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Abstract 

Following myocardial infarction and atherosclerotic lesion development, monocytes 
contribute to myocardial protection and repair, while also partaking in myocardial 
ischemic injury. The balance of pro-inflammatory and reparative monocyte subsets is 
crucial in governing these therapeutic and pathological outcomes. Myocardial ischemic 
damage displays heterogeneity across the myocardium, whereby the subendocardium 
shows greatest vulnerability to ischemic damage. In this study we examined the 
transmural distribution of monocyte subsets in response to gradual coronary artery 
occlusion. CD14+ monocytes were isolated from peripheral blood of New Zealand 
White rabbits and divided into two subgroups based on the expression of CD62L. We 
employed a rabbit model of progressive coronary artery obstruction to induce chronic 
myocardial ischemia and re-infused fluorescently labelled autologous monocytes. 
The distribution of fluorescently labeled autologous monocytes was examined with a 
high-resolution three-dimensional imaging cryomicrotome. The subepicardial layer 
contained the largest infiltration of both monocyte subgroups, with a significantly 
greater proportion of CD14+CD62L+ monocytes at the time when the ischemic area 
was at a maximum. By targeting CD13+ angiogenic vessels, we confirmed the presence 
of angiogenesis in epicardial and mid-myocardial regions. These myocardial regions 
demonstrated the highest level of infiltration of both monocyte subsets. Furthermore, 
CD14+CD62L+ monocytes showed significantly greater migration towards monocyte 
chemoattractant protein-1, greater adhesive capacity and higher expression of C-C 
chemokine receptor type-2 relative to CD14+CD62L- monocytes. In conclusion, we 
note selective subepicardial distribution of monocyte subpopulations, with changes in 
proportion depending on the time after onset of coronary narrowing. Selective homing 
is supported by divergent migratory properties of each respective monocyte subgroup. 
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Introduction

Progressive obstruction of coronary arteries by atherosclerotic plaque development can 
lead to ischemic heart disease and myocardial infarction. Monocytes are among the 
initial cellular infiltrates in ischemic myocardium and play a critical role in protecting 
viable myocardium from ischemic damage along with augmenting healing of infarcted 
tissue 1-3. Nevertheless, monocytes also display a pathological role, whereby elevated 
levels of pro-inflammatory monocytes during the acute phase of ischemia lead to 
impaired recovery of left ventricular function 4-6. 

Numerous studies have demonstrated heterogeneity in monocyte populations according 
to cell surface receptor expression, translating into distinct phenotypic and functional 
properties. Human monocyte subsets are distinguished based on their expression 
of cell surface receptor markers CD14 and CD16. Classical human monocytes 
(CD14++CD16-) are known to secrete pro-inflammatory cytokines, while non-classical 
human monocytes (CD14+CD16++) display anti-inflammatory characteristics 7-9. The 
role of intermediate monocytes (CD14++CD16+) is less apparent. 

Transmural heterogeneity of myocardial perfusion has been demonstrated in animals 
and humans, where the sub-endocardium is more vulnerable to ischemia than the 
mid-myocardium or sub-epicardium 10-12. This has been attributed to higher levels of 
compressive forces in the sub-endocardium leading to reduced subendocardial perfusion 
especially at lower perfusion pressures distal to an epicardial stenosis 13, 14. Alternatively, 
the subepicardium may be relatively protected by the cellular infiltrate. This idea 
implies more abundance of protective monocytes in the subepicardial myocardium 
during myocardial infarction. The distribution of infiltrating leukocytes and specifically 
monocyte subpopulation and their role in contributing to transmural heterogeneity in 
myocardial ischemia have not been studied in detail. 

We aimed to unveil the transmural distribution of monocyte subsets in a rabbit model 
of myocardial ischemia induced by progressive coronary artery occlusion. Both the 
temporal response and three-dimensional (3D) spatial distribution of monocyte subsets 
were examined. As monocyte subsets have not been previously described in rabbits, 
we also sought to characterize the phenotypic and functional properties of monocyte 
subpopulations in rabbits by in vitro testing. 
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Materials & Methods 

Animal experiments 
All animal experiments were approved by the institutional committee for animal 
experiments at the Academic Medical Center. A total of 16 New Zealand White rabbits 
(3.5 ± 2.7 kg) were used (Charles River). All animals were housed in the animal care 
facility at the Academic Medical Center.

Animal model 
Progressive coronary artery narrowing was induced by implanting an ameroid constrictor 
(5.5 x 1.5 mm, Research Instruments SW) on the first anterolateral branch of the left 
circumflex artery, as described previously 15. Maximal swelling of the ameroid material 
is reached in approximately 10 days. Thus, we chose to examine time points before and 
after the ameroid volume reaches its maximum volume, to examine short and long-term 
effects of coronary occlusion. Animals were euthanized at one of three time points after 
ameroid constrictor placement (9 days, n = 4, 16 days, n = 4, 28 days, n = 5). In sham 
animals (n = 3) a suture was passed through in the same respective location where an 
ameroid was implanted in the other animals. Sham animals were euthanized 9 days 
after surgery. The abbreviation CO was used to represent the day at which progressive 
coronary artery obstruction was initiated by ameroid implantation. 

Autologous monocytes were isolated from 25 mL arterial blood one day before 
euthanasia. Once monocytes were isolated into subpopulations (described below), cells 
were kept in culture overnight after which cells were labelled with live fluorescent cell 
trackers. CD14+CD62L+ monocytes were labelled with 25μM CellTrackerTM Orange 
CMTMR (CMTMR), while CD14+CD62L- monocytes were labelled with 25 μM 
CellTrackerTM Red CMTPX (CMTPX; Invitrogen Molecular Probes), as described 
previously 15. Fluorescently labeled cell populations were combined and suspended in 
10 mL Phosphate Buffered Saline (PBS; Lonza) with 0.4% heparin (Leo). Cells were 
then re-administered intravenously into the ear vein and allowed to circulate for 1 hour, 
after which animals were euthanized. 

