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Abstract Ischemic heart disease is associated with
inflammation, interstitial fibrosis and ventricular dysfunc-
tion prior to the development of heart failure. Endocan-
nabinoids and the cannabinoid receptor CB2 have been
claimed to be involved, but their potential role in cardio-
protection is not well understood. We therefore explored
the role of the cannabinoid receptor CB2 during the initial
phase of ischemic cardiomyopathy development prior to
the onset of ventricular dysfunction or infarction. Wild type
and CB2-deficient mice underwent daily brief, repetitive
ischemia and reperfusion (I/R) episodes leading to ische-
mic cardiomyopathy. The relevance of the endocannabi-
noid-CB2 receptor axis was underscored by the finding that
CB2 was upregulated in ischemic wild type cardiomyo-
cytes and that anandamide level was transiently increased
during I/R. CB2-deficient mice showed an increased rate of
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apoptosis, irreversible loss of cardiomyocytes and persis-
tent left ventricular dysfunction 60 days after the injury,
whereas wild type mice presented neither morphological
nor functional defects. These defects were due to lack of
cardiomyocyte protection mechanisms, as CB2-deficient
hearts were in contrast to controls unable to induce switch
in myosin heavy chain isoforms, antioxidative enzymes
and chemokine CCL2 during repetitive I/R. In addition, a
prolonged inflammatory response and adverse myocardial
remodeling were found in CB2-deficient hearts because of
postponed activation of the M2a macrophage subpopula-
tion. Therefore, the endocannabinoid-CB2 receptor axis
plays a key role in cardioprotection during the initial phase
of ischemic cardiomyopathy development.
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Introduction

Ischemic heart disease and coronary artery disease are
associated with progressive and mostly subtle morpho-
logical and functional changes in myocardium, which
untreated lead to deterioration of left ventricular (LV)
function and terminal heart failure even without myo-
cardial infarction. In clinical and experimental studies on
ischemic heart disease [9, 16], the presence of macro-
phage-driven inflammatory activity has been shown to be
beneficial for functional recovery after revascularization
of human hibernating myocardium [10]. The myocardial
hibernation is a condition, where viable myocardium is
preserved under poor substrate availability as clinically
observed after repetitive ischemic episodes [12]. A sub-
stantial number of patients do not show this recovery,
thus suggesting a possible low-rate loss of cardiomyo-
cytes resulting in ischemic cardiomyopathy and heart
failure. The therapeutic options for these patients are very
limited, and to better understand the underlying patho-
mechanisms we developed a murine model of repetitive,
brief myocardial ischemia and reperfusion (I/R). This
model showed several pathological and functional simi-
larities with human hibernating myocardium: interstitial
fibrosis and LV-dysfunction after 7 and 28 days I/R, and
reversibility of both after discontinuation of the protocol
over 60 days [6]. We revealed a transient inflammatory
reaction involving induction of chemokine CCL2 and
macrophage infiltration being dependent on reactive
oxygen species as the key event for morphological and
functional recovery from interstitial fibrosis and LV-dys-
function in absence of infarction [6, 9]. Therefore, we
seek to identify factors modulating this inflammatory
response for potential pharmacological strategies to treat
this severe disorder.

Based on historical use of exogenous cannabinoids, i.e.
A°-tetrahydrocannabinol or marijuana, and some evidence
of potential clinical benefits, the role of endocannabinoids
in homeostasis and pathology of different organ systems
emerged with description of endogenous ligands and their
receptors [2, 12, 15, 26]. A study suggested an antifibrotic
role for cannabinoid receptor 2 (CB2) in liver fibrosis [14],
while another pharmacological study using low-flow
ischemia on isolated rat hearts suggested cardioprotective
effects [18]. While recent studies indicated a potentially
cardioprotective role of CB2 receptors after myocardial
infarction [5, 19, 22, 30], we have chosen another clinically
relevant heart disorder, namely early phase in development
of ischemic heart disease prior to prominent loss of
cardiomyocytes. Pharmacological intervention at this stage
could also prove extremely helpful for patients to avoid the
progression of the disease and prevent myocardial infarc-
tion [11].
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We demonstrate that endocannabinoids enhance the func-
tional recovery of the post-ischemic heart through CB2
receptor-mediated mechanisms in the ischemic myocardium,
which also affect the subsequent myocardial remodeling.

Methods

An expanded Methods section is available in the online
data supplement.

Study animals

All mouse experiments were performed in accordance with
an animal protocol approved by the local governmental
authorities on 18-25 g and 8-10 weeks old mice. Beside
wild type (WT-) C57BL/6J-mice (Charles River, Sulzfeld,
Germany), the homozygote CB2-deficient (Cnr2~'™)-mice
on C57BL/6J-background were derived and bred from
homozygote pairs as published [3]. We used both male and
female mice in an equal distribution for all experiments.
Generation of bone marrow (BM)-chimeric mice is
described in detail in supplementary material [1]. We
performed initial surgery on 241 WT-mice with 24.07 %
mortality and additional 7.47 % of mice were excluded due
to infarction after repetitive I/R protocol. A total of 196
Cnr2~~ mice underwent initial surgery with 22.96 %
mortality rate and 4.59 % infarction-related exclusion after
I/R. We also generated 57 chimeric mice, which had
14.04 % mortality rate after initial surgery and 7.02 %
infarctions post-I/R.

