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Chapter lil 
Abstract 

Animal models used in transmyocardial laser revascularisation (TMLR) research lack 
the increased fibrosis observed in patients with chronic myocardial ischaemia. This 
pathology has also been described in patients with chronic elevated afterload, and 
therefore we evaluated the Spontaneously Hypertensive Rat (SHR) as a model for 
TMLR research. 

We compared i) the myocardial pathology of SHR with the pathology of three 
TMLR patients, ii) the reaction to TMLR in SHR and human myocardium using three 
different lasers and iii) myocardial hypoxia in SHR myocardium and (healthy) Wistar 
rat myocardium. 

SHR and human myocardium both showed increased fibrosis and similar myocardial 
reactions to TMLR (comparable morphology of fibrotic TMLR channel scars). More 
hypoxic cells were observed in SHR than in Wistar control rat myocardium. 

The similarities between SHR and human chronic ischaemic myocardium make the 
SHR a suitable model for TMLR research. 
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Introduction 

Transmyocardial laser revascularisation (TMLR) is used to treat severe angina pectoris, 
refractory to conventional treatment methods (medication, coronary angioplasty and 
coronary bypass surgery). Although TMLR is clinically effective [151-155], its working 
mechanism and hence scientific basis is still unclear. Therefore, research on animal 
models which mimic the underlying pathophysiology and morphology of chronic 
ischaemic human hearts, is an important step in elucidating the working mechanism and 
optimising TMLR treatment. 

The typical TMLR-eligible patient has undergone one or more coronary angioplasties 
and / or coronary bypass surgeries but, despite these interventions, still suffers from 
severe angina pectoris under maximally tolerable cardiac medication. The intractable 
angina is caused by insufficient myocardial perfusion due to diffuse coronary artery 
disease, which can lead to ischaemic cardiomyopathy. In these patients, patchy 
interstitial fibrosis is observed which is due to chronic myocardial ischaemia and 
episodes of ischaemia-induced focal or diffuse haemorrhage and infarction [156,157]. 
As a consequence, compensatory hypertrophy of remaining myocytes often develops 
and many patients have cardiac hypertrophy despite focal necrosis. These pathologic 
changes can result in a large morphologic diversity in the myocardium of chronic 
ischaemic patients; normal myocardium is mixed with bundles of hypertrophied 
cardiomyocytes as well as with areas of increased connective tissue and fibrosis. 

So far, many different animal models have been used in TMLR research. Although 
some possess the pathophysiology of chronic myocardial ischaemia, i.e. reduced 
coronary flow and contraction, they all lack some of the pathologic changes often seen 
in hearts of TMLR patients, i.e. increased interstitial and scarring fibrosis. Since 
myocardial ischaemia and increased fibrosis have also been described in hearts of 
patients with a chronic afterload increase (e.g. due to systemic hypertension) [158], we 
evaluated whether the Spontaneously Hypertensive Rat (SHR), a strain with hereditary 
hypertension, could serve as a model for TMLR research. 

To investigate this, we compared the pathologic changes in the myocardium of SHR 
to those observed in a TMLR eligible but untreated patient, as well as the myocardial 
tissue reaction of SHR and patients to TMLR using three different lasers. Furthermore, 
since it has been reported in the literature that, with increasing age, the SHR 
myocardium is more prone to ischaemia (like TMLR patients) than myocardium from 
'normal' rats [159,160], we immunohistochemically assessed the extent of hypoxia 
under normal (resting) conditions both in old SHR myocardium and in myocardium of 
healthy Wistar rats. All experiments were approved by the hospital's Animal 
Experimental Committee. 

Methods 

The Spontaneously Hypertensive Rat 
Starting at an age of approximately eight weeks, SHR develop increasing spontaneous 
hypertension (SH) which induces several myocardial morphologic changes such as 
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Chapter III 
myocardial hypertrophy and increased fibrosis. The SH and associated morphologic 
pathology can be divided into three stages: i) a developing phase (8-23 weeks of age), ii) 
an early established phase (24-51 weeks), characterised by a generalised increase of 
interstitial fibrous tissue in all myocardial regions, and iii) a late established phase 
(> 52 weeks), characterised by patchy areas of fibrosis considered to correspond with 
fibrotic repair of focal ischaemic myocardial lesions (replacement fibrosis) [160]. 