Before termination, animals were anesthetized by subcutaneous administration of 
0.2 mg/kg dexmedetomidine (Dexdomitor; Orion Pharma) and 15 mg/kg ketamine 
(Nimatek, Eurovet Animal Health BV), followed by intravenous administration of 5000 
IU of heparin and subsequent infusion of 20 % Euthasol (AST Farma). The heart was 
then excised and perfused retrograde at 100 mmHg with saline buffer by aortic root 
cannulation until the efflux was clear. Coronary vessels were then filled at 100 mmHg 
via the same aortic cannulation with Batson no. 17 plastic replica material (Polysciences 
Inc.) supplemented with 425 μg/mL UV Blue (VasQtec, Switzerland) as fluorescent 
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base. Following polymerization of the replica material, hearts were snap frozen and 
stored at -20 °C until further processing with the imaging cryomicrotome.

Monocyte isolation and culture
Monocytes were isolated from peripheral blood as described previously 15. After isolation 
of peripheral blood mononuclear cells (PBMCs) by Ficoll density gradient centrifugation, 
monocytes were probed with a mouse anti-human CD14-FITC monoclonal antibody 
(AbD Serotec; Clone TȔK4), and a biotinylated anti-human L-selectin (CD62L) 
antibody (R&D Systems), both at 1:20 dilution for 15 minutes at 4 ˚C. PBMCs were 
washed with cold EDTA buffer at 350 g for 5min (4˚C), followed by incubation with 
streptavidin-phycoerythrin (R&D Systems) at 1:20 dilution for 15minutes at 4˚C. Dead 
cells were excluded with 7-amino-actinomycin D (7AAD, eBiosciences). Monocyte 
subpopulations were isolated based on positive or negative expression of CD62L using 
a BD FACSAria Standard.  CD14+CD62L+ were considered classical monocytes, while 
non-classical monocytes were defined as CD14+CD62L-.

Isolated monocyte populations were re-suspended (1 x 106 cells/mL) in IMDM (Lonza) 
supplemented with 10% heat inactivated Fetal Bovine Serum (FBS; Gibco) and 2 mM 
L-glutamine (Lonza). 

Flow cytometry analysis for cell surface markers 
Approximately 4 mL of whole blood was withdrawn from five rabbits and was used for 
flow cytometry analysis of circulating leukocytes for cell surface markers. Leukocytes 
were separated via red blood cell lysis by diluting the blood 1:4 with ammonium chloride 
(15 minutes, room temperature, on a shaker) and washed with PBS supplemented with 
0.5% BSA and 2 mM ethylenediaminetetraacetic acid (EDTA; Sigma) at 350 g for 5 
minutes at 4˚C. Cells were then re-suspended in EDTA buffer and probed with the 
following antibodies: CD14-FITC (1:20 dilution), CD62L-biotin (1:20 dilution), 
monoclonal anti-human C-C chemokine receptor type 2 (CCR2)-PerCP (1:5 dilution; 
clone 48607; R & D Systems) and monoclonal anti-human C-X-C chemokine receptor 
type 4 (CXCR4)-APC (20µL per 106 cells; clone 12G5; R & D Systems) for 15 minutes 
at 4°C. The cells were then washed with EDTA and centrifuged (350g, 5 minutes at 
4°C). Afterwards the samples were incubated with streptavidin-PE (1:20 dilution) 
for 15 minutes at 4°C, washed with EDTA buffer and centrifuged. Cells were then 
resuspended in EDTA buffer and analyzed immediately using a BD FACS Canto II with 
FACSDiva Version 6.1.3.

Similar to cell sorting, lymphocytes were gated based on the forward scatter area (FSC-A) 
and side-scatter area (SSC-A) profile and only single cells were included by using the 
forward scatter height (FSC-H) and forward scatter width (FSC-W) profile. Monocytes 
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were gated based on CD14 FITC area and SSC-A representation on the FACS dot 
plot. Monocytes were then divided into classical and non-classical subsets based on 
the expression of the cell surface receptor marker CD62L. The CD14+CD62L+ and 
CD14+CD62L– cell population gates were based on CD14 FITC area and on CD62L 
PE area representation and the CD62L fluorescence minus one (FMO), resulting in 
percentage distribution of cell types. The total number of leukocytes was counted 
using a SceptorTM Automated Cell Counter (Millipore).  Together this resulted in the 
concentration of cells (cells per mL blood) for each cell population.  For the CCR2 and 
CXCR4 expression, gating was based on CD62L-PE area and CCR2-PerCP or CXCR4-
APC area representation, respectively, based on the FMOs of CCR2 and CXCR4. For 
each monocyte subset the percentage of CCR2+ and CXCR4+ cells was calculated using 
FlowJo V10 software. To quantify the change in the number of circulating leukocytes, 
the concentration of cells on the day of termination was divided by the concentration 
of cells on day 0.

Angiogenesis marker
In order to detect the presence of angiogenesis, a molecular probe targeting CD13/
aminopeptidase N, known as cyclic tripeptide Asn-Gly-Arg (cNGR), fluorescently 
labelled with Alexa430 was utilized in one rabbit 16. The rabbit was implanted with 
an ameroid constrictor and recovered for 16 days, after which cNGR-Alexa430 was 
administered intravenously (1.2 mg cNGR-Alexa430 in 1 mL PBS). The compound 
was allowed to circulate for 1 hour, followed by euthanization of the animal. Autologous 
monocyte isolation, labelling and re-infusion procedures were conducted as described. 
The heart was harvested and coronary vessels perfused with saline buffer, followed by 
infusion of fluorescent cast material as described. The heart was then snap frozen and 
stored at -20C until it was processed with the imaging cryomicrotome.