Mouse model of brief repetitive myocardial ischemia
and reperfusion (I/R)

Briefly, in an initial surgery, an 8-0 Prolene suture (Ethi-
con, Norderstedt, Germany) was placed around the left
descending coronary artery and stored subcutaneously as
previously described [6]. Mice were allowed to recover for
7 days from initial surgery trauma. Brief repetitive I/R was
performed using one daily episode of 15 min coronary
artery occlusion followed by 24 h reperfusion until the next
day. This daily episode was performed over 1, 3, 5 or 7
consecutive days. Echocardiography was performed on
selected groups as described in online supplement. Whole
hearts were excised and fixated in zinc-paraformaldehyde
(Z-fix, 4 %; Anatech, Battle Creek, MI, USA) over
18-22 h at 4 °C for histology, or directly frozen in Tissue
Tek (Sakura, Staufen, Germany) to perform superoxide
staining. Hearts were dissected free from atria and large
vessels and only ventricles were either processed fresh for
protein extraction, immediately snap frozen in liquid
nitrogen and stored dry on —80 °C for endocannabinoid
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measurements, or immediately stored in RNA-later (Qia-
gen, Hilden, Germany) for mRNA-studies. Whole hearts
were used for extraction of adult cardiomyocytes in
Langendorff-apparatus, for isolation of myofibroblasts or
retrieval of inflammatory cells using MACS sorting.

Hypertrophy measurements

We measured heart weight to body weight and to tibia
length ratios on freshly excised hearts and right tibia after
I/R. Hearts were cannulated, perfused with ice-cold Krebs
Henseleit buffer (KH) and the atria were removed. Hearts
were dried on a paper towel for 1 min before their weight
measurement.

Histology

Basic histological evaluation and quantitative planimetric
analysis of collagen-stained area was performed as already
published [6]. Immunohistochemical staining was per-
formed using Vectastain Elite ABC kits and diam-
inobenzidine (AXXORA, Lorrach, Germany). The list of
primary antibodies and the evaluation methods are pro-
vided in the online supplement.

Endocannabinoid measurements by LC-MS/MS

Analyses were performed on an LC-MS/MS system (Ag-
ilent 1200 LC system; 5500 QTrap; AB SCIEX, Darmstadt,
Germany); see supplement for details. Endocannabinoid
concentration was normalized to protein and concentration
of anandamide and 2-arachidonoyl glycerol, as well as
arachidonic acid were measured in ischemic tissue
samples.

Statistical analysis

Data are presented as mean += SEM. Two-way ANOVA with
a Student’s—-Newman—Keuls corrected post hoc analysis was
done to compare differences between the groups (Prism 5.0;
GraphPad, San Diego, CA, USA). Unpaired ¢ test was used for
comparison when only two groups were examined. Differ-
ences with P < 0.05 were considered significant.

Results
CB2-deficiency leads to irreversible loss
of cardiomyocytes and sustained endocannabinoid

release in ischemic heart

Naive CB2-deficient mice showed comparable myocardial
morphology, echocardiography parameters or expression of

key genes when compared with respective shams, WT-
mice or their shams, thus excluding overt heart dysfunction
under control conditions. Repetitive I/R caused persistent
CB2 mRNA induction (Fig. 1a) and significantly increased
its protein expression after 3 days I/R (Fig. 1b) in the
whole heart of WT-mice. To show induction of CB2 on
cardiomyocytes despite the lack of specific CB2-antibod-
ies, we isolated cardiomyocytes from WT-hearts after
3 days I/R using Langendorff-apparatus and found a sig-
nificant CB2 mRNA induction in them (Fig. 1c). Repeti-
tive I/R led to cellular infiltration of the widened interstitial
space in WT-mice after 7 days (Fig. 1d). In clear contrast,
strong cellular infiltrations with microinfarctions in the
ischemic LV-wall were detected in hearts of Cnr2~/~-mice
(Fig. le). The hallmark of this disease model is an evenly
distributed interstitial fibrosis in the ischemic area of WT-
hearts (Fig. 1f). However, interstitial fibrosis was rare in
Cnr2~'~-mice, and instead we found replacement fibrosis
in microinfarctions due to cardiomyocyte loss (Fig. 1g).
This was further supported by a significant increase of
microinfarcted areas in Cnr2™'"-mice (collagen in micro-
infarcted area as percentage of total collagen area:
Cnr2'"-mice  1839+334%  vs.  WT-mice
1.08 £ 0.46 %; P < 0.05, n = 8). Despite no significant
difference between WT- and Cnr2™'"-hearts in total col-
lagen-stained area in naive, sham or 7 days I/R groups
(Fig. 1h), we observed a complete regression of interstitial
fibrosis in WT-mice 60 days after discontinuation of I/R in
contrast to only partial regression of fibrosis in Cnr2~/"-
mice (Fig. 1h). To further corroborate the involvement of
endocannabinoids, we measured anandamide concentration
in the heart at different time points during I/R protocol. We
found that anandamide was only transiently increased in
the ischemic area of LV in WT-mice (Fig. 1i), whereas its
levels constantly increased during I/R episodes in Cnr2 ™/ ~-
mice. Anandamide levels in the Cnr2 ™' -hearts were sig-
nificantly different after 7 days I/R, indicating its
involvement in adaptation to repetitive ischemic stress.
Concentration of 2-arachidonoylglycerol was unchanged in
Cnr2~'~-hearts (Fig. 1j) and tissue concentration of ara-
chidonic acid showed a similar concentration pattern to that
of anandamide (Fig. 1k).