Histology 
We have evaluated the histo-pathology of male SHR myocardium aged 6 (n = 5), 
12 (n = 2), 15 (n = 2) and 18 (n = 2) months {Charles River Nederland, Someren, The 
Netherlands) and compared it with that of healthy Wistar rat myocardium (6 months old, 
n = 4). Furthermore, we compared the histology of TMLR channel scars in SHR 
(obtained from another experimental study which will be reported in the future) with 
human TMLR channel scar appearance. TMLR was performed (2 channels per heart) in 
SHR according to a previously described technique and protocol [161] (see chapter IV). 
Channels were created using either a XeCl excimer laser (Medolas MAX-10, Munich, 
Germany; wavelength = 308 nm; 200 urn diameter fibre; pulse duration 60 ns, 
2 mJ/pulse, 10 Hz), a holmiumryttrium-scandium-gallium-garnet (Ho:YSGG) laser 
(1-2-3, Schwarz Electro-Optics Inc., Orlando, FL, USA; wavelength = 2.09 urn; 320 urn 
diameter fibre; pulse duration 200 us, 0.12 J/pulse, 5 Hz) or a C02 laser (Coherent 
5000 C, Santa Clara, CA, USA; wavelength = 10.6 urn; 200 urn beam diameter; 100 W, 
one 10 ms pulse). The animals were sacrificed 2 weeks after the TMLR procedure. 
Representative examples of TMLR channel scars were obtained for all three lasers and 
described in the study reported here. 

All animals were sacrificed with intraperitoneal injections of 1-2 ml Nembutal5 

(60 mg/ml natriumpentobarbital, Sanofi Santé BV, Maassluis, The Netherlands), after 
which hearts were taken out and dehydrated in 3.8% buffered formalin for at least 
48 hours. Non-TMLR treated hearts were cut parallel to the base in four equally thick 
slices (one basal which was not used for analysis, two mid-ventricular and one apical) 
embedded in paraffin and sectioned at 5 urn. TMLR treated hearts were cut parallel to 
the septum approximately in the middle of the left ventricle. The left ventricular section, 
which included the laser-treated area, was embedded in paraffin and sectioned at 5 urn. 
Sectioning was performed perpendicular to the channel direction. Sections were stained 
with elastin van Gieson for visualisation of tissue collagen and elastin, viewed under 
light microscopy and photographed using a digital camera. 

Staining for myocardial hypoxia 
We used the tissue hypoxia marker pimonidazole which is also used in human oncology 
to assess tumour hypoxia [162]. In short, under hypoxic conditions in vivo injected 
pimonidazole binds to intracellular proteins, forming a pimonidazole-protein adduct. 
This adduct can be stained in paraffin sections using immunohistochemistry. In 3 SHR 
of 9-11 months old and in 2 Wistar rats assessment of myocardial hypoxia was 
performed. The animals were sacrificed as described above with addition of an 
intraperitoneal injection of 1 ml/kg NaCl containing 120 mg/ml pimonidazole-
hydrochloridc (Hypoxyprobe-1, Natural Pharmacia International Inc., Belmont MA, 
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USA) 90-110 minutes before sacrifice. Concentration and administration route of 
pimonidazole and the time span between injection and sacrifice were derived from the 
literature [163]. The hearts were dehydrated, sliced, embedded and sectioned as 
described above. Per apical or mid-ventricular slice, 2 sections were stained for hypoxia. 
Positive control sections (murine tumour tissue, obtained from Natural Pharmacia 
International Inc., Belmont MA, USA) were stained together with the SHR and Wistar 
sections to assure that any observed positive staining could be attributed to 
pimonidazole-hydrochloride 'labelled1 hypoxia. 

Patients 
We had the opportunity to study the cardiac pathology of three TMLR (eligible) patients 
with chronic myocardial ischaemia. The first patient was a 61-year old male who died of 
a myocardial infarction while he was being screened for TMLR. The second patient was 
an 81-year old male who died of recurrent pneumonias three months after TMLR with a 
XeCl excimer laser (Medolas Max-20, Munich, Germany; wavelength 308 nm, pulse 
duration 110 ns, 40 mJ/pulse, 40 Hz; 1 mm fibre). The third patient was a 72-year old 
male who died of cardiac electromechanical dissociation two and a half years after 
TMLR with a Ho:YAG laser {CardioGenesis NSLX-6, CardioGenesis Corp., Sunnyvale, 
California, USA; wavelength 2.1 urn, pulse duration 350 us, 2.0 J/pulse, 16 Hz; 1.9 mm 
fibre). Autopsy was granted and sections of the heart were cut and stained with 
haematoxilin & eosin, elastin van Gieson and anti-von Willebrand Factor. 

Results 

Characteristics of myocardium from SHR, the non TMLR treated patient and Wistar rats 
are summarised in table 1. 

