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Adventitial Mast Cells Induce Intimal Hemorrhage

Adventitial Mast Cell Activation Causes
Atherosclerotic Plaque Destabilization in ApoE™
mice

*lize Bot, *Saskia C.A. de Jager, Bernard A. Slitter, Bianca C.H. Lutters,
Theo J.C. van Berkel, Erik A.L. Biessen

*both authors contributed equally to this study

Division of Biopharmaceutics, Leiden/Amsterdam Center for Drug Research, Leiden University,
Leiden, The Netherlands.

Submitted

Abstract

While activated mast cells have been found to be abundantly present in the
adventitia of ruptured atherosclerotic plaques, it remains unclear whether
their presence is a mere epiphenomenon or causal to the pathobiology. In
this study, we activated mast cells in the adventitia of advanced carotid
artery plaques of ApoE"' mice and addressed their effect on plaque
phenotype. The increased mast cell degranulation translated into a
dramatically increased incidence of intraplaque hemorrhage, which was
found to be accompanied by Hs-receptor and mast cell protease-dependent
macrophage apoptosis and partly by enhanced vascular leakage and de
novo leukocyte recruitment to the plaque. Importantly, treatment with mast
cell stabilizer cromolyn normalized degranulated mast cell levels and
prevented hemorrhage. These data imply that activated mast cells play a
significant role in plaque destabilization and we propose that mast cell
stabilization could be an effective new therapeutic entry in the prevention of
acute coronary syndromes.
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Chapter 6

Introduction

Acute coronary syndromes including unstable angina and myocardial
infarction are commonly caused by erosion or rupture of vulnerable
atherosclerotic plaques, WhICh are characterized by a large lipid core
covered by a thin fibrous cap Inflammatory cells are considered to play a
key role in the pathogeneS|s of pIaque rupture456 One of the inflammatory
cell types, the mast cell’, has been shown to accumulate in the rupture-
prone shoulder region of human atheromas®. Activated mast cells containing
proteases such as tryptase and chymase, have been identified at the site of
atheromatous erosion or rupture in specimens of human coronary arteries®.
These mast cell proteases are known to activate matrix- metalloproteases
(MMPs)O and to induce apoptosis of vascular smooth muscle cells™
Human coronary artery specimens contain TNFa-rich activated mast
cells"®™®, which potentially aggravates the ongoing inflammatory response
and also induce the production of gelatinase (i.e. MMP-9) by macrophages.
These processes can ultimately lead to plaque destabilization. Not only
intimal inflammation but also inflammation of the arterial adventitia has been
shown to influence the vulnerability of the plaque14 Recently, activated mast
cells have been identified in the adventrtla of vulnerable and ruptured lesions
in patients with myocardial infarction"” and more importantly, their number
was found to correlate with the incidence of plaque rupture and erosion™. In
these studies, it is suggested that histamine released from adventitial mast
cells might trigger plaque rupture. However, it remains to be clarified
whether adventitial mast cells are instrumental in plaque rupture or should
be considered to be attracted secondary to the process. In this study, we
have recruited mast cells to the adventitia of atherosclerotic carotid artery
lesions of ApoE mice and activated them via a novel sensitization/local
challenge protocol and we demonstrate that this recruitment and activation
of mast cells promotes macrophage apoptosis and microvascular leakage
and importantly, enhances the incidence of intraplaque hemorrhage.
Furthermore, mast cell stabilization by cromolyn does prevent these
pathophysiological events by inhibition of mast cell degranulation in the
adventitia of these atherosclerotic plaques.

Methods

Animals

All animal work was performed in compliance with the Dutch government
guidelines. Male ApoE™ mice, obtained from the local animal breeding
facility, were fed a Western type diet, containing 0.25% cholesterol and 15%
cacaobutter (SDS, Sussex, UK). Atherosclerotic carotid artery lesion
formation was induced by perivascular collar placement as described
prewously Mice were anaesthetized by subcutaneous injection of
ketamine (60 mg/kg, Eurovet Animal Health, Bladel, The Netherlands),