CB2-mediated protection of cardiomyocytes
during the development of left ventricular dysfunction

In the next step, we evaluated the impact of morphological
findings on left ventricular function. The echocardiography
measurements showed normal values for fractional short-
ening as a global function parameter (Fig. 2a), anterior
wall thickening as a regional function parameter (Fig. 2b)
and left ventricular end-diastolic diameter (LVEDD;
Fig. 2¢) in sham WT- and Cnr2™'~-mice. In parallel to
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Fig. 1 CB2-deficiency leads to microinfarctions after repetitive I/R.
a mRNA expression of CB2 receptor in wild type (WT)-mouse hearts
during repetitive I/R. b Quantitative analysis of CB2 protein
expression in relation to GAPDH using Western blot in sham WT-
mice and after 3 days I/R. ¢ CB2-mRNA expression in Langendorff-
isolated adult WT-cardiomyocytes after 3 days I/R. d Representative
HE-staining section of wild type (WT)-mouse heart after 7 days I/R
shows interstitial cellular infiltration in contrast to e irreversible loss
of cardiomyocytes in microinfarctions of Cnr2~/~-mice. f Collagen
staining using picrosirius red shows only interstitial fibrosis in WT-
mice. g Cnr2”/"-mice present intense collagen deposition in

development of interstitial fibrosis and microinfarctions,
we found a significant global and regional left ventricular
dysfunction in both strains after 7 days I/R, when com-
pared to their respective shams. The extent of dysfunction

@ Springer

microinfarctions (arrows) and less interstitial collagen in remaining
ischemic area. h Quantitative planimetric evaluation of total collagen-
stained area in relation to the left ventricular area in WT- and
Cnr2 ' "-hearts. i Tissue concentration of anandamide (AEA), j 2-
arachidonoylglycerol (2-AG) and k arachidonic acid (AA) in
ischemic left ventricular wall measured with mass spectrometry.
n = 8/group; for protein analysis n = 6/group; RT-qPCR using
Taqman®, expression is related to controls and GAPDH using
comparative AAC-method. Scale bars a, b 50 um; d, e 200 pm; bar
indicates P < 0.05 between the genotypes; asterisk indicates
P < 0.05 vs. respective sham

was comparable between the strains at this stage, while we
observed no significant increase in LVEDD. However,
60 days after discontinuation of I/R, WT-mice showed
significantly  better function with full recovery
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Fig. 2 CB2-deficiency leads to persistent left ventricular dysfunction
after repetitive I/R. a Fractional shortening as parameter of global left
ventricular function, b anterior wall thickening (AWT) as parameter
of regional function, and ¢ left ventricular end-diastolic diameter
(LVEDD) in WT- vs. Cnr2™'"-hearts after 7 days I/R and 60 days
after discontinuation of I/R (60 days reg). d Cardiomyocyte area after
7 days I/R in WT- vs. Cnr2~'~-hearts. e Ratio of B/a-myosin heavy

accompanying the above-mentioned complete regression of
fibrosis, whereas Cnr2~/~-mice presented with persistent
global and regional LV-dysfunction without increase in
LVEDD. Since myocardial ischemia may induce com-
pensatory hypertrophy of non-ischemic areas, we measured
heart weight/tibia length ratio and found a significant dif-
ference after 7 days I/R (WT 66.29 £ 2.40 mg/cm vs.
Cnr2~/"-mice 77.00 & 2.46 mg/cm, P < 0.05, n = 8).
The heart weight/body weight ratio was comparable
between both groups (WT 0.00513 4 0.00018 vs.
Cnr2 ' "-mice 0.00510 & 0.00018, n.s., n = 8). Also, the
cardiomyocyte area was comparable between WT- and
Cnr2~'"-mice after 7 days I/R, but significantly higher
than in respective shams (Fig. 2d). The significant differ-
ence in cardiomyocyte area between the shams of both
strains may be related to the initial surgery trauma.

To investigate the adaptation mechanisms of cardio-
myocytes during development of left ventricular dysfunc-
tion, we measured mMRNA expression of contractile
elements. We found a constant and significantly increased
ratio of B to o isoforms of myosin heavy chain (MHC) in
WT-mice when compared to their shams. This was caused
by a persistent downregulation of the o isoform, indicating
adaptation to repetitive ischemic stress using an embryonic
expression pattern to survive (Fig. 2e). In contrast, the

amrc— (i Nl e

GAPDH—> ‘ N { st Ry

chain (MHC) mRNA expression during repetitive I/R. f Ratio of /o~
MHC protein concentration after 3 days I/R. n = 8/group, for protein
analysis n = 6/group; RT-qPCR using Tagman®, expression is
related to controls and GAPDH using comparative AAC-method;
bar indicates P < 0.05 between the genotypes; asterisk indicates
P < 0.05 vs. respective sham

Cnr2~'~-mice presented with a significantly lower ratio of
B to o isoforms, when compared to the respective WT-
groups. Cnr2~'~-mice were unable to downregulate the o
isoform, and this difference in adaptation to ischemic stress
may have contributed to the loss of cardiomyocytes. The
Western blot analysis of MHC isoforms confirmed our
findings of the RNA analysis (Fig. 2f). We further inves-
tigated this hypothesis using an apoptosis assay for cleaved
caspase-3. In WT-hearts only scattered caspase-positive
cardiomyocytes in the ischemic area were found, whereas,
in Cnr2™'-hearts significantly more caspase-3-positive
cardiomyocytes were detected after 3 and 7 days
I/R (Fig. 3a, b). We assessed apoptosis also using TUNEL
staining (Online Figure 1). Quantitative analysis (Fig. 3c)
yielded similar results as obtained with caspase-3 staining.
The clear difference in the rate of apoptosis prompted us to
explore more in detail CB2-dependent cardioprotective
mechanisms.