3D cryomicrotome imaging
Frozen hearts were immersed in a cylindrical container containing 5% 
carboxymethylcellulose sodium solvent supplemented with Indian ink and frozen at 
-20˚C. All samples were processed with a custom-built automated imaging cryomicrotome 
17, 18. Hearts were alternately cut at 14 μm slice thickness and the block face was imaged 
using a 16-bit cooled CCD camera (Apogee Alta U-16) with an adjustable focus lens 
(Nikon 70-180 mm). Image resolution was 4096 x 4096 pixels for vascular cast images, 
and 2048 x 2048 pixels  using 2 x 2 binning during image acquisition for cell and cNGR 
images. A cluster of power light-emitting diodes (Luxeon V, Star, Royal Blue, Lumileds 
Lighting) provided spectrally selective illumination. Utilizing selectable filters (Chroma, 
Rockingham) registered image stacks were acquired at excitation/emission wavelength 
of 540 /577 nm for 20000 ms (CMTMR), 577 /635nm for 30000 ms (CMTPX), 
and 365 /505 nm for 20000 ms (UV Blue). CNGR-Alexa430 was visualized at 440 
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nm excitation/560 nm emission for 35000 ms. Bright light reflection images were also 
obtained at 577 /560 nm for 200 ms.

Image Processing
Sequential episcopic fluorescence image capture yielded multispectral three-dimensional 
(3D) virtual reconstructions of the hearts with an in-plane resolution of 14 to 28 μm. 
Isometric voxel size was achieved by average intensity projection of every two adjacent 
images in the stack. Processing of fluorescent vascular cast and cell images, including 
correction for spectral overlap of fluorescent cell tracker probes were conducted as 
described previously 15, 19. 

Quantification of tissue volume containing monocyte infiltration and transmural distribu-
tion assessment  
Total myocardial tissue volume was quantified using a binary representation of the 
myocardium obtained by applying a threshold according to the average background of 
the bright light reflection image stack. As described previously 15, fluorescently labelled 
autologous monocytes that homed to the ischemic myocardium and appeared as clusters 
of bright intensity in the images. The tissue volume containing infiltrating autologous 
monocytes was quantified from binary images obtained by applying a threshold based 
on the average background intensity of the respective fluorescent label.  The resulting 
volume of tissue containing infiltrating monocytes was normalized relative to the total 
myocardial tissue volume. 

To assess the transmural distribution of monocyte subpopulations, the 3D tissue volume 
containing each monocyte population was classified based on myocardial depth. We 
used the binary representation of the heart outline to subdivide the left ventricular wall 
into three layers of equal thickness; a subendocardial, mid-myocardial and subepicardial 
layer. The tissue volumes representing the monocyte datasets were mapped to these 
transmural layers. To do this we selected monocyte occupied regions that overlapped 
each respective transmural layer using the imaging analysis program Fiji. 3D image 
data depicting monocyte occupied tissue was thereby co-registered to each respective 
myocardial depth image stack (subendocardium, mid-myocardium and subepicardium). 
The relative tissue volume containing each monocyte subpopulation within each 
myocardial layer was determined and expressed as the percentage of the total cell volume. 
Thus, comparisons between the distribution patterns of monocyte subgroups were made 
between the relative proportions of each monocyte subgroup within each myocardial 
region, and not between the absolute tissue volume containing infiltrating cells.

Relative ischemic area quantification
Three short axis view vascular cast images (140 μm apart) were selected from the image 
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stack distal to the ameroid constrictor. The 2D ischemic area was defined as the region 
where vascular cast penetration was lacking. This area was outlined and normalized to 
the myocardial area in order to obtain the relative ischemic area. 

Vascular volume density assessment in cell occupied territory
Vascular cast images were down-sampled to one quarter of the original size in order to 
match the size of cell image datasets. A binary image stack was generated by thresholding 
based on the average background.  To obtain a measure of relative vascular volume 
density, we determined the number of pixels corresponding to vascular cast within the 
volume where monocytes were present. The location of vascular cast pixels co-localizing 
with monocyte volume was determined using the imaging analysis program Fiji. This 
was conducted for each monocyte subset image dataset.

Cell Migration assay 
To confirm the difference in migratory properties between CD14+CD62L- and 
CD14+CD62L+ rabbit monocytes, a transwell migration assay was performed. 
Circulating monocytes were isolated from rabbit peripheral blood (n = 3 rabbits) as 
described above. 24-well plates with 8 transwell inserts (5.0µm pores size, polycarbonate 
membrane, Transwell® Permeable Supports, Corning) were coated with 10ug/
mL fibronectin for 1 hour at 37°C. After which the inserts were washed with PBS. 
Monocytes suspended in serum free IMDM were seeded in the upper chamber of the 
transwell inserts (2.5 x 104 cells per insert), which were subsequently submerged in a 
well of a 24-well plate containing 600µL of one of the following solutions: IMDM 0.5% 
BSA without a chemoattractant (Control), IMDM 0.5% BSA with 50ng/mL monocyte 
chemoattractant protein 1(MCP1, RnD systems 279-MC-010), IMDM 0.5% BSA 
with 10-8M N-Formyl-Met-Leu-Phe (fMLP,Sigma), or IMDM 0.5% BSA with 1µg/
mL stromal derived factor 1(SDF1, RnD systems 350-NS/CF). Monocytes were allowed 
to migrate for 3 hours at 37°C, after which the cells attached to the membrane of the 
insert were fixated and stained with Giemsa’s azur eosin methylene blue solution (Merck 
KGaA). Migrated cells were imaged with a Leica DM IL LED inverted microscope. 
Cells in five different fields were counted to determine the number of monocytes that 
migrated. The number of migrating cells in each condition was normalized to the 
number of migrating cells in the absence of any chemoattractant (Control).

