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Abstract 

Cellular imaging modalities are important for revealing the behavior and role of 
monocytes in response to neovascularization progression in coronary artery disease. In 
this study we aimed to develop methods for high-resolution three-dimensional (3D) 
imaging and quantification of monocytes relative to the entire coronary artery network 
using a novel episcopic imaging modality. 

In a series of ex vivo experiments, human umbilical vein endothelial cells and CD14+ 
monocytes were labeled with fluorescent live cell tracker probes and infused into the 
coronary artery network of excised rat hearts by a Langendorff perfusion method. 
Coronary arteries were subsequently infused with fluorescent vascular cast material and 
processed with an imaging cryomicrotome, whereby each heart was consecutively cut 
(5 µm slice thickness) and block face imaged at appropriate excitation and emission 
wavelengths. The resulting image stacks yielded 3D reconstructions of the vascular 
network and the location of cells administered. Successful detection and quantification 
of single cells and cell clusters was achieved relative to the coronary network using 
customized particle detection software. These methods were then applied to an in vivo 
rabbit model of chronic myocardial ischemia in which autologous monocytes were 
isolated from peripheral blood, labeled with a fluorescent live cell tracker probe and 
re-infused into the host animal. The processed 3D image stacks revealed homing of 
monocytes to the ischemic myocardial tissue. Monocytes detected in the ischemic 
tissue were predominantly concentrated in the mid-myocardium. Vessel segmentation 
identified coronary collateral connections relative to monocyte localization.

This study established a novel imaging platform to efficiently determine the localization 
of monocytes in relation to the coronary microvascular network. These techniques 
are invaluable for investigating the role of monocyte populations in the progression 
of coronary neovascularization in animal models of chronic and sub-acute myocardial 
ischemia.
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Introduction 

Monocytes are an important group of cells from the innate immune system. In inflamed 
tissue, monocytes transform into macrophages where they clear pathogens, modulate 
tissue repair and healing 1, as well as support neovascularization progression 2, 3. 

Recent studies have shown a pivotal role for monocytes contributing to myocardial 
ischemic injury in myocardial infarction and atherosclerotic plaque progression 4, 5. 
Clinical studies have shown that high levels of pro-inflammatory monocytes in the 
blood of patients after acute myocardial infarction are associated with poor functional 
outcome 6.  Further clinical studies using post-mortem myocardial tissue of patients that 
died at different time points after acute myocardial infarction (AMI) have also shown 
distinct spatiotemporal pattern of monocyte infiltration in the infarcted myocardium 7. 
Thus, monocytes play an important role in myocardial repair and healing after ischemic 
damage, however their infiltration can also lead to pathologic outcome. Understanding 
the fate of these cells in response to myocardial ischemia is thus critical in order to 
modulate the balance between their therapeutic and pathologic roles. 

Extensive efforts have focused on advancing molecular and cellular imaging to visualize 
monocyte and macrophage fate 8. Developments in numerous imaging modalities, 
coupled with the use of newly synthesized imaging probes, have allowed the visualization 
of monocyte/macrophage behavior at the molecular, cellular as well as organ levels in 
preclinical and clinical settings 9. However, current techniques lack sufficient spatial 
resolution for detailed three-dimensional (3D) depictions of infiltrating monocytes/
macrophages relative to the vasculature on an entire organ level, especially with respect 
to coronary neovascularization. 

The objective of this study was to demonstrate the feasibility of the imaging cryomicrotome 
10-13 to visualize monocytes at μm resolution on a 3D level, in conjunction with the 
coronary microvascular network. This imaging modality has been successfully employed 
in the assessment of vascular adaptation due to cryoablation 14, and in the detection of 
coronary collateral vessels 10-13, but not in conjunction with monocyte detection. We 
utilized different animal models and examined various fluorescent probes for cellular 
imaging, with a focus on monocytes. Particle detection software and spectral unmixing 
methods were used for detection and quantification of cells. Our findings ascertain 
a novel imaging platform for high-resolution 3D fluorescent monocyte detection 
and quantification in studies of coronary neovascularization. Application of these 
methods can yield crucial insight in the functional role of monocyte sub-populations 
in neovascularization progression. This knowledge would thereby help to advance the 
realization of appropriate therapeutic agents to modulate the beneficial and pathological 
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effects of monocyte subsets in ischemic heart disease.

Materials and methods 

Animal experiments
All experiments were approved by the institutional committee for animal experiments at 
the Academic Medical Center. Animals were purchased from Charles River Laboratories 
and housed in the animal care facility at the Academic Medical Centre.