Based on our previous findings on the crucial role of
reactive oxygen species and its related mediators for car-
dioprotection in the model of repetitive I/R [6, 28], we
assumed that the free radical burden may be higher in
Cnr2 ' -cardiomyocytes and thereby causing apoptosis
and cell loss. For this purpose, we measured production of
reactive oxygen species in tissue using dihydroethidine

@ Springer
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«Fig. 3 CB2-deficiency causes increased apoptosis and production of
reactive oxygen species during repetitive I/R. a Representative slides
of cleaved caspase 3 staining for apoptosis in wild type (WT)- and
Cnr2~/~-mice during repetitive I/R. Cellular density analysis of
b cleaved caspase 3 staining and ¢ TUNEL staining revealed
significantly more apoptotic cardiomyocytes in Cnr2~'-hearts.
d Representative dihydroethidine (DHE; red) staining sections show
increased reactive oxygen species production in Cnr2~'~-hearts after
3 days I/R when compared to the WT or respective shams (nuclei
Hoechst blue, cardiomyocytes stained with a-actinin white). e Quan-
titative analysis of the total DHE signal density as a ratio to the total
Hoechst signal density. f Cnr2~'"-hearts had significantly weaker
mRNA induction of heme oxygenase-1 (HMOX-1) and no induction
of g Rac-1 than the WT-hearts during I/R protocol. Scale bar 50 pm,
for the insert 25 pm; n = 8/group, except for a, b: n = 4-5/group;
RT-qPCR using Taqman®, expression is related to controls and
GAPDH using comparative AAC,-method; bar indicates P < 0.05
between the conditions; asterisk indicates P < 0.05 vs. respective
sham

(DHE). Representative sections of both genotypes in sham
hearts and specimen after 3 days I/R are shown in Fig. 3d.
Quantitative analysis of DHE/Hoechst density ratio after
3 days I/R revealed that WT-mice do not show increase in
DHE in contrast to a significantly higher ratio in Cnr2™/"-
mice (Fig. 3e). Since reactive oxygen species are neutral-
ized by different factors under ischemic stress, we mea-
sured mRNA expression of antioxidative enzymes. We
found a significant, transient increase of heme oxygenase-1
in WT-mice in contrast to only a modest, significantly
lower induction in Cnr2~'~-mice (Fig. 3f). A comparable

difference in expression pattern was found for Racl, the
main regulator of NADPH oxidase (Fig. 3g), glutathione
peroxidase-1, superoxide dismutase 3 and metallothionein
1 (Online Figure 1). These data provide evidence that the
tissue production of reactive oxygen species seems to be
quenched by induction of antioxidative mediators and their
related regulators in WT-hearts. This cardioprotective
action is weaker in Cnr2~' -hearts and therefore may
contribute to the loss of cardiomyocytes. Since cardio-
myocytes are not the only cells in the heart producing
antioxidative mediators in vivo, we investigated cardio-
myocytes in vitro. To this aim embryonic cardiomyocytes
(eCM) from WT- and Cnr2~'"-mice were isolated and
treated with IFN-y under normoxia or hypoxia in vitro to
simulate the in vivo situation of repetitive I/R. No evidence
of increased apoptosis (bcl-2, caspase 3 and 8) or cell loss
(manual cell count) was found in Cnr2~'~-eCMs when
compared with WT-cells (Online Figure 2). Comparable to
the in vivo data and as a proof of concept, we found no
heme oxygenase-1 induction in hypoxic Cnr2~'~-eCM
under IFN-y stimulation (Fig. 4a). To unequivocally rule
out potential fibroblast contribution, we took advantage of
puromycin-purified embryonic stem cell-derived cardio-
myocytes (~97 %-pure cardiomyocyte cell culture) [17].
The puromycin-derived WT-cardiomyocytes showed an
early upregulation of heme oxygenase-1-mRNA under
hypoxia (Fig. 4b) and thus confirmed the specificity to the
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Fig. 4 CB2 receptor-dependent cardioprotection in vitro. a Embry-
onic cardiomyocytes (€CM; E13.5-15.5) from Cnr2~/~-mice taken
into culture and stimulated with 100 ng IFN-y are unable to induce
heme oxygenase-1 (HMOX-1) mRNA under hypoxic stress in
contrast to a strong induction in eCM from wild type (WT)-mice.
b Puromycin-purified cardiomyocytes (>97 % cell purity) from o-
PIG cell line significantly induce HMOX-1 in response to hypoxia
and ¢ show a tendency toward less induction of CB2-mRNA under

groups

hypoxic conditions over 72h. d eCM show an O,-dependent
induction of CCL2-mRNA in Cnr2~/"-cells. e Puromycin-purified
cardiomyocytes show a significant induction of CCL2-mRNA under
hypoxic conditions. eCM n = 5/group, a-PIG n = 4-5/group; RT-
gPCR using Tagman®, mRNA expression is related to controls and
18S using comparative AAC-method. bar indicates P < 0.05
between the genotypes, asterisk indicates P < 0.05 vs. respective
controls

@ Springer



Page 8 of 15

Basic Res Cardiol (2014) 109:425

cardiomyocytes. Interestingly, we found a dynamic regu-
lation of CB2 receptor under hypoxia in this puromycin-
derived system (Fig. 4c). Based on this finding and the role
of CB2 in regulation of chemokines and other inflamma-
tory mediators, we then measured mRNA expression of the
chemokine CCL2 in cardiomyocyte cell culture. We found
a significant induction of CCL2 in Cnr2~/~-eCM under
normoxic conditions, whereas this was abrogated under
hypoxia (Fig. 4d). This could represent a lower capability
of Cnr2~'"-cardiomyocytes to trigger an inflammatory
reaction after ischemic injury. Indeed, the puromycin-
derived WT-cardiomyocytes showed a consistent upregu-
lation of CCL2-mRNA under hypoxia, thus showing their
preserved potential to trigger the inflammatory cascade as
an important part of cardioprotective mechanisms
(Fig. 4e).