Cell adhesion assay  
A cell adhesion assay was conducted as described previously 20, to assess both phenotypical 
and functional properties of CD14+CD62L+ and CD14+CD62L- rabbit monocytes (n 
= 3 rabbits). Four wells of an 8-well tissue-culture treated plate (Lab-Tek® Chamber-
SlideTM System, Nunc) were coated with 100µg/mL fibronectin and incubated for 
1hour at 37°C. The plate was then washed twice with PBS and all wells were blocked 
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with 0.5% bovine serum albumin (BSA) for 20 minutes at room temperature. Before 
adding the cells the plate was warmed for 5 minutes at 37°C. Monocytes suspended 
in serum-free IMDM were added to each well at a concentration of 2.5 x 105cells/mL 
(200µL/well). Cells were incubated for 1.5 hours at 37°C and 5 % CO2, after which 
non-adherent cells were removed by washing twice with serum-free IMDM. The cells 
were fixated with 3.7% paraformaldehyde for 10 minutes at 4°C, washed twice with 
PBS and stored in PBS at 4°C. Five different fields of each well were photographed 
using an inverted Leica DM IL LED microscope with a 40x objective. ImageJ was used 
to count the number of cells per field. To prevent overestimation, any cells overlapping 
the left and bottom border of the image were excluded. CD14+CD62L+ and CD14+ 
CD62L- cells from each animal (n = 3) were plated in duplicate for  both the plastic 
and fibronectin coated surfaces. This experiment was repeated on two separate days and 
the results were compiled together. Furthermore, the surface area of adherent cells was 
determined for each adhesion condition. In each condition the surface area of a total 
320 cells was measured.

Hematoxylin and eosin staining
To assess the cellular damage as a result of ameroid constrictor implantation, histological 
staining using hematoxylin and eosin was conducted. Frozen histological sections of 
ischemic rabbit hearts (50 μm thickness) were collected during imaging cryomicrotome 
processing. These histological sections were taken from -80ºC and stabilized at room 
temperature for 30 minutes. Sections were fixed in cold methanol for 20 minutes at 
-20ºC, and subsequently washed with MilliQ at room temperature for 2 minutes. 
Sections were stained with hematoxylin for 1 minute, followed by a washing step with 
tap water, and staining with 1% eosin in distilled water and 95% ethanol. Samples were 
then dipped in 70% ethanol (3 minutes), 90% ethanol (3 minutes), 100% ethanol (3 
minutes) and xylene (5 minutes). Finally, samples were mounted with Pertex (Histolab) 
and left at room temperature to dry. Sections were imaged with bright field microscopy 
(Leica DM 1000) and assessed qualitatively for signs of cellular damage based on cellular 
structure and organization. 

Immunofluorescence 
To confirm the presence of infiltrating monocytes in ischemic myocardium, 
confocal microscopy of histological sections containing infiltrating fluorescently 
labelled autologous monocytes was conducted. Immunofluorescence staining of 
endothelium using CD31 staining was also performed to understand the localization 
of the monocytes relative to vasculature. During processing of hearts with the imaging 
cryomicrotome, 50 μm thick slices of the myocardium were collected onto glass slides for 
immunofluorescence. Frozen histological sections were stained as described previously 
15. In brief, endothelial cells were probed with a monoclonal mouse anti-human CD31 
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antibody (clone JC70A; Dako), followed by probing with a secondary biotinylated 
antibody (Vectastain Elite ABC Kit, Vector Laboratories Inc.) and streptavidin Alexa 
Fluor 488 (Invitrogen Molecular Probes). Respective negative and isotype controls were 
also performed. Samples were visualized with confocal microscopy (Leica TCS SP8 X) 
and examined qualitatively for the localization of monocytes relative to vasculature.

Statistics
GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA) was used for the 
statistical analysis of the results. All values are presented as mean of a sample group ± 
standard error of the mean (SEM). Statistical significance was assessed with an unpaired 
Student’s t test when comparing two groups, or one-way analysis of variance when 
comparing more than two groups, followed by Tukey’s post hoc test to assess significant 
differences between groups. A p value of less than 0.05 was considered statistically 
significant.

Results 

Identification of monocyte subsets CD14+CD62L+ vs.CD14+CD62L- in rabbit peripheral 
blood
Monocytes were isolated from PBMCs based on CD14+ expression (Figure 1A-D), 
and then further subdivided into subsets based on the expression of the cell surface 
receptor marker CD62L (Figure 1E). In rabbit peripheral blood, CD14+ monocytes 
were comprised of 13.0 x 104 ± 1.4 x 104 cells/mL blood, while the CD14+CD62L+ and 
CD14+CD62L– were present at 10.0 x 104 ± 1.0 x 104 cells/mL and 2.4 x 104 ± 1.5 x 
104 cells/mL blood, respectively.

Extent of ischemic myocardial damage with duration of progressive coronary occlusion
An example of a 3D reconstruction of the coronary vascular network (16 days after CO) 
is shown in Figure 2A. A lack of vascular cast penetration in the region downstream 
of the ameroid constrictor indicates the extent of ischemic area. A single vascular cast 
image at a representative cross-section (outlined in Figure 2A) is depicted in Figure 2B, 
illustrating noticeably reduced vascular cast penetration in this region. Hematoxylin 
and eosin staining of a 50μm thick histological section demonstrated disorganization of 
cardiomyocytes in this myocardial region as signs of ischemic damage (Figure 2C, top 
panel), in contrast to cardiomyocytes in the septal region (Figure 2C, bottom panel) 
which displayed greater uniformity and elongation, consistent with healthy myocardium. 
The relative extent of ischemic damage was highest at 16 days after CO with significant 
difference compared to 9 and 28 days (p < 0.05, Figure 2D). 

The distribution of cNGR-Alexa430 in ischemic myocardium of one 16 day CO 
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Figure 1: Flow cytometry gating of circulating leukocytes to isolate CD14+ monocytes (MCs) and 
MC subsets based on CD62L+ expression. A) Forward and side scatter area (FSC-A, SSC-A) plot of 
leukocytes. B) Gating of single cells based on FSC-width and FSC-height. C) Gating of live cells based 
on 7aad- expression on the singlet population. D) Gating for CD14+ MCs from the live cell population. 
E) MC subsets were gated from the CD14+ MCs into two populations based on CD62L+ and CD62L- 
expression.

animal (Figure 3) qualitatively confirmed angiogenic activity in the subepicardial and 
mid-myocardial layers. We could not detect the presence of angiogenic activity in the 
subendocardium. 