Infusion of cell suspensions into rat coronary arteries – ex vivo experiments
Healthy male Wistar rats (12 weeks of age, n=2) were anesthetized by isofluorane 
inhalation, followed by intraperitoneal administration of heparin. Rats were euthanized 
by decapitation and hearts were immediately excised and perfused with heparinized 
buffer by cannulation of the aorta, according to Langendorff 15. In the first rat, the 
coronary arteries were infused with CellTrackerTM Orange CMTMR (CMTMR, 25 
µM) and CellTrackerTM Red CMTPX (CMTPX, 25 µM) labeled human umbilical 
vein endothelial cells (HUVECs; 5x105 cells/label) through the aortic cannula. In the 
second rat, the coronary arteries were infused with 3.34x103 CD14+ monocytes isolated 
from peripheral blood of a healthy New Zealand White rabbit. Prior to infusion, the 
cells were labeled with CMTMR (72 µM). These were infused into the heart by aortic 
cannulation. In both experiments fluorescently labeled cells were fixed in suspension, 
prior to vascular infusion, with 3.7 % formaldehyde followed by washing steps. 

Following administration of fluorescently labeled cells, Mercox resin and respective 
catalyst (Ladd Research) supplemented with 425 µg/mL UV Blue (VasQtec), were 
infused into the coronary arteries at 100 mmHg. After polymerization and hardening of 
cast material, hearts were prepared for cryomicrotome processing.

Two different cell types were employed in the ex vivo experiments (HUVECs and 
CD14+ monocytes). This was performed such that we could image at the highest 
practical resolution while visualizing cells of different size. HUVECs are approximately 
30 μm in diameter, while rabbit monocytes are approximately 15 μm.

Rabbit model of chronic myocardial ischemia
Chronic myocardial ischemia was induced in New Zealand White rabbits (~3.0 
kg) as described previously 16. The animals (n=2) were sedated with subcutaneous 
injections of 0.2 mg/kg dexmedetomidine (Dexdomitor; Orion Pharma) and 15 mg/kg 
ketamine (Nimatek, Eurovet Animal Health BV), followed by subcutaneous infusion 
of 0.03 mg/kg Buprenorphine (Temgesic, RB Pharmaceuticals Limited). By means of 
a left-sided thoracotomy through the third intercostal space, an ameroid constrictor 



Detection and quantification methods of monocyte homing in coronary vasculature

107

Ch
ap

te
r 5

(5.5x1.5 mm, Research Instruments SW) was implanted on an anterolateral branch 
of the left circumflex artery. Progressive occlusion was induced by means of expansion 
of the ameroid volume which occurs in approximately 10 days, as reported earlier 16. 
Immediately after ameroid implantation, the thorax was closed in layers. Fourteen days 
after ameroid constrictor placement, 25 mL of blood was withdrawn from the ear artery 
into ethylenediaminetetraacetic acid (EDTA) Becton Dickinson and Company (BD) 
vacutainer tubes, after which 15 mL replacement fluid was given intravenously (30 mL/
hour) and 15 mL NaCl subcutaneously. Monocytes were isolated from peripheral blood 
(7.25x105 cells) and fluorescently labeled as described below. Fluorescently labeled 
monocytes were re-administered into the host animal intravenously in PBS with 0.4 % 
Heparin (Leo) either 1 day (n=1) or 1 hour (n=1) before euthanization. Animals were 
euthanized sixteen days after ameroid placement; the animals were anesthetized with 
dexmedetomidine and ketamine, followed by administration of 5000 IU of Heparin 
(intravenously) and intravenous injection of 20% Euthasol (AST Farma). The heart 
was immediately excised and the aortic root cannulated and perfused retrograde with 
saline buffer supplemented with 5 IU/mL of Heparin at 100 mmHg. Batson no. 17 
plastic replica material (Polysciences Inc.) supplemented with 425 μg/mL of UV Blue 
at 100 mmHg was then infused through the same aortic cannula. We report imaging 
cryomicrotome and two photon laser scanning microscopy (TPLSM) assessment of one 
rabbit heart, along with histological assessment by immunofluorescence and confocal 
microscopy for the second rabbit heart. 

Endothelial cell culture
HUVECs were obtained from multiple donors (Lonza) and were cultured in fibronectin 
coated 6-well plates (Corning Inc.) until 70-80 % confluency. Cells were cultured in 
EGM-2 MV culture medium, consisting of EGM-2 SingleQuot Kit supplements 
and growth factors along with EBM-2 basal medium (Lonza). All experiments were 
conducted on cells at passages 4-7. 