CB2-related modulation of macrophage function
supports cardioprotective mechanisms

Since endocannabinoids exert CB2 receptor-mediated
immunosuppressive effects on inflammatory mediators and
macrophages [3, 31], we hypothesized that macrophage
dysfunction could be the second main reason leading to
microinfarctions in Cnr2~'~-mice. Mac-2 staining revealed
evenly distributed macrophages in ischemic LV-wall in
WT-mice in contrast to Cnr2~’ “-mice, where a strong
predominant infiltration of microinfarctions was found
(Fig. 5a, b). Total macrophage density in ischemic LV-wall
was higher in Cnr2 ™/ ~-mice (Fig. 5¢) with ~4-fold higher
cell density in microinfarctions than in the remaining
ischemic area after 5 days I/R (data not shown). To test the
specific role of CB2 receptor on macrophages and bone
marrow derived vs. cardiac-resident cells for immune
response, we reconstituted WT-mice with Cnr2~~-or WT-
bone marrow cells and performed the 7 days I/R protocol.
The chimeric WT/WT-mice recapitulated the morpholog-
ical findings in HE-staining of WT-mice, and chimeric
WT/CB2 ' "-mice showed extensive microinfarctions in
ischemic LV-wall comparable to the findings in Cnr2 ™/~ -
mice (Fig. 5d, e). Total collagen area and ventricular
function parameters were comparable between the chime-
ric groups and the respective non-reconstituted WT- or
Cnr2~'~-mice (data not shown). In full agreement with our
findings in non-reconstituted mice, total macrophage den-
sity was significantly higher in WT/CB2™'"-mice than in
WT/WT-mice after 7 days I/R (Fig. 5f), and there was a
clear affinity of macrophages toward microinfarctions in
WT/CB2 ' ~-mice (Fig. 5g—i), as found in non-reconsti-
tuted Cnr2~'~-mice. Both chimeric groups showed signif-
icantly lower total macrophage density than the respective
non-chimeric animals, which could be attributable to the
reconstitution procedure.
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The contribution of other inflammatory cells in vivo and
CB2-related actions on macrophages in vitro are presented
in supplemental data available online.

Post-infarction remodeling involves different subpopu-
lations of macrophages depending on Th-polarization [24],
and a further differentiation into M2a, M2b and M2c
subtypes was reported, where M2b subpopulation is known
not to be associated with tissue remodeling [21]. We
applied a protocol for cellular extraction from whole hearts
followed by MACS sorting of CD11b+ cells and RT-qPCR
gene analysis to explore potential changes in macrophage
subpopulations. Gene analysis showed no difference in M1
or M2c subpopulation between WT- or Cnr2~’~-mice
(Table 1). However, we could detect lack of expression of
the M2a-specific cytokines IL4 and IL-13 in Cnr2 ™' ~-mice
after 3 days I/R in contrast to comparable expression of
these cytokines in both genotypes after 7 days. This
revealed a postponed induction of M2a macrophage sub-
type in CB2-deficient I/R hearts, clearly indicating the
cellular mechanism behind the CB2-mediated resolution of
inflammatory response.

Our previous work showed that a well-orchestrated,
transient inflammatory response is needed for development
of interstitial fibrosis in our repetitive I/R model [6, 9].
Therefore, we analyzed the post-ischemic cascade and
found an initiation of inflammatory response by mRNA
induction of TNF-a after 1 day I/R (Fig. 6a). TNF-o pro-
tein concentration was significantly higher only in WT-
mice after 3 days I/R when compared to their shams and
showed a non-significant increase in Cnr2™' -hearts
(Fig. 6b). Also, significantly increased mRNA expression
of IL-1B (Fig. 6c) and M-CSF (Fig. 6d) were found in
Cnr2~'"-hearts after only 1 day I/R, when compared to
their shams. In contrast, WT-mice presented with a tran-
sient upregulation of several proinflammatory cytokines
and chemokines. To our surprise, Cnr2 ™' "-mice had a
significantly lower mRNA- and protein-induction of potent
macrophage-related chemokine CCL2 (Fig. 6e, f). At the
same time, we found no induction of its receptor CCR2 in
Cnr2~'"-hearts (Fig. 6g). mRNA expression of chemokine
CCL4 showed comparable pattern to the CCL2 (Fig. 6h),
thus suggesting a specific CB2 receptor-dependent regu-
lation of chemokine expression. The anti-inflammatory
cytokine IL-10 was not induced in ischemic Cnr2~/~-
hearts, thus indicating an impaired resolution of the
inflammatory response in these mice (Fig. 6i).

CB2 receptor-dependent mechanisms of myocardial
remodeling and fibrosis

We further investigated the mechanisms underlying the
differences in fibrotic response between interstitial fibrosis
and only few microinfarctions in WT-hearts and less
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Fig. 5 Critical cardioprotective role of macrophages in repetitive I/R.
a Representative section of a wild type (WT)-heart shows low
interstitial macrophage infiltration after 7 days I/R using Mac-2
antibody. b In contrast, Cnr2~'~-heart presents with persistent high
cellularity in microinfarctions containing macrophages. ¢ Total
macrophage density (Mac-24- cells) during repetitive I/R. d Chimeric
mice after reconstitution with WT-bone marrow (bm) or with
e Cnr2~'~-bone marrow show comparable HE histology after 7 days
I/R to the non-reconstituted groups. f Macrophage density of chimeric
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mice after 7 days I/R. g Representative heart section stained with
Mac-2 antibody of a chimeric wild type (WT)-mouse reconstituted
with WT-bone marrow (WTbm) and h chimeric WT-heart with
Cnr2~/"-bone marrow (Cnr2*/*bm). i Differential evaluation of
macrophage distribution between ischemic area (I/R) vs. microin-
farctions (MI) in chimeric mice. Scale bars a, b, g, h 50 um; d,
e 200 um. n = 8-11/group; bar indicates P < 0.05 between the
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Table 1 Subpopulation-specific gene expression on macrophages in vivo