Mobilization of monocyte subsets in peripheral blood with duration of progressive 
ischemia
The total number of circulating leukocytes per mL blood at all time-points after 
myocardial ischemia induction was not different from sham (Figure 4A). However, the 
concentration of CD14+ monocytes peaked 9 days after CO (Figure 4B, p < 0.05). 
Similarly, the concentration of circulating monocyte subsets CD62L+ (Figure 4C, p < 
0.05 vs. sham) and CD62L- (Figure 4D) also peaked 9 days after CO. Changes in the 
number of circulating monocytes in sham animals is likely attributable to the effect of 
the surgical procedure itself. Sham animals underwent the same surgical procedure as 
animals whereby an ameroid constrictor was implanted, however sham animals had a 
suture passed through the same respective location.
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Figure 2. In vivo model of chronic myocardial ischemia. A) 3D representation of coronary vascular 
network of a 16 day rabbit heart, displaying an area downstream to the ameroid constrictor devoid of 
fluorescent cast material. B) Single image of vascular cast in short axis view at level indicated in panel A 
clearly demonstrates lack of vascular cast in the left ventricular free wall. C) Hematoxylin and eosin staining 
of the respective section shown in panel B (arrows) shows chaotic morphology of cardiomyocytes in the LV 
wall (upper panel) in contrast to well organized cardiomyocytes in the septum (lower panel). D) Relative 
ischemic area in selected slices of ischemic hearts 9 (n = 4), 16 (n = 4) and 28 (n = 5) days after ameroid 
constrictor implantation. CO: initiation of chronic occlusion; LV: left ventricle; LVC: left ventricular 
cavity; RVW: right ventricular wall. *p < 0.05.

Figure 3. Distribution of angiogenesis activity in ischemic myocardium. Maximum intensity projections 
of cropped longitudinal view of left ventricular wall in ischemic rabbit myocardium with 16 day CO. A) 
Vascular cast (blue). B) Angiogenesis targeting peptide cNGR (red). C) Overlay of (A) and (B). Scale bar 
= 1 mm. cNGR: cyclic tripeptide Asn-Gly-Arg. CO: initiation of chronic occlusion. LVC: Left ventricular 
cavity.
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Figure 4. Mobilization of circulating leukocytes in peripheral blood of rabbits with chronic myocardial 
ischemia. Concentration ratio ((cells/mL on day of termination)/ (cells/mL at day 0)) of A) PBMCs, 
B) CD14+ monocytes, C) CD14+CD62L+ monocytes and D) CD14+CD62L- monocytes in peripheral 
blood of sham animals and rabbits with myocardial ischemia at different days after initiating chronic 
occlusion (CO). MCs: monocytes. PBMCs: peripheral blood mononuclear cells. (Sham n = 3, 9-day CO n 
= 4, 16-day CO n = 4, 28-day CO n = 5), *p < 0.05.
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Infiltration of monocyte subsets and vascular volume density in ischemic myocardium
Histological sections obtained during the imaging cryomicrotome cutting sequence (16 
day CO example shown in Figure 5A) revealed that monocyte subsets were clustered 
around large vessels as visualized by CD31 labeling (Figure 5A, red), as well as in 
ischemic regions with sparse vasculature. 
As depicted in Figure 5B, the relative tissue volume containing infiltrating monocyte 
subsets was greater in animals with myocardial ischemia compared to sham animals. 
CD62L+ monocytes peaked at 16 days (p < 0.05 vs. sham) after initiating coronary 
obstruction (Figure 5B). CD62L- monocytes showed a gradual increase, with the 
highest relative volume reached 28 days after ameroid placement (p < 0.05 vs. sham, 
Figure 5B). To quantify changes in the vasculature, we calculated the relative vascular 
volume density, which was defined as the voxels corresponding to vascular cast that were 
located within the monocyte occupied volume. The relative vascular volume density was 
highest 28 days after ameroid placement, with no difference between myocardial regions 
with infiltrating CD62L+ vs. CD62L- monocytes at all time points (Figure 5C).

Transmural distribution 
The transmural distribution of monocyte subsets was heterogeneous (Figure 6). Figure 
7 clearly shows that at all time points after myocardial ischemia induction, monocyte 
infiltration was most abundant in the subepicardial layer and lowest in the subendocardium 
(Figure 7). This distribution pattern was consistent in all ischemic animals, with the 
exception of CD62L- monocyte distribution being more homogeneous across the 
transmural layers 16 days after ameroid implantation. Furthermore, a significantly larger 
proportion of CD62L+ monocytes were present in the subepicardium than CD62L- 
monocytes in animals 16 days after ameroid implantation (p < 0.01, Figure 7C).  

Differential adhesive and migratory properties of rabbit monocyte subsets (CD14+CD62+ 
vs. CD14+CD62-) in vitro 
Figure 8A shows an example of rabbit monocyte subsets adhering to plastic and fibronectin 
coated surfaces.  The number of adherent CD14+CD62L+ monocytes was significantly 
greater than CD14+CD62L- monocytes both in the presence of tissue culture plastic (p 
< 0.05) and fibronectin (p < 0.01) (Figure 8B). Furthermore, a significantly larger cell 
surface area was found (Figure 8C) for CD14+CD62L+ compared to CD14+CD62L- 
monocytes when adhered to plastic surface (77.3 ± 0.85 vs. 73.8 ± 0.94 μm2, p < 0.05), 
but not in the presence of fibronectin (75.5 ± 0.94 vs. 76.9 ± 0.73 μm2).
As expected, a significantly greater percentage of CD14+CD62L+ monocytes expressed 
CCR2 than their CD14+CD62L- counterparts (Figure 9A). No significant difference 
was noted in the percentage of cells expressing CXCR4 between the subgroups (Figure 
9B). 