Monocyte isolation and culture
Peripheral blood from New Zealand White rabbits was diluted 1:1 with phosphate 
buffered saline (PBS), overlayed onto Ficoll Paque PLUS (GE Healthcare) and 
centrifuged at room temperature at 1000 g for 30 minutes with no brake. The peripheral 
blood mononuclear cell (PBMC) enriched layer was extracted and washed with buffer 
consisting of PBS supplemented with 0.5 % bovine serum albumin (BSA; Sigma-
Aldrich) and 2 mM  EDTA (Sigma) at 600 g for 5 minutes. Platelets were then washed 
away with PBS/0.5 %BSA/2 mM EDTA at 200 g for 10 minutes. PBMCs were finally 
washed with cold buffer at 600g for 5 minutes and then resuspended in cold PBS/0.5 
%BSA/2 mM EDTA buffer.
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Monocytes in the PBMC mix were probed with a monoclonal mouse anti-human CD14-
FITC antibody (1:20 dilution; TȔK4 clone; AbD serotec) for 15 minutes in the dark 
at 4˚C. Cells were washed with PBS/0.5 %BSA/2 mM EDTA at 350 g for 5 minutes at 
4˚C and finally resuspended in cold PBS/0.5%BSA/2mM EDTA. Non-viable cells were 
probed with 7aad (7-amino-actinomycin D, 1:100, eBiosciences). CD14+ monocytes 
were selectively isolated by cell sorting using a BD FACSAria Standard, whereby dead 
cells were excluded by selection of 7aad negative cells. 

Isolated monocytes were resuspended at 1x106 cells/mL and kept in culture in IMDM 
(Lonza) supplemented with 10 % heat inactivated Fetal Bovine Serum (FBS; Gibco) 
and 2 mM L-glutamine (Lonza).  

Fluorescent cell labeling
HUVECs were labeled with CellTrackerTM Orange CMTMR (CMTMR) or 
CellTrackerTM Red CMTPX (CMTPX; Invitrogen Molecular Probes) in Hanks 
Balanced Salt Solution (HBSS; Gibco) for 40 minutes at 37˚C and 5% CO2. In the 
case of monocytes, cells were stained with CMTMR (25 µM) in suspension and HBSS 
was supplemented with 0.5 % BSA. Cells were then washed once, after which they were 
resuspended in appropriate pre-warmed cell culture media for 30 minutes at 37˚C and 
5 % CO2.    

Imaging Cryomicrotome 
After polymerization and hardening of the plastic resin material, the hearts were immersed 
in a cylindrical container filled with Indian ink and 5 % carboxymethylcellulose sodium 
solvent, and frozen at -20˚C. 

Each frozen specimen was processed with a custom built imaging cryomicrotome, as 
described previously 12, 17. Samples were sequentially cut at a slice thickness of 5 μm for 
the rats and 17 μm for the rabbit hearts to cover the field of view associated with the 
different organ sizes. Following each cut, the block face was imaged at 4096 x 4096 pixel 
resolution using a 16-bit cooled camera (Apogee Alta U-16) fitted with an adjustable 
focus lens (Nikon 70-180 mm). The sample was illuminated with a cluster of power 
light-emitting diodes (LED; Luxeon V, Star, Royal Blue, Lumileds Lighting). For each 
freshly cut plane, a bright light reflection image of the heart was taken, followed by 
emission images of the respective fluorescent probes. CMTMR was visualized using 
540 nm excitation/577 nm emission, while CMTPX was detected with 577 nm 
excitation/635 nm emission. UV Blue cast was imaged at an excitation of 365 nm and 
an emission of 505 nm.
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Image Processing
Serial images obtained at each fluorescent color were assembled into 3D reconstructions 
resulting in an in-plane resolution of 10 µm for rat hearts and 34 µm for rabbit hearts. 
Isometric voxel resolution was obtained by combining every two adjacent images into 
an average intensity projection. Vascular cast images were processed to obtain vascular 
topology as described previously 12, 17. Images of exogenously administered cells were 
processed by intensity thresholding, along with compensation for spectral overlap (as 
described below), and finally converted to 8-bit density. 