110
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fentanyl citrate and fluanisone (1.26 mg/kg and 2 mg/kg respectively,
Janssen Animal Health, Sauderton, UK). Five weeks after collar glacement
all animals were skin-sensitized as described by Kraneveld et al.”. In short,
on day 1 and 2 isoflurane anaesthetized mice received either DNFB (0.5%
vlv, Janssen Chimica, Beerse, Belgium, n=12) or vehicle solution
(acetone:olive oil 4:1, n=14). On day 5, the mice were challenged
perivascularly by applying pluronic F-127 gel (25% w/v) or pluronic F-127 gel
containing DNP (50 pg/animal) at the lesion site. To measure de novo
infiltration of circulating leukocytes into the lesions, some of the mice were
injected intravenously with Rhodamine 6G (0.67 mg/kg)20 to label circulating
leukocytes. In a separate experimental set-up, two groups of mice (control:
n=6 and DNFB sensitized: n=4) received an intravenous injection containing
25 mg/kg of the mast cell stabilizer cromolyn (Sigma, Zwijndrecht, The
Netherlands,)21’22 thirty minutes before local challenge and twice daily during
challenge by intraperitoneal injections with 50 mg/kg of cromolyn.

The mouse Mast Cell Proteases (mMMCP) and TNFa levels in plasma were
determined by commercially available ELISAs (Moredun Scientific Ltd.,
Midlothian, Scotland and BD BioSciences, San Diego, USA, respectively).
Three days after challenge the animals were anaesthetized and in situ
fixation through the left cardiac was performedw.

Histology

Mast cells were visualized by staining of 5 um cryosections with aqueous
toluidin blue (Sigma) and by chloroacetate esterase (CAE) reactivity, while
mast cell phenotype was established using an Alcian Blue/Safranin O
staining (Sigma). An iron staining was performed according to Perl’s method.
Endothelium was stained by use a CD31 monoclonal antibody (BD
BioSciences), while apoptosis was visualized using a terminal
deoxytransferase dUTP nick-end labeling (TUNEL) kit (Roche Diagnostics).

Morphometry

Morphometric analysis (Leica Qwin image analysis software) was performed
on hematoxylin-eosin stained sections of the carotid arteries at the site of
maximal stenosis'®. Toluidin blue stained sections were used for histological
examination for the presence of adventitial mast cells. Mast cells numbers,
the extent of mast cell degranulation and presence of iron were assessed
manually. TUNEL positive areas were quantified both by Leica Qwin image
analysis software and by manual counting of TUNEL positive nuclei. All
morphometric analyses were performed by a blinded independent operator.
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Cell culture

MC/9 cells, kindly provided by Dr. Renauld from the Ludwig Instltute for
Cancer Research in Belgium, were cultured as described preV|oust MC/9
cells (2. 5*10° ) were degranulated by incubation with 0.5 pg/mL of compound
48/80 (Sigma) for 15 minutes at 37°C. Cells were centrifuged (1,500 rpm, 5
minutes) and the supernatant was used for further experiments.

Apoptosis assay

VSMCs were obtained from thoracic aortas from male CS?BI/G mice using
collagenase digestion and cultured as previously described®. The murine
macrophage cell line RAW 264.7 was cultured in DMEM containing 10%
FBS, 2 mmol/L L-glutamine, 100 U/mL penicilin and 100 pg/mL
streptomycin (all from Cambrex, VerV|ers Belg|um) VSMCs and RAW 264.7
cells were seeded at a density of 10° cells/cm? and exposed to supernatant
from degranulated and undegranulated MC/9 cells for 24 hours (RAWSs) or
for 48 and 72 hours (vSMCs) after which cellular DNA was stained with
propidium iodide (Sigma). The effect of mast cell chymase and tryptase
inhibition on apoptosis was determlned using the soybean trypsin inhibitor
and leupeptin (both 100 mg/L, Slgma) while the involvement of histamine
receptors in apoptosis was addressed by measuring apoptosis in the
presence of the H;-, Hy- and Hs-receptor antagonists tr|proI|de (1 pM),
cimetidine (100 yM) and thioperamide (1 uM, all from S|gma) respectively.
Also, the effect of single mast cell compounds was addressed using 35 mM
of histamine and 500 U/L tryptase (both from Sigma). Cells were
preincubated with either histamine or tryptase for 16 hours and after removal
of this medium, the macrophages were incubated with either tryptase or
histamine for an additional 6 hours, after which apoptosis was measured.
DNA fragmentation was measured using FACS analysis (FACScalibur, BD
Biosciences).