WT 3 days /R CB2~ 3 1R WT 7 days /R CB2~'~ 7 days I/R
IFN-y (M1) 27.54 + 0.78 28.13 + 0.46 25.64 + 0.67 27.16 £ 0.20
IL-4 (M2a) 27.70 + 0.54 n.d. 26.89 + 0.15 26.96 + 0.10
IL-13 (M2a) 27.04 + 0.49 n.d. 25.86 + 0.78 26.54 + 0.61
IL-10 (M2c) 19.99 + 0.18 19.91 + 0.24 20.36 + 0.30 20.15 + 0.26

Macrophages were MACS sorted using CD11b from whole hearts (Langendorff perfusion) and their mRNA was processed for RT-qPCR. M2b

subpopulation was not found in the hearts. Data (n = 8-9/group) are expressed as mean + SEM of AC,. Unpaired ¢ test showed no significant
differences between the groups

n.d. not determined (gene expression not measurable)
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Fig. 6 Inflammatory mediators are differentially regulated through
CB2 receptor in vivo. a mRNA expression and b protein concentra-
tion (ELISA) of cytokine TNF-o from whole hearts of wild type
(WT)- and Cnr2~/~-mice. ¢ IL-1B and d M-CSF mRNA expression
during repetitive I/R. e Chemokine CCL2 mRNA expression, f its
protein concentration (ELISA), g the mRNA expression of its
receptor CCR2, and h the expression of chemokine CCL4 are

interstitial ~ fibrosis accompanied by non-compacted
replacement fibrosis in microinfarctions in Cnr2_/_-hearts,
which suggested altered remodeling under CB2-deficiency.
To obtain information on the potential reversibility of
fibrosis, we determined the ratio of the reversible collagen
type III and the irreversibly deposited collagen Io. We
found that WT-hearts contained significantly higher
amounts of the reversible collagen isoform, whereas the
irreversible collagen isoform was dominant in Cnr2™'~-
hearts after 5 days I/R (Fig. 7a). This finding was fully in
line with the observed morphological, irreversible collagen
deposition in microinfarctions after 7 days I/R and 60 days

@ Springer

significantly decreased in Cnr2~~-mice. i mRNA expression of anti-
inflammatory cytokine IL-10 in not upregulated in Cnr2~'-mice.
n = 8/group; for protein analysis n = 6/group; RT-qPCR using
Taqman®, mRNA expression is related to controls and GAPDH
using comparative AAC-method; bar indicates P < 0.05 between the
genotypes; asterisk indicates P < 0.05 vs. respective sham

recovery in Cnr2~'-hearts, while fibrosis was fully
reversible in WT-hearts (Online Figure 3). Since the col-
lagen deposition appeared relatively loose after 7 days I/R
in Cnr2~""-hearts, we measured the mRNA expression of
the main collagen cross-linking enzyme lysyl oxidase.
Interestingly, WT-heart showed a significantly higher
induction of lysyl oxidase after 3 and 5 days I/R in contrast
to lack of induction in the Cnr2~'~-hearts (Fig. 7b). Myo-
fibroblast staining in WT- and Cnr2~'~-hearts after 7 days
I/R (Fig. 7c, d) was evaluated using planimetry and
revealed a very low persistence of myofibroblasts in
Cnr2 ' ~-hearts in contrast to WT-mice (Fig. 7e).
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Fig. 7 Modulation of myocardial remodeling via CB2 receptor.
a Ratio of collagen III/lo mRNA expression shows upregulation of
reversible collagen III expression only in WT-hearts. b mRNA
expression of collagen cross-linking enzyme lysyl oxidase shows
strong upregulation only in WT-hearts. ¢ Myofibroblasts stained with
o-smac antibody (arrow) of a WT-heart after 7 days I/R. d Repre-
sentative Cnr2~'~-heart shows a very faint staining of myofibroblasts
(arrow) in microinfarction. e Planimetrical evaluation of myofibro-
blasts in vivo using the o-smac-stained area as a percentage of the
total myocardial area after 7 days I/R. f Tenascin C-staining of a
representative wild type (WT)-heart after 7 days I/R shows positive

Evaluation of tissue sections stained for early remodeling
marker tenascin C [8] showed strong signals in WT-mice
and a barely detectable staining in Cnr2~'"-hearts (Fig. 7f,
g). Accordingly, tenascin C-mRNA induction was very

3dIR

1dIR

3d IR 5d IR
groups

groups 7dIR

signals in interstitial space (arrows). g Cnr2 ™' ~-heart after 7 days I/R
shows no tenascin-positive signals in microinfarctions (arrows).
h Tenascin C mRNA induction during repetitive I/R and i its
representative Western blots with relative protein concentration after
3 days I/R. j mRNA-ratios of MMP-9/TIMP-1 and MMP-13/TIMP-1
during repetitive I/R show their unbalanced regulation in Cnr2~'~-
hearts. Scale bar 200 pm; n = 8/group; for protein analysis n = 6/
group; RT-qPCR, mRNA expression is related to controls and
GAPDH using comparative AAC,-method; bar indicates P < 0.05
between the genotypes, asterisk indicates P < 0.05 vs. respective
sham

strong in WT-hearts, but absent in Cnr2~'-hearts in vivo
(Fig. 7h). Quantification of tenascin C protein level (Wes-
tern blot) after 3 days I/R showed significant increase in
WT-mice and only a tendency to a higher level in Cnr2 ™/ ~-
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hearts being partially caused by a lower GAPDH-expres-
sion (Fig. 71). A different pattern in production and degra-
dation of extracellular matrix in Cnr2~'"-hearts was shown
by higher MMP-9/TIMP-1 and MMP-13/TIMP-1 mRNA-
ratios in Cnr2~/~-hearts (Fig. 7j), thus suggesting a pro-
longed, active interstitial remodeling. Additional data on
expression of other remodeling mediators in vivo and
in vitro are presented in Supplemental data available online.