Correction for spectral overlap
The emission spectra of CMTMR and CMTPX labels demonstrate some overlap, as 
illustrated in the two top panels in Figure 1. In this phantom experiment, aliquots of 
CMTMR and CMTPX were placed in two physically separate positions on a sample 
holder and imaged simultaneously with respective filters. The raw images displayed 
in the top panels of Figure 1 show both fluorescent probes, although with different 
intensity, as acquired with the respective emission filters. In order to correct for this 
spectral overlap, linear spectral unmixing was employed 18, 19 using the imaging analysis 
program Fiji 20. The intensity contribution of the individual fluorescent probes in the 
540 excitation/577 emission and the 577 excitation/635 emission images was quantified 
to create a 2x2 matrix A of which the rows represent the fluorescence ratio of the 
components in each image. Multiplication of the inverse of this matrix, A-1, with the 
two raw data images resulted in two unique reconstructed images for each fluorescent 
probe.  Phantom images after spectral unmixing demonstrate correction for spectral 
bleed through and CMTMR and CMTPX are visible only in the emission settings 
corresponding to their spectral peaks (Figure 1, bottom panels). 

Detection of ex vivo administered cells 
In the ex vivo experiments, fluorescently labeled cells appeared in the myocardium as 
particle like structures. Cells were detected from the spectral overlap corrected stack 
of images using a method previously described for microsphere detection 21. Light 
generated from deeper layers in the sample can lead to false positive detection. To correct 
for this transparency effect in the slice of interest, the convolution product of the point 
spread function was subtracted from the subsequent slice. The remaining intensity was 
thereby restricted to the z-position corresponding to the actual cell location. A threshold 
was applied to suppress the background intensity and to create binary images of the 
cell data. The x-y-z-positions of the white pixels, representing fluorescent cells, were 
determined and stored for further processing.  

Vascular tree segmentation
Coronary vasculature was segmented as described previously 13. Briefly, vascular cast images 
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derived from the imaging cryomicrotome were deconvolved with a system-specific point 
spread function (PSF). This was conducted in a customized 3D iterative deconvolution 
program written in CUDA (NVidia, USA). A topology-preserving thinning algorithm 
was then utilized to skeletonize vessel outlines 22. Based on neighboring connections, 
points on the centerlines were identified as either endpoints (one neighbor), midpoint 
(two neighbors), or bifurcations (three or more neighbors). Vessel segments were 
designated between consecutive non-midpoints that were connected with a series of 
midpoints. The skeleton of the segmented tree was used for topological depiction of the 
coronary vascular network. To identify collateral connections, seed points were assigned 
to major vessels and contiguous connectivity was probed between major vessels following 
all pathways defined by connecting segments. When the major vessels were connected 
the smallest vessel in the segmented loop was defined as a collateral connection 11, 13.

Detection and transmural distribution of in vivo administered monocytes
In the in vivo setting fluorescently labeled monocytes were detected in the myocardium  
as a cluster of bright intensity rather than point like intensities as observed in the ex 
vivo studies. To quantify the intensity distribution, a threshold based on the average 
background value was applied to the dataset. This generated a 3D volume outlining the 
cell distribution. The 3D volume of cells was then further classified based on myocardial 
depth. This was done by first segmenting the outline data of the myocardium (using 
bright light reflection images) to create a binary representation of the myocardial tissue, 

Figure 1. Spectral unmixing of CMTMR and CMTPX fluorescence. Top panel: Raw images of CMTMR 
and CMTPX show spectral overlap between fluorophores in the respective filter settings. Bottom panel: 
Eliminating the overlapping contribution of the fluorescent probes in the respective emission channels by 
spectral unmixing shows only CMTMR (bottom left panel) or CMTPX (bottom right panel) emission.
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also allowing quantification of the total heart volume. The segmentation was further 
subdivided into 3 layers of equal myocardial depth; an endocardial layer (Endo), a mid-
myocardial layer (Mid) and an epicardial layer (Epi). The 3D volume obtained from the 
cell data was mapped to these layers to determine the relative volume of cells in each 
myocardial layer, expressed as a percentage of the layer with the highest volume of cells. 

Two-photon laser scanning microscopy
To further assess the infiltration of fluorescently labeled monocytes relative to fluorescent 
vascular cast in ischemic myocardial tissue, we applied two-photon laser scanning 
microscopy (TPLSM) 23. Fifty-micrometer thick frozen sections of one rabbit heart 
were collected onto glass slides during processing with the imaging cryomicrotome, and 
stored at -80˚C until usage. Sections were overlayed with PBS and imaged with TPLSM.