Clot assay

Mouse plasma was obtained by orbital bleeding in 3.8% (w/v) citrate and
centrifugation at 5,000 rpm for 5 minutes. MC/9 cells (2. 5*10° cells/mL) were
degranulated at 37°C for 30 minutes in HEPES buffer containing 100 ng/mL
DNP. The clot lysis assay was performed as described by Lisman et al”’
without addition of tPA to avoid impaired clotting of mouse plasma.

Microvascular leakage

Increased mlcrovascular permeablllty was assessed essentially as described
by Sirois et al.”® and Walls et al.*® with minor modifications. In short, male
C57BI/6 mice were injected intradermally at randomized sites with either
5*10° MC/9 mast cells suspended in PBS containing 50 pg/mL compound
48/80 in the absence or presence of histamine receptor antagonists (0.1 mM
triprolidine, 10 mM cimetidine or 0.1 mM thioperamide) or chymase and
tryptase inhibitors (10 g/L SBTI or leupeptin, respectively). Imnmediately after
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intradermal injection of the cell suspensions, 100 pyL 1.25% Evans Blue was
injected intravenously and after 30 minutes, the surface area of Evans Blue
stained skin was measured. To measure de novo infiltration of circulating
leukocytes into the skin, mice were injected intravenously with Rhodamine
6G (0.67 mg/kg)20 to label circulating leukocytes, subsequent to intradermal
injection with MC/9 mast cells. After 30 minutes, the skin was fixed and
cellular infiltrates were scored manually.

Statistical analysis

Data are expressed as mean = SEM. A 2-tailed Student’s t-test was used to
compare individual groups. Non-parametric data were analyzed using a
Mann-Whitney U test. Frequency data analysis was performed by means of
the Fisher’s exact test. Matched non-parametric data were analyzed using a
Friedman test. A level of P<0.05 was considered significant.

Results

>

Figure 1. Mast cell content in the
adventitia of atherosclerotic
lesions. (A) Intimal surface area
(*10° pm?) of the control and DNP
challenged animals. (B)
Atherosclerotic lesion containing
intracellular yellow DNP deposits,
as indicated by the arrows. (C)
Toluidin Blue (upper panels) and
Alcian Blue/Safranin O staining
(lower panels) of resting (left
panels) and activated
(degranulating, right panels) mast
cells in the adventita of an
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Dinitrophenyl albumin challenge

To recruit mast cells to the adventitia of carotid artery plaques we adapted
the conventional dinitrophenyl albumin (DNP) sensitization/challenge
protocol by use of a DNP loaded pluronic F-127 gel, which was applied
perivascularly at the lesion site. First, we studied the kinetics of DNP release
from this gel in vitro at 37°C. Almost 50% of the incorporated DNP was
released within 1 hr, while after 6 hrs DNP was almost completely diffused
from the gel regardless of the initial DNP concentration (data not shown). To
induce local mast cell activation in vivo, ApoE"' mice were perivascularly
challenged at the site of collar-induced carotid artery atherosclerotic
lesions'°. Plasma mouse Mast Cell Protease (mMCP) levels did not differ
between control and DNP challenged animals (6.45 + 0.92 ng/mL versus
7.15 £ 0.84 ng/mL, respectively) three days after challenge. Likewise,
plasma TNFa levels were essentially similar in the control and DNP
challenged group (55.8 + 1.9 pg/mL and 64.3 = 5.5 pg/mL, respectively,
P=0.17), suggesting that the challenge protocol did not result in systemic
mast cell degranulation.

Adventitial mast cells and plaque morphology

The sensitization/challenge protocol did not affect body weight and plasma
total cholesterol levels of Western type diet fed ApoE'/' mice throughout the
study (data not shown). Morphometric analysis of carotid artery lesions did
not reveal any differences in plaque size between control and DNP
challenged animals (40 + 5*10° pm2 versus 44 + 6*10° pm2 respectively,
Figure 1A). Medial size was slightly but significantly increased in the DNP
challenged mice (28 + 3*10° um? versus 23 + 2*10° um? in the control group,
P=0.04). Intracellular DNP granules were detected in the central atheroma of
the lesions, illustrating not only the effective DNP release from the gel, but
also the dynamics of the advanced plaque (Figure 1B). Resting and
activated mast cells in the adventitia of the lesions were firmly established by
toluidin blue (Figure 1C), chloroacetate esterase (CAE) and Alcian
Blue/Saphranin O. Alcian Blue/Saphranin O staining (Figure 1C) of the
adventitial mast cells revealed that the vast majority (98.6%) were
connective tissue-type mast cells®.