Monocyte transmural distribution in coronary occlusion

139

Ch
ap

te
r 6

Figure 5. Infiltration of autologous monocytes into ischemic myocardium. A) Confocal microscopy 
image of autologous monocytes (all CD14+ monocytes, blue) infiltrated in mid-myocardial region of 
ischemic myocardium (16 days CO), with CD31 labeled (red) endothelium. Arrows indicate large vessel 
running parallel to the image, whereby monocyte are clustered around the vessel. B) Temporal changes in 
relative tissue volume containing (%) CD14+CD62L+ and CD14+CD62L- monocytes in myocardium 
of sham animals and rabbits with myocardial ischemia. C) Relative vascular volume density (%) was 
determined as the number of voxels corresponding to vascular cast that were located within the monocyte 
occupied region (CD14+CD62L+ or CD14+CD62L-) in ischemic myocardium. CO: initiation of chronic 
occlusion. MC: monocyte. (Sham n = 3, 9-day CO n = 4, 16-day CO n = 4, 28-day CO n = 5), *p < 0.05. 

Figure 6. Distribution of monocyte subpopulations in the different transmural myocardial regions. 
Short axis view of myocardium showing the transmural distribution of CD14+CD62L+ (green) and 
CD14+CD62L- (blue) monocytes in A) sham, B) 9 day CO, C) 16 day CO or D) 28 day CO. Myocardial 
regions are depicted in different shades of grey: 1) Epicardium, 2) Midmyocardium, 3) Endocardium. CO: 
initiation of chronic occlusion.
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Consistent with the presence of CCR2 on CD14+CD62L+, this subgroup of cells showed 
significantly greater migratory capacity towards MCP1 both relative to their respective 
controls (11.2 ± 2.5 vs. 16.2 ± 4.6, p < 0.05) and relative to CD14+ CD62L- monocytes 
(p<0.05, Figure 9C). CD14+CD62L+ monocytes also showed slightly greater migration 
towards the pro-inflammatory chemoattractant fMLP, while CD14+CD62L- cells 
showed slightly greater migration towards SDF, the corresponding ligand for CXCR4 
(Figure 9C), however, these differences were not significant. 

Discussion 

In this study we classified rabbit monocyte subsets into two subpopulations: 
CD14+CD62L+ and CD14+CD62L-. We examined their transmural distribution in 
ischemic myocardium in vivo and found the lowest presence in the subendocardium and 
greatest infiltration in the subepicardium. The distribution pattern of CD14+CD62L- 

Figure 7. Quantification of the transmural distribution of monocyte subsets in ischemic myocardium. 
Transmural distribution of monocyte subsets (CD14+CD62L+ vs. CD14+CD62L-) in A) sham, B) 9 day 
CO, C) 16 day CO or D) 28 day CO. CO: initiation of chronic occlusion. ENDO: endocardium. MC: 
monocyte. MID: mid-myocardium. EPI: epicardium. (Sham n = 3, 9-day CO n = 4, 16-day CO n = 4, 
28-day CO n = 5), *p<0.05, **p<0.01, ***p<0.001.



Monocyte transmural distribution in coronary occlusion

141

Ch
ap

te
r 6

monocytes was more homogeneous across myocardial layers at the time when there 
was greatest ischemic damage, which was contrary to CD14+CD62L+ monocytes 
that showed significantly greater abundance in the subepicardium. This heterogeneous 
distribution pattern is supported by differential phenotypic and migratory properties 
of these monocyte subsets, whereby CD14+CD62L+ monocytes demonstrate greater 
adhesive capacity, greater expression of CCR2 and subsequently significantly greater 
migration towards the respective CCR2 ligand MCP1.

Figure 8. Phenotypic and functional comparison of rabbit monocyte subsets based on adhesion 
characteristics. A) Phase contrast microscopy images of adherent CD14+CD62L+ (left panel) or 
CD14+CD62L- (right panel) monocytes in the presence of tissue culture plastic or fibronectin (FN) coated 
tissue culture plastic. B) Quantification of the number of adherent CD14+CD62L+ or CD14+CD62L- 
monocytes in the presence of tissue culture plastic or fibronectin (FN) coated tissue culture plastic. 
CD14+CD62L+ monocytes showed significantly greater adhesive capacity.C) Quantification of the cell 
surface area of adherent CD14+CD62L+ or CD14+CD62L- monocytes in the presence of tissue culture 
plastic or fibronectin (FN) coated tissue culture plastic. CD14+CD62L+ monocytes were significantly 
larger than CD14+CD62L-monocytes in the presence of tissue culture plastic.*p < 0.05, **p < 0.01, n = 3 
rabbits, conducted in duplicate.
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Figure 9. Cell surface receptor expression and migration properties of monocyte subsets. Percentage 
of CD14+CD62L+ and CD14+CD62L- monocytes expressing A) CCR2 and B) CXCR4 (n = 4). 
Significantly greater percentage of CD14+CD62L+ monocytes express the chemokine receptor CCR2. C) 
Transwell chemotaxis migration assay examining relative migration of monocyte subsets towards various 
chemoattractants (MCP1, fMLP, SDF1). Significantly greater number of CD14+CD62L+ monocytes 
migrate towards MCP1 (n = 5). CCR2: C-C chemokine receptor 2. CXCR4: C-X-C chemokine receptor 
type 4. fMLP: 10-8M N-Formyl-Met-Leu-Phe. MCP1: monocyte chemoattractant protein 1. SDF1: 
stromal derived factor 1. *p < 0.05.

In humans, monocytes are distinguished into classical (CD14++CD16-), intermediate 
(CD14++CD16+) and non-classical (CD14+CD16++) subpopulations 7. Based on 
the surface receptor expression of CD62L, as well as the phenotypic and functional 
characteristics we examined, it appears that CD14+CD62L+ monocytes in rabbits 
are comparable to classical CD14++CD16- monocytes in humans. Similarly, the 
CD14+CD62L- monocytes we have identified in rabbits are comparable to non-
classical CD14+CD16++ monocytes in humans. In humans, rats and mice, CD62L 
is expressed on inflammatory monocytes but not on resident monocytes, as it is an 
adhesion molecule necessary for inflammatory cell migration 8. This adhesion molecule 
mediates migration through the endothelial cell layer of the vessel wall, and has been 
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previously shown to be expressed on B cells of neonatal rabbits 21. As CD62L is conserved 
across numerous species, it is a valuable candidate to discriminate between monocyte 
subgroups. However, without supporting evidence demonstrating consistent phenotypic 
and functional properties with monocyte subsets in other species, identification of 
monocyte subsets with CD62L expression alone would be insufficient. We have 
thereby characterized phenotypic and functional properties of CD14+CD62L+ and 
CD14+CD62L- monocytes both in vitro and in vivo based on the expression of CCR2, 
CXCR4, in vitro chemotaxis assays, mobilization in the systemic circulation, along with 
in vivo homing. 