Discussion

Endocannabinoids and CB2 receptors have been suggested
to be involved in cardioprotective mechanisms in an
experimental model of myocardial infarction in vivo [20]
and other studies in vitro [29]. The myocardial infarction
causes detrimental damage to a large portion of the left
ventricle, and it is leading to a significant functional
impairment and development of terminal heart failure. It is
also associated with a strong inflammatory reaction during
reperfusion, and the myocardial remodeling thereafter aims
to a rapid formation of a stable scar. From the clinical point
of view, patients who suffered myocardial infarction have a
coronary artery disease as the underlying disorder. Modern
therapeutic strategies focus on treating coronary artery
disease before extensive myocardial remodeling and/or
infarction occur, to improve its poor long-term prognosis.
Since current cellular replacement strategies are not that
promising, a better understanding of cardioprotective
mechanisms becomes even more important. In the light of
these facts, we have chosen a murine model of repetitive,
brief I/R, which provides temporal and spatial resolution of
very early developmental stages of ischemic cardiomyop-
athy (only a few episodes of short ischemia), before left
ventricular dysfunction develops. This model has similar
characteristics to the human condition of hibernating
myocardium: repetitive I/R episodes as underlying cause
and reversibility of interstitial fibrosis and left ventricular
dysfunction [6]. Importantly, this injury type does not
induce myocardial infarction and is associated with a
transient inflammatory response, thereby offering a unique
basis for analyzing cardioprotective mechanisms.

Herein we provide novel evidence for specific cardio-
protective mechanisms involving the endocannabinoid-
CB2 receptor axis on cardiomyocytes and macrophages
during development of murine ischemic cardiomyopathy.
The anandamide-CB2 receptor axis is assisting cardio-
myocytes in their adaptation of contractile protein com-
ponents and upregulation of antioxidative mediators to
prevent apoptosis. In addition, the anadamide-CB2 recep-
tor axis is also modulating the macrophage function via
inflammatory mediators providing a balanced inflammatory
response and its timely resolution during repetitive I/R.
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Both of these mechanisms appear to be key determinants
for myocardial remodeling resulting in reversible intersti-
tial fibrosis and left ventricular dysfunction.

These findings are novel in respect to the already pub-
lished studies for several reasons: previous studies indi-
cated induction of CB2 receptor mRNA isolated from a
whole mouse heart 24 h after myocardial infarction [22] or
from rat cardiomyocytes in cell culture [29]. The cardio-
protective role of the CB2 receptor has been postulated in a
mouse model of infarction based on upregulation of ERK1/
2 after 30 min ischemia and 10 min reperfusion [22].
Another infarction study showed CB2-dependent regula-
tion of caspase 3 after 1-h ischemia and 3 days reperfusion,
with almost normal LV function in both WT- and Cnr2 ™~ -
hearts 4 weeks after reperfusion of infarction [5]. This later
study also postulated CB2 receptor-mediated cardiopro-
tection based on H,O,-treatment in vitro leading to an
increased Cnr2~/~-cardiomyocyte apoptosis and higher
differentiation potential of Cnr2~/ “-myofibroblasts [5]. In
addition, a role for CB2 receptor in regulation of macro-
phage function has only been shown in vitro [25]. In the
present study we have identified important mediators act-
ing in CB2-dependent cardioprotection, which are not only
expanding our understanding of it, but in part are also
contrasting the previously published data. We show that
WT-hearts, preferentially cardiomyocytes, constantly
express CB2 during repetitive I/R, which was confirmed in
our purified cardiomyocyte preparation under hypoxia
in vitro. In Cnr2~/~-hearts loss of cardiomyocytes already
after 3 days of repetitive I/R episodes was observed lead-
ing ultimately to persistent fibrosis and irreversible LV-
dysfunction after 60 days recovery from I/R. This is clearly
different to WT-mice, which experienced full functional
recovery and morphological regression of fibrosis at the
same time point. This regression of fibrosis is clinically
important for recovery of the LV function upon revascu-
larization and associated with persistent low influx of
macrophages in the human myocardium [10]. We could
also identify CB2 receptor-dependent cardiomyocyte pro-
tective pathways, which prevent apoptosis during repetitive
I/R. One was regulation of MHC isoform expression. -
MHC is upregulated under hypoxia and pressure overload
[27] due to its decreased contractile velocity, while it
conserves more ATP per contraction than o-MHC. WT-
hearts were able to adapt to repetitive I/R by decrease in o-
MHC and increase in B-isoform, thus resulting in increased
B/a-ratio without cardiomyocyte loss. Cnr2 ™' ~-hearts were
unable to induce the energetically more effective f-MHC
and to decrease the a-isoform despite morphological signs
of hypertrophy, and subsequently the cardiomyocytes were
irreversibly damaged. This could be one of the reasons
leading to increased apoptosis of Cnr2 ™'~ -cardiomyocytes
in vivo. Another important point seems to be higher
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production of reactive oxygen species in Cnr2~/~-hearts,
which was associated with lower induction of antioxidative
mediators in vivo and in vitro. Here one could argue that
hypoxia may induce cell proliferation of embryonic
cardiomyocytes and that this cannot be correlated with the
in vivo data. On the other hand, the cardiomyocyte loss per
se could lead to the prolonged proinflammatory response,
but our data from chimeric mice argue against this. Addi-
tional support to our interpretation comes from CB2
receptor-dependent regulation of Racl, the main regulator
of NADPH oxidase, associated with induction of antioxi-
dative enzymes, cytokines and chemokines in vivo [4], and
metallothionein, which both suggest cardioprotective
action of CB2 in kinase-dependent regulation of cascades
and in different cell compartments or systems, e.g. zinc-
storage.