While the absolute number of adventitial mast cells in the toluidin blue
stained sections did not differ three days after perivascular challenge (4.8 £
1.3*10° versus 3.8 + 1.2*10° MC/pm2 adventitial tissue in the controls,
P=0.3), the percentage of degranulated mast cells after DNP challenge was
found to be significantly increased (74.7 + 3.9% versus 44.6 = 5.8% in
control animals, P=0.0005, Figure 1D). The cell density of the adventitia of
DNP challenged animals tended to be higher (4.8 * 0.7¥10° ceIIs/pm2
adventitial tissue) compared to vehicle treated control animals (3.7 + 0.5*10°
ceIIs/pm2 adventitial tissue, P=0.08).
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Strikingly, further analysis of the plaque morphology three days after
challenge revealed intraplaque hemorrhages in 7 of 24 plaques of DNP
challenged animals (Figure 2A) while we observed no such phenomena in
control plaques (Figure 2D, 0 of 28, P=0.003). These lesions contained high
erythrocyte numbers (Figure 2B) and in the near proximity of hemorrhages,
CD31 positive microvessels were detected (Figure 2C). To exclude the
possibility that these events represented perfusion or isolation artefacts, we
performed a Perl’s Iron staining, showing an equally strong increase in iron
positive sections for DNP challenged animals (6 of 24 compared to 0 of 28
for control mice, Figures 2E to G; P=0.007). Iron staining was found to
correlate with the presence of intraplaque hemorrhage (P<0.0001), co-
localized with ceroid-rich regions and was confined mostly to the central
atheroma. Of 6 lesions with Iron positive intima’s, 5 arteries revealed Iron
staining also in the media (P=0.02) and enhanced medial thickening.

As mast cell degranulation was reported to promote apoptosis of vSMCs and
EC'3"3 thus affecting plaque stability, we stained sections for apoptotic
cells by TUNEL staining (Figure 3A). Indeed, we observed a significant
increase in TUNEL positive area in DNP challenged lesions (3.3 + 0.5%
TUNEL stained area compared to 0.6 = 0.2% in the control, P=0.003, Figure
3B), which was confirmed by blinded scoring of the TUNEL positive nuclei in
the plaque (6.1 £ 2.0% versus 2.1 £ 0.6% in the controls, P=0.002). While
the iron negative lesions of the DNP challenged animals displayed enhanced
levels of TUNEL positive nuclei (2.6 £ 0.6% TUNEL positive area, P=0.02
compared to controls), the degree of apoptosis was even more pronounced
in the iron positive sections (4.8 £ 0.6% TUNEL positive area, P=0.01).
Surprisingly, the majority of the apoptotic cells was located in the central
atheroma rather than in the SMC rich cap of the lesions (P=0.04, Figure 3C),
implying that mast cell degranulation preferentially induces macrophage
apoptosis.

MC/9 cell degranulation induces apoptosis of macrophages

Supernatant from IL-3 stimulated MC/9 mast cells, which were degranulated
with compound 48/80, induced apoptosis of RAW 264.7 macrophages in a
concentration dependent manner up to 5-fold (21.8 + 0.7% of apoptotic cells
compared to 4.4 £ 0.3% in the control, Figure 4A). To pinpoint the actual
mast cell constituent that is responsible for macrophage apoptosis, we
assessed the effect of tryptase (leupeptin), chymase (SBTI) inhibitors as well
as of histamine receptor antagonists on mast cell-induced apoptosis. Both
SBTI (100 mg/L) and leupeptin (100 mg/L) were able to completely prevent
the mast cell-induced apoptosis. Similarly, the Hj-receptor antagonist
triprolidine (1 uM) inhibited the mast cell induced apoptosis of macrophages,
while the H,- and Hjs-receptor antagonists cimetidine (100 uyM) and
thioperamide (1 uM) were ineffective (Figure 4A).
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Figure 2. Increased incidence of
intra-plaque hemorrhage in DNP
challenged animals. (A)
Hematoxylin/Eosin staining of a
plague from a DNP challenged
mouse (100x), demonstrating
intra-plaque hemorrhages (B,
1000x) and neovascularization
(C, 1000x), confirmed by a
CD31 staining. (D)
Hematoxylin/Eosin staining of a
control plaque. (E,F) Perl’s iron
staining of a DNP (E) and a
vehicle control challenged artery
(F), revealing large areas with
iron deposits only in the DNP
challenged plague (100x). (G)
Quantification of the number of
plagues containing hemorrhages
and iron deposits in vehicle and
DNP challenged mice,
establishing a strongly increased
frequency of hemorrhages after
; ‘ , ! DNP challenge (**P=0.003),
'Q‘\' ’ il SIS which was confirmed by Perl’s
SRR s S ORENN iron staining (*P=0.007).