In vivo: monocyte infiltration with progressive ischemia
We observed maximum infiltration of CD14+CD62L+ monocytes in ischemic 
myocardium at the time (day 16) when the ischemic area was largest. Non-classical 
CD14+CD62L- monocytes showed a gradual increase in infiltration over time, which 
was highest at day 28, despite a decrease of the ischemic area. This temporal pattern 
underlines the differences in the functional role of these monocyte subsets, whereby 
non-classical monocytes have been shown to infiltrate later than classical monocytes, 
and induce angiogenesis and tissue repair 1. The delayed time of maximum infiltration 
of CD14+CD62L- monocytes could be also attributed to the reduced adhesive capacity 
of these cells, which may delay their migration. Previous studies have also demonstrated 
less spontaneous migration by non-classical monocytes compared to classical monocytes 
20, 22. Later infiltration of CD14+CD62L- monocytes is also supported by the presence of 
distinct phases of myocardial healing 1, 23. The initial inflammatory phase is characterized 
by the release of pro-inflammatory cytokines and the recruitment of classical monocytes 
while the second repair phase involves the infiltration of non-classical monocytes that 
secrete anti-inflammatory cytokines and promote angiogenesis 1, 23.

The vascular volume density in the ischemic regions defined by each monocyte subgroup 
remained similar at all time points, which is likely due to the largely overlapping regions 
occupied by these cells. The decrease in size of the ischemic area after day 16 is supportive 
of the growth of collateral arteries as well as the anti-inflammatory phase of myocardial 
healing. Fractional shortening assessment also revealed a lack of significant difference 
after progressive ischemia, which may also reflect the emergence of collateral vessels that 
have protected against myocardial dysfunction. This coincides with the delayed increase 
of non-classical monocytes we observed. Initially, classical monocytes infiltrate the 
ischemic myocardium by the CCR2 ligand, and secrete pro-inflammatory cytokines, 
remove necrotic debris and induce extracellular matrix degradation 23. Subsequently, 
non-classical monocytes infiltrate the ischemic region and promote new blood vessel 
formation 23. 
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Furthermore, we noted that CD14+ monocytes and specifically CD14+CD62L+ 
monocytes showed a peak in mobilization at in the peripheral blood at 9 day CO. This 
was earlier than the time point at which ischemic damage was at a maximum and the 
time at which monocyte infiltration was greatest in the myocardium (16 day CO). 
This suggests that an upregulation of chemokines in the ischemic myocardium caused 
greater mobilization of monocytes into the blood. However, the elevation of monocytes 
in the blood appeared to be an earlier indicator of monocyte infiltration in ischemic 
myocardium.

Transmural distribution of monocyte populations 
Monocyte infiltration was highest in the subepicardium and least in the subendocardium 
of rabbits with myocardial ischemia. Furthermore, the proportion of CD14+CD62L+ 
monocytes in the subepicardium was higher than CD14+CD62L- monocytes 16 
days after induction of progressive coronary artery occlusion. The distribution of 
CD14+CD62L+ monocytes across the transmural layers was more homogeneous 
at this time point. Interestingly, this was also the time point when the ischemic area 
was largest, and thus likely the time point with the largest release of ischemia induced 
chemoattractants, leading to subsequent leukocyte infiltration. This is also supported by 
the decline of CD14+CD62L+ monocytes in the peripheral blood at this time point.  
 
Heterogeneity in the distribution of monocytes across the transmural myocardial 
regions is likely a reflection of the differences in perfusion in those regions as well as 
divergences in the magnitude of ischemic damage. This subsequently leads to differences 
in the concentration and the specific cocktail of chemoattractants within the different 
transmural myocardial regions and thereby affects the migration of infiltrating leukocytes. 
Transmural heterogeneity in myocardial ischemia has revealed greatest vulnerability of 
the subendocardium to ischemic damage 11. Nonetheless, this susceptibility to ischemia 
may be a species dependent phenomenon, determined by the distribution and functional 
capacity of the collateral circulation 24. Rabbits have few pre-existing collateral arteries 25. 
Leshnower et al. demonstrated that the mid-myocardium displayed the largest ischemic 
damage due to coronary artery occlusion in ovines, which also have few pre-existing 
collateral arteries 24. It is plausible that the transmural region with the largest ischemic 
damage also is the most difficult to penetrate for infiltrating leukocytes. Thus, leukocytes 
may have to extravasate from the large epicardial vessels into the perivascular space and 
from there migrate towards the mid-myocardium. Nonetheless, the regions of monocyte 
accumulation are also likely the areas with the largest activity.  The distribution pattern 
of angiogenesis coincides with the distribution of monocyte subsets, whereby the largest 
infiltration of both monocyte subsets was noted in the subepicardium, followed by the 
mid-myocardium and the subendocardium, respectively. Furthermore, as we consistently 
noted most abundant monocyte infiltration in the subepicardium we can also postulate 
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that the spatial direction of myocardial ischemic repair begins at the epicardium. Large 
epicardial vessels can likely supply a greater number of leukocyte infiltrates. In addition, 
the time at which each monocyte subset demonstrated maximum infiltration differed. 
Therefore, the distribution of chemoattractants plays an equally important role in the 
targeted homing of monocytes that have extravasated into the perivascular space. The 
specific chemoattractants present govern which particular monocyte population may 
extravasate.

Differential adhesive and migratory properties of monocyte populations
Based on the in vitro experiments, we noted morphological differences in size and 
adhesive capacity of CD14+CD62L+ and CD14+CD62L- monocytes in rabbit blood. 
Furthermore, we observed differential migratory properties in vitro which could also 
support the differences in transmural distribution. 