Immunofluorescence
In order to validate the infiltration of monocytes in areas lacking cast material, we 
conducted immunofluorescence and probed for endothelial cells, visualized with 
confocal microscopy. Fifty-micrometer thick sections were collected onto glass slides 
during processing with the imaging cryomicrotome, and stored at -80˚C for histological 
staining purposes. Frozen sections were stabilized at room temperature for 30 minutes, 
followed by fixation in ice cold methanol for 20 minutes at -20˚C. Sections were washed 
three times with Milli-Q water at room temperature for 2 minutes, followed by PBS 
washing. Immunostaining was then conducted as per protocol with a Vectastain Elite 
ABC Kit (Vector Laboratories Inc.). Endothelial cells of frozen sections were probed 
using a monoclonal mouse anti-human CD31 antibody (1:50; clone JC70A; Dako) for 
1 hour at 37˚C. Secondary biotinylated antibodies were detected with Streptavidin Alexa 
Fluor 488 (1 µg/mL; Invitrogen Molecular Probes) for 1 hour at room temperature. 
Appropriate negative and isotype controls were included. Sections were examined with 
confocal microscopy (Leica).

Results  

Visualization and detection of exogenous cells - ex vivo
Figure 2 demonstrates that HUVECs labeled with different fluorescent probes could be 
imaged together with coronary arteries and healthy rat myocardial tissue.  Maximum 
intensity projections of serial images show CMTMR and CMTPX labeled HUVECs 
in the right and left ventricular walls, as well as in the septum (Figure 2A). Although 
these cells were infused into the aorta, and thereby into all coronary arteries without any 
occlusion, their distribution appears heterogeneous. These cells are also distinguishable 
from the plastic resin representing the coronary vasculature in the enlargement shown in 
Figure 2B. Quantification of exogenous fluorescent HUVECs present in the myocardium 
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by particle detection software revealed 923 CMTMR and 6228 CMTPX labeled cells 
(Figure 2C, see Supplementary Movie).  

Figure 2. Ex vivo experiment of fluorescently labeled HUVECs in a rat coronary arterial network. 
(A) Maximum intensity projection (500 μm thick) of a rat heart (short axis view). Infused CMTMR 
(blue) and CMTPX (green) labeled HUVECs are discernible from the coronary vasculature filled with 
fluorescent cast material (red). (B) Enlargement of area outlined in (A) shows left ventricular wall region 
with particle-like appearance of fluorescent cells (CMTMR (blue), CMTPX (green)). (C) Longitudinal 
view of rat heart depicted in (A and B) after spectral unmixing. Cell detection revealed 923 CMTMR (blue) 
and 6228 CMTPX (green) cells distributed throughout the myocardium. See supplementary movie. LVC: 
Left ventricular cavity; RVW: Right ventricular wall.

In the second ex vivo experiment, we sought to apply the proof-of-principle concepts of 
cellular imaging and quantification described above to monocytes dispersed in coronary 
arteries. The maximum intensity projection of the left ventricular wall shows CMTMR 
labelled monocytes in close vicinity to the vasculature (Figure 3A). These cells were 
localized predominantly in the septum, right ventricular wall and parts of the left 
ventricular wall (anterior and inferior). Quantification of the number of exogenously 
administered monocytes retained in the myocardium, revealed 1382 cells in the 
myocardium (Figure 3B and C).

Visualization of autologous monocytes – in vivo
Monocyte imaging was then applied to a model of chronic myocardial ischemia. 
3D reconstructions of the rabbit heart vasculature show a region near the ameroid 
constrictor with sparse vasculature (Figure 4A-C), consistent with vessel occlusion. 
Monocyte infiltration was localized within this ischemic region downstream of the 
ameroid occluded vessel (Figure 4C and D). Transmural infiltration of monocytes is 
apparent in Figure 4D, displaying monocyte localization from the subepicardial region 
to the mid-myocardium and the subendocardium. Vascular segmentation showed fewer 
vascular connections between the ameroid occluded vessel and the adjacent major vessel, 



Detection and quantification methods of monocyte homing in coronary vasculature

113

Ch
ap

te
r 5

Figure 3. Ex vivo experiment of fluorescently labeled monocytes in rat myocardial tissue in conjunction 
with coronary vascular network. (A) Cropped view of maximum intensity projection images (250 µm 
thickness) derived from episcopic cryomicrotome imaging showing fluorescent monocytes (blue) and 
coronary vasculature (red) in the left ventricular wall. (B & C) Particle detection shows monocyte (blue) 
distribution in the myocardium (grey). (B) Longitudinal projection of heart outline (grey) and monocytes 
(blue). (C) Short axis projection of heart shown in (B). Some cast leakage from the aorta is seen in the LVC. 
LVC: left ventricular cavity.
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in the region of ischemic damage. Nonetheless, few transmural vessels were detected and 
coincided with the region of monocyte infiltration (Figure 4E). Hematoxylin and eosin 
staining of the respective region did not show evidence of necrosis and hence tissue was 
not infarcted (data not shown).