G
Events + - Total Iron + - Total
Control 0 26 26 Control 0 26 26
DNP 7 17 24 DNP 6 18 24

None of the inhibitors affected H,O, induced apoptosis of RAW 264.7 cells,
thus excluding that the used inhibitors are anti-apoptotic by themselves (data
not shown). As both the protease inhibitors as the H;-receptor antagonist are
able to completely inhibit the mast cell induced apoptosis, we verified
whether histamine acts synergistically on tryptase induced macrophage
apoptosis or vice versa. Incubation with histamine for 16 hours strongly
induced macrophage apoptosis (9-fold, P<0.01), while subsequent post-
treatment with tryptase (6 hours) led to an additive (1.8-fold) increase in
macrophage apoptosis compared to treatment with histamine only. Tryptase
treatment for 6 hours appeared to be ineffective. Conversely, priming of
macrophages with tryptase for 16 hours slightly enhanced RAW 264.7 cell
apoptosis (13 + 3% compared to 4 + 2% for untreated cells, P=0.05), but did
not sensitize macrophages for histamine induced apoptosis (data not
shown). In agreement with other studies, supernatant of degranulated mast
cells induced vSMC apoptosis after 48 hours (data not shown), although
vSMC appeared to be less susceptible to mast cell induced apoptosis than
macrophages.
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Figure 3. Increased apoptosis in lesions of DNP challenged mice. (A) TUNEL staining of a
vehicle (left panel) and a DNP (right panel) challenged artery; arrows indicate TUNEL positive
nuclei in brown (200x). (B) Relative TUNEL positive intimal area (left panel) of control, Iron
negative and Iron positive DNP challenged plaques, which both showed increased apoptosis in
DNP challenged plaques. The percentage of intimal TUNEL positive nuclei of vehicle controls is
lower than that of DNP challenged animals (right panel). (C) The percentage of TUNEL positive
nuclei was significantly increased in the central core of DNP challenged lesions (left panel),
while no significant difference was found in the percentage of TUNEL positive nuclei in the cap
region of control and DNP challenged plaques (right panel). *P<0.05 compared to the control.

Clot assay

Plasma exposed to supernatant of degranulated MC/9 cells displayed a
reduced rate of coagulation compared to control medium exposed mouse
plasma. The maximal optical density measured after exposure to mast cell
supernatant was >50% lower than to the control (Figure 4B), suggestive of a
less stable clot due to impaired fibrin formation. Preliminary data suggest
that the impaired clot formation was attributable to mast cell tryptase mainly.
These data indicate that mast cell constituents, released after degranulation,
do not enhance clotting when exposed to clotting factors in the blood
circulation.

117



Chapter 6

307 301

%) 0
b [9)
8 o

o
o L
= 3
0 2
a o3
8 Q
2 Q.
© .
X X

0
40

0,
control MC/9 5x 50x control 48/80 MC/9 SBTI leupeptin

iy
o
1

o

w
o
I

30+

20+

10+

% apoptotic cells
N N
e °

% apoptotic cells

#

0- 0-
controlMC/9 H1RA H2RA H3RA . .
Histamine - + - +

Tryptase - - + +

0.124 - MC sup

0.08+
+ MC sup

0 T T T |
0 250 500 750 1000

Time (s)

OD (450 nm)

