [Li et al., 2003]. Here
too, we show that LO elevation in the AsAR null
mice is associated with decreased rates of DNA
synthesis in the aortas (Fig. 1).

Despite previous results showing that ather-
osclerotic lesions have elevated levels of LO
activity [Kagan et al., 1981] and our AzAR
null aortic organ culture data demonstrating
decreased growth and increased LO levels,
A3AR deficiency did not attenuate the develop-
ment of atherosclerotic lesions in response to
high fat diet or vascular injury in vivo. Although
developmental compensatory mechanisms that

TABLE II. Analysis of Intimal Area and
Luminal Area in Injured Femoral Arteries
of ApoE /= A;"" and ApoE '~ Az~

Mean intimal Mean luminal

Genotype area® area®
ApoE = Agt/* 85+ 32 227+ 36
ApoE~~ Ay~ 67 +27 275 + 36

2The data represent the mean values (arbitrary units/1,000) and
associated standard error mean generated from seven injured
arteries/group.

occur in response to AsAR genetic ablation may
be partially responsible for an anti-atherogenic
phenotype, our results demonstrate that
the presence of AsAR is not essential for vas-
cular plaque formation. Furthermore, these
findings were surprising due to the role that
A3AR plays in perivascular mast cell activation
and degranulation [Doyle et al., 1994; Shepherd
et al., 1996]. Previous studies have shown that
mast cells accumulate in human coronary
atheromas and are implicated in plaque
instability and rupture [Kaartinen et al., 1994;
Constantinides, 1995]. Additionally, it has been
shown that activated mast cells increase
macrophage low density lipoprotein (LDL)
uptake which leads to the formation of “foam
cells,” which are a marker for atherosclerosis
[Kovanen, 1991]. In summary, our findings
demonstrate that the loss of the AsAR does not
influence atherogenesis/neointimal hyperpla-
sia in response to mechanical injury. It is likely
that the effects mediated by the AsAR represent
a small contribution to processes associated
with vascular response to injury.
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