Histological sections obtained from the myocardium were examined with TPLSM in 
order to validate the presence of monocytes detected in ischemic myocardium with 
episcopic cryomicrotome imaging. Figure 5A illustrates coronary microvasculature 
depicted by vascular cast, with a CMTMR labelled monocyte wrapped around a 
vessel that appears to be running perpendicular to the section. To further examine the 
localization of exogenous monocytes, an additional experiment was conducted whereby 
we reduced the circulation time that autologous monocytes were allowed to circulate 
from 1 day to 1 hour. Histological sections from the ischemic region showed CD31 
labeled vasculature, which lacked cast material in the lumen and CMTMR labeled 
monocytes present in the perivascular space and in the surrounding myocardial tissue 
(Figure 5B). 

Figure 4. 3D visualization of infiltrating monocytes and coronary vasculature in ischemic rabbit 
myocardium. (A) 3D view of the heart with ameroid constrictor (blue) and vasculature. (B) Single image 
of short axis plane indicated in (A), shows the ameroid constrictor on the left ventricular wall, with the 
ischemic region (outlined). (C) 3D view shown in (A) with slight rotation, where monocyte infiltration 
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Figure 5: Validation of monocyte visualization in ischemic rabbit myocardium by TPLSM and 
confocal microscopy. (A) TPLSM image of autologous CMTMR labeled monocyte (red, indicated 
by yellow arrow) surrounding a vessel filled with vascular cast (white) in ischemic rabbit myocardium. 
Myocardial tissue (blue) visualized by autofluorescence.  (B) Confocal microscopy image showing CD31 
labeled (green) endothelium and CMTMR labeled monocytes (red) in subepicardial region of ischemic 
rabbit myocardium. 

Quantification of the volume occupied by infiltrating CMTMR-labeled monocytes 
(Figure 6A), amounted to 1.32 % of the total myocardial volume. The transmural 
distribution was highest in the mid-myocardium, while it occupied 56.3% of the 
endocardial layer and 26.6% of the epicardial layer, relative to the volume in the mid-
myocardium (Figure 6B-E). 

(purple) is apparent in the ischemic region outlined. (D) 3D longitudinal cross-section of one half of the 
heart, after 180˚ rotation, shown in (A and C).Fluorescent monocytes (purple) are visible in the ischemic 
region adjacent to the ameroid constrictor (light blue). (E) Segmented vascularture (grey) showing collateral 
connections (example connection indicated by white arrow) between the occluded vessel and the adjacent 
vasculature. Many of these connections coincide with monocyte localization (purple). Aorta and aortic 
cannula seen at the top are visible due to autofluorescence. LVC: Left ventricular cavity; RVW: Right 
ventricular wall.
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Figure 6. Quantification of transmural monocyte distribution in ischemic rabbit myocardium. (A) 
3D longitudinal projection of heart outline, ameroid constrictor (blue), and total region of fluorescent 
monocyte infiltration (green). (B) Identical projection, showing transmural distribution of monocyte 
volume in all layers, endocardial (red), mid-myocardial (green) and epicardial layer (purple).  (C) Same 
projection as in (B), showing monocyte volume only in the mid-myocardial (green) and endocardial layers 
(red). (D) Identical projection as in (A-C), showing monocyte volume only in the endocardial layer (red). 
(E) Transmural distribution of cell volume normalized to cell volume present in mid-myocardium (Mid). 
Endo: endocardium; Epi: epicardium.

Discussion 

In this study we have successfully introduced a novel means of 3D fluorescent cellular 
imaging. We have visualized and quantified single cell suspensions in conjunction with 
coronary vasculature in different animal models, and demonstrated a proof of principle 
to concomitantly detect multiple groups of labeled cells by multi-color fluorescent 
imaging. Cellular quantification revealed the transmural distribution of infiltrating 
monocytes in ischemic myocardium after progressive coronary artery occlusion.