Figure 4. In vitro apoptosis of macrophages induced by mast cell degranulation. (A)
Supernatant from degranulated murine MC/9 mast cells induced apoptosis of murine RAW
264.7 macrophages in a dose dependent fashion. (*P<0.05, **P<0.01 compared to DMEM
control, upper left panel). The MC/9 mast cell induced apoptosis of RAW 264.7 cells (*P<0.05
compared to DMEM control) was inhibited by the chymase inhibitor SBTI and by the tryptase
inhibitor leupeptin (**P<0.01, upper right panel). Compound 48/80, used to degranulate the
MC/9 mast cells, did not exert any effect on macrophage apoptosis. Mast cell induced apoptosis
was completely abolished by the Hi-receptor antagonist triprolidine (#PS0.0S compared to the
mast cell supernatant induced apoptosis), but not by the Hj-receptor antagonist cimetidine and
the Hs-receptor antagonist thioperamide (lower left panel). Incubation of RAW 264.7 cells with
30 mM of histamine induced macrophage apoptosis, which was even enhanced after 6 hour
incubation with tryptase, while tryptase itself did not induce apoptosis after 6 hours (lower right
panel). (B) Clot lysis curve of mouse plasma exposed to degranulated mast cell supernatant
(®), which shows reduced clotting compared to mouse plasma exposed to control buffer (o).

Microvascular leakage study

Apart from promoting macrophage apoptosis, mast cells have been
suggested to induce vascular leakage®>**. Thirty minutes after intradermal
injection of 5*10° MC/9 cells and compound 48/80 in mice, vascular leakage
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as judged by the Evans Blue spot size was significantly enhanced as
compared to the PBS control (Figure 5A, P<0.001). Enhanced leakage was
quenched to control levels by co-injection with the H;-receptor antagonist
triprolidine only (P=0.02), suggesting that the Hi-receptor is primarily
responsible for the increased leakage. Injection of compound 48/80 by itself
only slightly induced vascular leakage, which can probably be ascribed to
degranulation of resident skin mast cells (data not shown). MC/9 cells were
also found to orchestrate de novo recruitment of leukocytes to the site of
injection. Scoring of cellular infiltrates in the injected skin revealed a 1.5- and
8-fold increase in mononuclear cells and neutrophils, respectively, in MC/9
but not PBS control injected skin (both P=0.03, Figure 5B). Increased
leukocyte influx was also observed in skin injected with histamine. Upon
labelling of circulating leukocytes with Rhodamine 6G prior to skin injections,
an increased number of labelled leukocytes were detected in skins injected
with MC/9 mast cells (Figures 5C). These data indicate that the observed
dermal leukocytes are de novo recruited from the circulation due to mast cell
induced chemotaxis and enhanced vascular permeability. Also, the total
amount of inflammatory cells, not only from the circulation, was increased in
the skins injected with activated mast cells or histamine (data not shown).
Mice that had been perivascularly challenged with DNP at the carotid artery
lesions prior to Rhodamine 6G injection contained a considerably higher
number of Rhodamine positive cells (P=0.0002) and also cells per um intimal
surface area (P=0.0009) compared to mock challenged controls (Figure 5D).
The Rhodamine positive cells also colocalized with a Hoechst nuclear
staining, indicating that the influx we observed are indeed labeled cells (data
not shown). Whereas in control mice newly recruited Rhodamine positive
leukocytes were mainly found at the plaque surface, in the DNP challenged
mice a considerable portion of the Rhodamine positive cells was detected in
the central atheroma near the internal elastic lamina, suggesting that the
latter had in part migrated through mast cell permeabilized microvessels
inside the plaque.