Selectins are transmembrane Ca2+ dependent receptors that mediate leukocyte rolling 
and adhesion, and thereby are an integral part of immune surveillance. Originally it was 
perceived that selectin-dependent rolling permits leukocytes to confront chemokines that 
activate leukocyte integrins, which permit arrest and crawling. Selectins also transduce 
signals that regulate leukocyte behavior, including integrin-dependent changes in rolling 
velocity. Thus, it is plausible that in vitro adhesion of CD14+CD62L+ monocytes 
to plastic and fibronectin is mediated in a multistep manner by L-selectin and their 
interaction with respective integrins.

The finding that adhesive capacity of non-classical CD14+CD62L- monocytes is less 
than that of classical CD14+CD62L+ monocytes is consistent with prior findings 20. The 
adhesive capacity of non-classical CD14+CD16++ human monocytes was previously 
reported under the same conditions to be less than that of classical CD14++CD16- 
human monocytes 20. Differences in the adhesive capacity of the monocyte subsets in 
both humans and rabbits can likely be attributed to differential integrin expression 
in the two subpopulations. Adhesion to fibronectin was found to be mediated by the 
integrin αVβ5 26, which can be differentially expressed on monocytes 27. 

We observed that a significantly larger number of CD14+CD62L+ monocytes were 
positive for CCR2 expression and more CD14+CD62L+ monocytes migrated towards 
MCP1 than their non-classical (CD14+CD62L-) counterparts. This is consistent with 
previous studies, which have shown that CCR2 is highly expressed on monocytes with 
inflammatory properties in both mice and humans 28, 29 and is a necessary receptor 
for MCP1 induced migration. Non-classical monocytes do not express this receptor; 
transendothelial migration of these monocytes is mediated by other receptors such as 
CXCR4 30. Altogether, these results indicate that CD14+CD62L+ and CD14+CD62L- 
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rabbit monocytes are comparable to human classical (CD14++CD16-) and non-classical 
(CD14+CD16++) monocytes, respectively. In addition, the expression of CCR2 and 
greater migration towards the respective ligand MCP1 by CD14+CD62L+ monocytes 
could explain the divergences in transmural distribution. The presence of MCP1 is 
known to trigger the invasion of classical monocytes into ischemic myocardium by the 
CCR2 ligand 23. Although, the chemokine receptors CCR2 and CXCR4 are differentially 
expressed on the respective monocyte subsets in humans and mice, they are not used 
as part of the nomenclature to distinguish between each monocyte subpopulation 7. 
Nonetheless, CCR2 expression is linked to the capacity of monocytes to migrate towards 
the ligand MCP1, which is integral in the recruitment of monocytes to inflammatory 
lesions. Thus, monocytes expressing CCR2 in mice and humans are referred to as the 
inflammatory group of monocytes 8.

Study limitations
CD62L, also known as L-selectin is a type of selectin which mitigates leukocyte 
rolling and adhesion for surveillance along the vascular wall 31. These transmembrane 
Ca2+ dependent lectins are shed from the cell surface upon monocyte adhesion and 
subsequent activation. Thus, the utility of CD62L as a marker to discriminate between 
classical and non-classical monocytes is limited to freshly isolated peripheral blood 
monocytes. Furthermore, the association we have made between monocyte infiltration 
and neovascularization localization does not indicate a direct causal link. In addition, we 
are limited to qualitative analysis of neovascularization due to the use of the angiogenesis 
molecular probe in one animal. However, numerous studies have previously shown that 
monocytes play an important role in modulating neovascularization 1, 9, 32. 

The lack of cast penetration in regions distal to the ameroid constrictor may be considered 
indirect evidence for classification of the ischemic territory. However, these regions 
also co-localize with monocyte infiltration 15 and therefore represent the areas where 
ischemic damage is to be expected. Due to the lack of anti-rabbit fluorescent molecular 
probes to clearly delineate the ischemic volume, we are also limited to a two-dimensional 
assessment. In addition, preservation of intact sections for histological assessment was 
restricted by the cutting mechanism of the imaging cryomicrotome, which results in tears 
and folds in the brittle sections. This prevented us from adding additional endpoints to 
examine successful vascularization and repair such as myocardial fiber to capillary ratio. 
Furthermore, we normalized the tissue volume containing infiltrating monocytes to 
the total myocardial tissue volume. This assumes that the change in left ventricular wall 
volume and ischemic tissue volume is constant with increasing heart and body weight. 

Lastly, as we have described previously 15, fluorescently labelled monocytes homed to 
the ischemic myocardium and displayed a bright intensity distribution rather than 
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point-like intensities corresponding to individual cells. As a result, we have quantified 
the tissue volume containing monocytes and not the exact localization of individual 
monocytes. Thus, we do not distinguish regions with different concentrations of 
infiltrating monocytes. 

Conclusions

Our findings on the change in the transmural distribution of monocytes subsets over 
time provide important insight regarding the spatial direction of myocardial tissue 
repair. In relation to phenotypic and functional properties, we have demonstrated that 
CD14+CD62L+ monocytes in rabbits are comparable to classical human monocytes 
(CD14++CD16-), while CD14+CD62L- rabbit monocytes are analogous to non-
classical human monocytes (CD14+CD16++). Homing of monocytes in ischemic 
myocardium showed peak infiltration of classical monocytes coinciding with the time of 
maximum ischemic area, while non-classical monocytes showed a gradual increase that 
did not coincide with maximum ischemic damage. Furthermore, distinct spatiotemporal 
heterogeneity of these cells in the ischemic territory was apparent. Based on the high level 
of monocyte infiltration in the subepicardium, we can postulate that repair of ischemic 
rabbit myocardium begins at the subepicardium, where large vessels can supply greater 
leukocyte infiltrates. Future studies examining the spatial direction and temporal pattern 
of ischemic repair in association with monocyte subset infiltration, neovascularization 
and chemokine upregulation may reveal how each respective monocyte population 
contributes to this process. 
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