Cell Detection 
In both ex vivo experiments the number of detected cells was less than the number of 
cells administered. This is likely attributable to Langendorff perfusion of the hearts, 
causing many cells to leak into the ventricular cavity by valve leakage and subsequently 
washed out of the heart, rather than entering the coronary arteries. In some areas the 
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cells also appeared extravascular. It is possible that cells lodged in vessels in which full cast 
penetration was not achieved due to the viscosity limitations of vascular cast material, 
thereby leading to an extravascular appearance of cells. Furthermore, in the rat hearts, the 
distribution of cells was heterogeneous, despite global coronary perfusion. Cells infused 
in the rat coronary arteries were fixated in suspension prior to administration.  This 
was done such that cells would retain fluorescent content after infusion into tissue that 
is increasingly acidic post-mortem 24. Thus these cells were biologically inert, spherical 
in shape when entering the coronary vasculature and flowed similar to microspheres, 
lodging in vessels of smaller diameter. Previous studies examining blood flow distribution 
using microspheres have also noted heterogeneity in microsphere deposition 25, 26. Non-
homogeneous distribution of microspheres was attributed to heterogeneity in the 
distribution of lodging sites 26, along with streaming artifacts whereby spherical particles 
exhibit a directional bias at branch points towards the path of higher flow 26, 27. Thus, 
similar to microspheres, due to the spherical and biologically inert nature of the cells 
infused in the ex vivo experiments, the heterogeneous distribution of the cells is likely a 
reflection of the distribution of lodging sites as well as streaming artifacts.  

In the ex vivo studies, exogenous cells could be detected as particles, whereas in the in vivo 
experiments autologous monocytes appeared as a cloud distributed in localized regions. 
The difference in appearance can be attributed to the different morphology of the respective 
cells. In the ex vivo experiments the cells were fixated in suspension prior to infusion 
and thus maintained a spherical shape. In the in vivo setting, infiltrating monocytes 
transmigrate to ischemic tissue where they adhere to the surrounding environment, 
thus taking on different morphology and thereby dispersing the fluorescent content 
within their cytoplasm, for which 16 days after ameroid implantation was examined. In 
addition, the ex vivo experiments (rat hearts) were processed at an in-plane resolution of 
10x10µm2 and the rabbit heart at 34x34μm2, the result of differences in organ size and 
optimization of viewing area. Confocal microscopy assessment of infiltrating monocytes 
in ischemic myocardium showed localized regions with a high density of exogenous 
cells. In the ex vivo experiments, cells were distributed throughout the myocardium, 
rather than clustering in localized regions. The combination of differences in resolution, 
cell morphology and distribution are likely causes for the particle-like appearance and 
cloud like distribution of cells in the ex vivo vs. in vivo experiments.

It is unlikely that autofluorescence from ischemic myocardium contributed to false 
detection of exogenous cells. Both necrotic as well as normal myocardial tissues 
show dark-green-to-yellow autofluorescence if left unstained. Siegel et al. showed 
that autofluorescence from necrotic myocardium cannot be delineated from healthy 
myocardium if left unstained 28. In both the ex vivo and in vivo experiments, the 
fluorescent intensity of exogenous cells (at 577 and 635nm  emission for CMTMR and 
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CMTPX, respectively) was clearly greater than that of the myocardium as seen with the 
imaging cryomicrotome, TPLSM as well as with confocal microscopy.

Relevance of detection of transmural distribution of monocytes
Differences in the distribution of monocytes over myocardial regions likely reflect 
divergences in ischemic damage and the level of perfusion in those regions. It has been 
described previously that myocardial ischemia exhibits transmural heterogeneity, where 
the subendocardium is more vulnerable than the mid-myocardium and subepicardium 
29. This corresponds with higher levels of monocyte infiltration in the endocardium 
than in the epicardium, as shown in the example experiment. A coronary artery stenosis 
leads to reduced perfusion pressure and blood flow redistribution away from the 
subendocardium 30-33. This suggests that this area may also have the highest stimulus 
for an inflammatory response. However, reductions in subendocardial perfusion may 
also create a greater challenge for the penetration of leukocytes into this area, leaving 
leukocytes to infiltrate predominately the mid-myocardium. Elucidating the transmural 
distribution of leukocyte infiltration in response to myocardial ischemia would help in 
understanding the role of inflammation in the cause of transmural myocardial ischemia 
heterogeneity. In addition, co-registration of transmural leukocyte infiltration with 
detailed vascular heterogeneity, as is now possible with the imaging cryomicrotome, 
would further provide crucial insight in the progression of neovascularization, and thus 
the therapeutic potential of pro-angiogenic or arteriogenic agents.