Mast cell stabilization prevents intraplaque hemorrhage

In animals treated with the mast cell stabilizer cromolyn prior to and during
challenge, no difference was observed in the total amount of adventitial mast
cells between the DNP challenged and control mice (2.4 + 0.8*10”° versus
2.1 + 0.6*10° per pm2 adventitial tissue respectively, P=0.8). Cromolyn
treatment was also found to normalize the degranulated mast cell content in
DNP challenged animals (47.0 £ 15.8% versus 40.7 + 10.3% for the controls,
P=0.4, Figure 6A). More importantly, plaques of cromolyn treated control and
DNP challenged mice both did not demonstrate any signs of intraplaque
hemorrhage or of intimal or medial Perl’'s Iron staining (Figure 6B). In
analogy to the previous in vivo study, we found no differences in plaque size
between control and DNP challenged animals (30 + 3*10° pm? versus 49 *
14*10° um?, respectively, P=0.2). Also, medial size did not differ between the
groups (data not shown).
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Figure 5. Microvascular leakage was enhanced by degranulated MC/9 mast cells. (A) Evans
Blue spots in the skin of C57BI/6 mice, injected intradermally with degranulating MC/9 mast
cells (left panel). Evans Blue stained surface area of MC/9 injected skin was larger than that of
PBS control injected skin (***P<0.001) and remained unaffected by co-injection of mast cell
protease inhibitors (middle panel). Only co-injection of the Hs-receptor antagonist triprolidine
reversed the MC/9 induced vascular leakage (*P<0.05, *P=0.02 compared to the MC/9 cells,
right panel). (B) Leukocytes infiltration in the MC/9 injected skin was increased (*P=0.03, left
panel). Also, increased neutrophil recruitment was measured in MC/9 or histamine injected skin
(*P=0.03, right panel). (C) De novo recruitment of circulating Rhodamine 6G labeled leukocytes
to the PBS injected skin (400x, left panel). An increased infiltration of Rhodamine 6G labeled
leukocytes was observed in skin segments injected with MC/9 mast cells (400x, right panel). (D)
Influx of newly recruited leukocytes after in vivo labeling with Rhodamine 6G is increased in
DNP challenged animals compared to the control animals (***P=0.0002, left panel). The middle
and right panels show representative pictures of Rhodamine positive leukocytes, depicted by
the white arrows, in control and DNP challenged animals, respectively. (E) Suggested
mechanism of adventitial mast cell degranulation on atherosclerotic lesions.
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Furthermore, TUNEL staining of lesions from cromolyn treated mice did not
reveal any differences between the control and the DNP challenged group
(1.5 £ 0.7% versus 2.4 = 0.9% TUNEL stained area, respectively, P=0.4),
suggesting that cromolyn prevented the adventitial mast cell induced
apoptosis of macrophages in the central atheroma.
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Figure 6. Cromolyn treatment prevents mast cell induced intraplaque hemorrhage. (A) Total
adventitial mast cells content of vehicle and DNP challenged animals which both had received
the mast cell stabilizer cromolyn during challenge (left panel). Frequency of mast cell
degranulation in the adventitia of control and DNP challenged plaques was normalized after
cromolyn treatment (right panel). (B) No hemorrhage or related phenomena were observed in
plaques from vehicle and DNP challenged mice, which had been treated with cromolyn during
challenge; likewise no Perl’s iron positive lesions were detected in lesions from cromolyn
treated mice.

Discussion

Inflammatory cells have been found to contribute significantly to plaque
erosion or rupture, and thus to unstable angina and myocardial infarction®**.
lllustratively, activated mast cells have been identified in the adventitia of
vulnerable and ruptured lesions and their number was found to correlate with
the incidence of plaque rupture and erosion™. To date it remains to be
clarified whether these adventitial mast cells are instrumental in or attracted
secondary to plaque rupture. To address this key question, we recruited
mast cells to the adventitia of atherosclerotic carotid artery lesions in ApoE"'
mice by eliciting a local delayed type hypersensitivity (DTH) reaction'®, which
induces an inflammatory response at the site of provocation, represented by
mast cell activation and cellular infiltration.

Indeed, no differences in plasma TNFa and systemic mast cell protease
levels were found between vehicle control and DNP challenged animals,
suggesting that the local DTH reaction did not elicit a systemic activation of