Several experiments including chimeric mice helped to
establish a crucial role for CB2 receptor in modulation of
macrophage function in vivo. The data obtained from
chimeric mice experiments provided first evidence for a
specific role of CB2 receptor on bone marrow derived
mononuclear cells in ischemic myocardium. We were able
to confirm the transient course of inflammatory reaction in
WT-hearts associated with both cytokine and chemokine
induction, as previously described [6]. Previous studies
showed a strong up-regulation of TNF-o in microinfarc-
tions after microembolization being associated with ven-
tricular dysfunction [7]. In contrast, our ischemic Cnr2~'~-
hearts revealed that the inflammatory response was pre-
dominantly driven by a short upregulation of TNF-o and
M-CSF. This discrepancy may be attributed to the CB2
receptor knockout itself, but also to washing-out effects,
since our hearts were retrieved 5 h after the last ischemic
episode. The proinflammatory milieu in our study was
associated with prolonged macrophage persistence being
concentrated to the areas of microinfarctions. This was
accompanied by a lack of significant chemokine induction,
which itself is necessary for development of interstitial
fibrosis [9], and may suggest a possible specific regulation
of chemokines through CB2 receptor. Also, the lack of IL-
10 and TGF-B induction in Cnr2~'-hearts shows their
inability for timely resolution of inflammation and Th-
polarization toward remodeling. Th-polarization mediated
transition of classic to alternative macrophage subpopula-
tion is necessary for timely resolution of the inflammatory
response [21], and was recently described during post-
infarction remodeling [24]. Our data clearly demonstrate a
CB2-dependent regulation of alternative M2a macrophage
subpopulation, which is responsible for the postponed
resolution of inflammatory response in Cnr2 ™'~ -hearts. The
observed induction of CCL2 in Cnr2~/"-alternative mac-
rophages in vitro could be associated with these findings.
We could also exclude effects of the CB2-deficiency on the

tissue immigration of other inflammatory cells, e.g. neu-
trophils, lymphocytes or dendritic cells.

As a result of the inability to timely resolve the
inflammatory process during repetitive I/R, Cnr2 ™'~ -hearts
presented with prolonged, adverse myocardial remodeling,
which did not influence replacement fibrosis. The loose
interstitial collagen accumulation due to missing induction
of cross-linking enzyme lysyl oxidase and microinfarctions
in Cnr2™'"-hearts further support the already postulated
cardioprotective effects of interstitial collagen deposition
in ischemic cardiomyopathy [12]. The reversible interstitial
deposition of collagen mechanically hinders the cardio-
myocytes to “overwork” under poor substrate availability
conditions in ischemic heart and thus prevents irreversible
loss of cardiac function. Studies provided evidence for
involvement of CB2 receptor in liver fibrosis [14], but the
available data on post-infarction fibrosis and remodeling
are controversial. In contrast to the study reporting an
increasing differentiation of Cnr2~'~-myofibroblasts after
H,0,-treatment in vitro [5], we found significantly less o-
smac positive myofibroblasts in CB2-deficient myocardium
in vivo, when compared to the WT-hearts. We also dem-
onstrate in vivo and in vitro that CB2 receptor regulates
tenascin C-expression in cardiac myofibroblasts. The
adverse remodeling in Cnr2~'~-hearts is further underlined
by MMP/TIMP-ratios and our in vitro myofibroblasts data,
which is in accordance to the postulated relation between
CB2 receptor-dependent MMP activity in liver fibrosis
[23].

Our data on endocannabinoid concentrations in tissue
cannot be linked to a specific cell type in the heart. We
found increasing concentrations of the endocannabinoid
anandamide during repetitive I/R in Cnr2~'~-hearts, which
may reflect the rising burden of ischemia on cardiomyo-
cytes, but it could also be associated with persistent mac-
rophage actions. In contrast, WT-hearts showed only a
short increase of anandamide tissue concentration during
transient inflammatory response. Therefore, we suspect that
the anandamide concentration is rather linked to the
inflammatory response, than to the loss of cardiomyocytes.
Indeed, in a recent study it was reported that anandamide
concentration is increased only after 30 min of murine
coronary occlusion and 24 h reperfusion, but not after
permanent ligation [30]. This study used pharmacological
intervention on CB2 receptor and found reduction in infarct
size and CB2-dependent regulation of reactive oxygen
species production in serum after 24 h when using CB2
agonist HU-308, thus postulating a cardioprotective effect
of the CB2 receptor.

In conclusion, our study revealed a finely regulated and
well-interconnected system of endocannabinoid- and CB2
receptor-mediated cardioprotection, mainly affecting
cardiomyocytes and macrophages. The underlying
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mechanisms on cardiomyocytes involve expression of
CB2, modulation of contractile elements expression and
reduction of oxidative stress to prevent apoptosis. CB2
receptor-related mechanisms on macrophages include reg-
ulation of inflammatory mediators during differentiation of
macrophage subpopulations and timely resolution of
inflammation, and are thereby affecting the subsequent
myocardial remodeling. The data clearly stress the critical
role of the endocannabinoid-CB2 receptor axis for cardiac
adaptation to repetitive non-lethal ischemia episodes. The
similarities of our mouse model with the human hibernat-
ing myocardium and ischemic heart disease, and the lim-
ited therapeutic options for patients with terminal heart
failure [13] could make specific CB2 receptor agonists
appealing for clinical applications in future.
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