Detection of monocyte populations
The methods and principles presented in this study for multi-color cellular imaging 
can also provide valuable insight in the homing of multiple subsets of cells, including 
monocytes, which represent a heterogeneous population of cells. Monocyte subsets are 
characterized by distinct phenotypical and functional properties 1. Human monocytes 
can be distinguished into three populations; classical (CD14++CD16-), intermediate 
(CD14++CD16+) and non-classical (CD14+CD16++) monocytes 34. Classical 
monocytes secrete pro-inflammatory cytokines, while non-classical monocytes sustain 
an anti-inflammatory environment 1, and the role of intermediate monocytes remains 
unclear. The functional role of these subsets relative to coronary neovascularization 
progression remains to be fully elucidated, and the methods described here may prove 
advantageous in answering such questions.  

Radiopharmaceuticals such as 99mTc-hexamethylpropylene amine oxime (99mTc-
HMPAO) could be used for the labelling of monocytes and subsequent non-invasive 
imaging of monocyte infiltration in patients with rheumatoid arthritis 35.  Other non-
invasive organ level imaging of monocytes and macrophages include the use of iron 
oxide nanoparticles in combination with magnetic resonance imaging (MRI) 8. In this 
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context, monocytes/macrophages phagocytose nanomaterials containing iron oxide, or 
alternatively gadolinium chelates, and thereby display contrast on MRI. This has been 
utilized to visualize monocyte/macrophage infiltration in patients with atherosclerosis 36 
and myocardial infarction 37.  The advantages of these methods are that they can be used 
in vivo, but the disadvantage is the limited spatial resolution and lack of concomitant 
vascular reconstruction with regards to nuclear imaging, and signal decay in relation 
to iron oxide nanoparticles. In addition, only one population of cells can be imaged, 
thereby limiting preclinical investigations concerning monocyte subset infiltration. The 
present method of 3D episcopic fluorescent cell cryomicrotome imaging may be used 
for validation purposes of such non-invasive in vivo imaging methods. 

Broader applications of the methods
Studies investigating cellular therapy, including stem cell therapy, can also benefit from 
this method of cellular imaging, with respect to global cellular detection, quantification 
and revelation of transmural distribution. Alternative methods of cellular imaging 
include intra-vital microscopy, which allows real-time imaging of fluorescently labeled 
cells 8. The capacity to directly visualize cellular migration and movement, something 
that is not possible with our method, offers superior advantages to understanding 
the fate of infiltrating cells. However, such real-time imaging methods are limited to 
viewing only superficial regions. Thus, cells can remain undetected due to the limited 
areas of viewing and difficulty in global organ visualization. In a recent study by Steyer 
et al., a 3D cellular imaging technique using cryo-imaging was employed as a means 
for the detection and quantification of cell clusters in the entire myocardium, however 
this study largely lacked vascular reconstructions and assessment of the 3D transmural 
distribution of cell clusters 38.

Study Limitations
Although our study is limited to a small number of animals, it is sufficient to demonstrate 
the feasibility of high-resolution 3D imaging of exogenous cells. One of our limitations 
includes identification of ischemic myocardium based on lack of vascular cast penetration 
in areas downstream of the ameroid occluded vessel. This may be an oversimplification, 
and we cannot rule out the possibility that these vessels were not filled due to increased 
resistance as a result of the occlusion. In addition, there may be necrotic pockets within 
this region contributing to lack of cast penetration; we cannot eliminate this possibility as 
we did not use a marker for necrosis in the 3D imaging of ischemic hearts. Furthermore, 
preservation of intact sections for histological analysis from this ischemic region were 
limited due to the crude cutting of the large imaging cryomicrotome blade. Future 
efforts will focus on quantifying the ischemic volume, and using this to determine 
the percentage occupied by infiltrating monocytes.  Finally, coronary capillary filling 
with vascular cast material has restricted our distinction between veins and arteries 
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to anatomical assessment. Future work involving concomitant imaging of molecular 
probes targeting compounds found only on arteries may allow for better resolution of 
the localization of monocytes relative to arteries and veins.

Conclusions 

We have presented a novel 3D fluorescent imaging technique capable of concomitant 
cellular and coronary vascular imaging. Methods for quantification of monocyte 
recruitment to sites of active inflammation, on an entire organ level in the myocardium 
were reported. We have presented multiple methods to quantify entrapment of exogenous 
cells, including single cells and cell clusters. Future efforts will focus on quantification of 
ischemic volume and coronary collateral vessels relative to infiltrating monocyte subsets. 
High-resolution global organ visualization of monocyte fate, including the distinction 
of monocyte subpopulations, in conjunction with vascular anatomy can provide 
unprecedented insight in the fate of cells in coronary neovascularization progression. 
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