SHR histology 
Macroscopically, the SHR hearts displayed an increased LV wall thickness at all 
investigated ages (approximately 3.3, 3.5, 3.7 and 3.7 mm at 6, 12, 15 and 18 months 
respectively) compared to that of the Wistar control hearts (approximately 1.75 mm). 
Microscopically, the hypertrophy could be confirmed in SHR by the presence of large 

Cause of pathology 
Hypertrophy 
- LV wall thickness (mm) 

Interstitial fibrosis 
- location 

Perivascular fibrosis 

Hypoxic cell staining 
- % stained cells 
- location of staining 

SHR 
myocardium 
hypertension 

yes 
T * 
t 

more endocardial 

T 
individual - clusters 

<5 
more endocardial 

Human CI 
myocardium 

chronic ischaemia 

yes * 
T 
T 

more endocardial 

r 
n.p. 
ii.p. 

n.p. 

Wistar (control) 
myocardium 

no 
normal 

_ 
-

individual 
< 1 

diffuse 
Table I. Comparison of SHR, human chronic ischaemic (CI) and healthy Wistar myocardium. * compared to 
Wistar rats: % assessed by heart weight (> 600 gr). LV' wall thickness and cardiomyocyte morphology; | = increased; 
LV = left ventricular; n.p. = not performed 
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Chapter III . 
hypertrophied cardiomyocytes containing large nuclei. Also at all investigated ages, 
SHR myocardium contained considerably more connective tissue (fibrosis) than healthy 
Wistar myocardium. Although this fibrosis was already present in the 6 months old SHR 
hearts, it was most pronounced in the 12. 15 and 18 months old SHR. Figures 1 A and B 
show examples of a 12 month old SHR heart and a Wistar heart. The fibrotic tissue 
in SHR was distributed both interstitially and perivascularly, and was most pronounced 
in the endocardial region (figure 1A,). Although the myocardial hypertrophy slightly 
increased with age (increased LV wall thickness), the 15 and 18 months old SHR did 

x 40 x 400 

Figure 1. Elastin van Gieson stained myocardium of a 12 month old SHR (Ai+2), a healthy Wistar rat (B,+2) and the 
first patient (C(+2). In both the human and SHR myocardium, extensive areas of collagen (red) are dispersed throughout 
myocardial tissue (green-brown). In Wistar myocardium, collagen content is much lower. ArQ: original magnification 
x40. A:-C2: original magnification x 400. LV = left ventricular cavity. For this figure in colour see page 146. 
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not show markedly more fibrosis compared to the 12 month old SHR (not shown). In the 
Wistar control hearts, fibrosis was absent (figure IB,). 

In the TMLR treated SHR, channel scars could be clearly observed in the 
myocardium and presented as islands of fibrous tissue. Scars of channels created with 
the excimer and CO2 lasers had similar appearences and consisted of a slim, linear 
strand of collagenous tissue (examples are shown in figures 2Ai and 2A3 respectively). 
Some extension of collagen into the surrounding tissue was observed, however this was 
mainly oriented parallel to the channel direction. Ho:YSGG channel scars (example 
shown in figure 2A2) were much wider than CO2 and excimer scars. Furthermore, at the 
edges of Ho:YSGG channel scars, short penetration of fibrotic tissue into the 
surrounding myocardium was observed. Unlike the CO2 and excimer channel scars, this 
penetration was also observed in a direction perpendicular to the channel direction, 
similar as wall dissections observed previously in the pig [164]. 

Staining for myocardial hypoxia 
In the hearts of all three investigated SHR, light-microscopic inspection displayed 
pimonidazole-hydrochloride staining both in individual cells as well as in small clusters 
of cells (see figure 3A). Overall, the number of stained cells was small (< 5%). There 
was no difference in the amount of stained cells between the apical and the mid-
ventricular slices. Although the stained cells or clusters of cells were randomly 
distributed in the myocardium, the density was slightly higher at the endocardial side 
than at the epicardial side. In the hearts of the two Wistar control rats, individually 
stained cells were present in low densities (< 1% of cells) distributed randomly in the 
myocardium. In contrast to the SHR myocardium, no clusters of stained cells could be 
observed (see figure 3B). 

Patient histology 
On macroscopic inspection all three hearts showed marked hypertrophy (weight 
> 600 g) and dilatation of both ventricles. The hypertrophy was confirmed 
microscopically by the presence of large cardiomyocytes containing large nuclei. 
Furthermore, microscopic investigation displayed several areas with randomly dispersed 
patchy fibrosis (figure 1C) in all three hearts. The fibrosis was predominantly located in 
the endocardial regions and indicative of old chronic ischaemia. Furthermore, in the first 
two patients a few areas displayed dense sclerotic hypocellular connective tissue, 
indicating sites of (old) myocardial infarction. 