121



Chapter 6

mast cells but was confined to the site of challenge. While the plaque
morphometry remained unaffected, the DNP challenge led to a striking and
acute increase in the incidence of intraplaque hemorrhage within three days
after challenge, which was confirmed by Perl’s iron staining. Also, iron
deposits were observed in the media of these lesions, suggesting that the
intimal phenomena likely were elicited in the adventitia and penetrated the
media of the plaques. Lesions with intraplaque hemorrhage tended to
contain relatively more adventitial mast cells than IeS|ons lacking
hemorrhages, which is in line with the observation of Laine et al.”, that the
adventitia of ruptured lesions in human coronary artery species contained
increased levels of mast cells. Importantly, the total numbers of mast cells
detected in adventitia of mouse carotid artery plaques after challenge
corresponded with those observed in adventitial tissue of human
plaques , indicating that the mouse model offers a realistic representation
of the human situation. Intraplaque hemorrhage seemed to colocalize with
ceroid-rich regions in close proximity of microvessels and was confined
mostly to the central atheroma Mast cells were reported to induce apogtoss
of not only cardlomyocytes but also vascular smooth muscle cells'"*! and
endothelial cells® in vitro, WhICh might result in reduced plaque stablllty35 %,
TUNEL staining of the plaques indeed revealed a highly significant increase
of intimal apoptotic nuclei in the DNP challenged mice. To our surprise,
apoptosis was mainly localized in the central atheroma as well, implying that
the majority of apoptotic cells are of macrophage rather than of vSMC origin.
This is in line with the in vivo observation that the cap thickness was not
influenced by DNP challenge (data not shown). To date, mast cell
degranulation has not been linked to macrophage apoptosis. Macrophage
apoptosis may very well result in an enlarged necrotic core of the lesions
and in the release of tissue factor (TF) rich apoptotic micro- -bodies®’ , thereby
decreasing plaque stability and promoting thrombosis. Our in vivo findings
concurred with the in vitro data, which showed an increased susceptibility of
macrophages to mast cell degranulate induced apoptosis, while vascular
smooth muscle cells appeared to be less sensitive. Chymase (SBTI) and
tryptase (leupeptin) inhibitors were able to prevent macrophage apoptosis
induced by the supernatant of degranulated mast cells. Surprisingly, also the
Hq-receptor antagonist triprolidine could completely blunt macrophage
apoptosis to control levels. Both tryptase and chymase were suggested to
be pro-apoptotic by themselves®', but also to potentiate the pro-apoptotic
action of histamine, which was recently shown to act partly via an H;-
receptor dependent mechanism®®. As our in vitro data indicate, histamine
indeed acts pro-apoptotic but aIso appears to sensitize to tryptase induced
macrophage apoptosis, whereas tryptase pretreatment did not aggravate
histamine induced apoptosis. Tryptase was only able to induce apoptosis of
macrophages after prolonged incubation. These data suggest that histamine
sensitizes macrophages to tryptase induced apoptosis and promotes
apoptosis on its own account possibly by affecting AKT phosphorylation.
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Obviously, DNP challenge substantially increased the influx of erythrocytes
into the intima of the lesions. We demonstrate here that mast cell
degranulation enhances microvascular leakage (a suggested mechanism is
depicted in Figure 5E). Indeed, circulating leukocytes were seen to
extravasate through mast cell-permeabilized microvessels in response to
mast cell derived chemotactic stimuli as shown by the influx of Rhodamine
labelled leukocytes into the plaques, leading to an increased presence of
inflammatory cells in direct proximity of these vessels. Upon degranulation of
adventitial mast cells, the increased microvessel leakage, the pro-
inflammatory response and the locally induced apoptosis will act in concert
to increase the risk of intraplaque hemorrhage. The increased vascular
permeability after exposure to mast cell degranulates was found to be
predominantly mediated by histamine in an Hy-receptor dependent manner
and to a much lesser extent by mast cell chymase33 and tryptase34. An
intriguing question is whether intraplaque hemorrhage per se is an adverse
phenomenon or whether it represents a beneficial first step in the wound
healing response. Interestingly, Kolodgie et al.*° recently reported that
intraplaque hemorrhage is a potent pro-atherogenic stimulus and risk factor
in plaque destabilization, as it is accompanied by deposition of erythrocyte
associated cholesterol and enlargement of the necrotic core of the
atherosclerotic plaque. This concurs with findings described by Kockx et
al’®, that phagocytosis of accumulated erythrocytes by activated
macrophages leads to ceroid production and further plaque expansion,
which may promote the formation of rupture prone lesions.

Treatment of mice with the mast cell stabilizer cromolyn during DNP
challenge normalized the extent of mast cell degranulation in the adventitia
and of macrophage apoptosis in the central core region of the plaques, while
preventing intraplaque hemorrhage. This implies that inhibition of mast cell
degranulation in the adventitia of atherosclerotic lesions may help to
maintain plaque stability. In some studies, the anti-allergic drug tranilast,
which amongst others inhibits mast cell degranulation, was able to suppress
atherosclerotic lesion deveIoPment“'“, but these results have not been
reproduced in human studies * In our study, we used cromolyn, which is a
more specific mast cell stabilizer and the observed beneficial effects can
thus be fully ascribed to mast cell stabilization.

In conclusion, degranulation of adventitial mast cells did promote
macrophage apoptosis and enhanced microvascular leakage in
atherosclerotic plaques, resulting in a sharply increased risk of intraplaque
hemorrhage. Our findings point to a significant role for activated mast cells in
plaque stability and acute coronary syndromes. We propose that mast cell
stabilization is an effective new therapeutic entry in the prevention of acute
coronary syndromes for patients with unstable angina.
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