In the two patients that were treated with TMLR, fibrotic scars with a linear 
distribution were observed in the myocardium (figures 2B| and 2B2). They were in 
continuity with small, circumscribed fibrotic scars on the epicardial and endocardial 
surfaces. These surface scars were highly suggestive for respectively entrance and exit 
sites of laser energy, and the scars in between were therefore considered TMLR channel 
scars. Amidst the fibrotic tissue large ectatic thin walled vessels were present in both 
cases. When comparing excimer and Ho:YAG channel scars, a clear difference between 
the shape and size could be observed. Apart from the much larger diameter of the 
Ho:YAG channel scars (1750 urn vs. 750 um of excimer), they also displayed a much 
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SHR Human 

excimer 

holmium -€ 

CO2 

Figure 2. Klastin van Gieson 
stained t ransmvocardia l laser 
channel scars, created in SHR 
(A1.3) and human myocardium 
(B1.3). A/: XeCI excimer laser in 
a SHR; A:: Ho.YSGG laser in a 
SHR; A3: CO; laser in a SHR; 
B/: XeCI excimer laser in the 
second patient: B\ Ho:YAG 
laser in the third patient; B;; 
CO; laser in human myocardium 
/courtesy of Dr. Daniel Burkhoff 
[101]; reprinted with permission 
from the Society of Thoracic-
Surgeons). In SIIR. channels 
created with the CO; and 
excimer lasers had similar 
appearances and consisted of a 
slim, linear strand of fibrous 
tissue (A/ and At). Some 
extension of collagen into the 
surrounding tissue was observed, 
however this was mainly 
oriented parallel to the channel 
direction (arrow in At). 
Ho.YSGG channel scars (A:) 
were much wider than CO; and 
excimer channel scars and 
showed lateral penetration of 
ftbrotic tissue into the 
surrounding myocardium (arrow 
in A;) which was not observed 
with in CO; and excimer scars. 
Similar differences in shape 
between excimer. holmium and 
CO; laser channel scars were 
obsen-ed in the human 
myocardium (B/.j). The larger 
size of the human channels is due 
to the larger diameter fibres 
used for TMLR (1 mm for the 
XeCI excimer and 1.9 mm for the 
Ho.YAG laser); u = micrometer. 
For this figure in colour see 
page 147. 

more irregular edge with lateral expansion of connective tissue compared to the 
relatively straight shape of the excimer channel scars (figures 2Bi and 2B2). Similar 
histopathological findings in TMLR-treated patients have also been reported by others 
(see chapter VII of this thesis or ref [104] for an overview). 
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SHR Wistar 

Figure 3: Myocardium of an SHR (3A) and a Wistar rat (3B) stained with the pimonidazole hypoxia staining 
method. In the SHR myocardium, clusters of (brawn) stained ceils could be observed (indicated by the arrows). In the 
Wistar myocardium, staining was much less frequent and only observed in individual cells (the arrows indicate 2 stained 
cells). Original magnification x 20. For this figure in colour see page 145. 

Discussion 

The ideal animal model for TMLR research mimics the ischaemic cardiomyopathy due 
to chronic severe ischaemia observed in typical TMLR patients. Human ischaemic 
cardiomyopathy includes changes in physiology (reduced coronary perfusion and 
myocardial contraction) and changes in morphology (diffuse scarring and fibrosis). 

Animal models that have been used in experimental TMLR research can be 
categorised either by species or by (disease) model. At least five species have been 
described: dog [46], rat [49], pig [113], sheep [83] and mouse [110]. The dog has been 
the most widely used in the early studies, despite an important limitation, i.e., the canine 
(as well as the ovine) heart has strongly varying and sometimes extensive collateral 
circulation [87], making it less suitable for TMLR perfusion and infarction studies. 
More recently, therefore, the focus has shifted to the pig. The porcine heart, as well as 
the rat heart, has negligible collateral perfusion making it both more suitable for 
perfusion studies and more comparable to the human heart. 

Three types of models have been used in TMLR research. The first are non-
ischaemic models, where TMLR is performed in healthy myocardium [69,91]. These 
models lack the physiologic and morphologic features of the human pathology, making 
their use especially limited in perfusion studies. The second are acute ischaemia or 
infarction models, where a coronary artery is ligated. Because TMLR is clinically not 
used to treat acute ischaemia (myocardial infarction), the studies that investigated infarct 
protection by TMLR may have limited clinical significance. This is supported by the 
difference in pathology between the rapid myocyte death that leads to myocardial 
infarction in acute ischaemia, and the slow and more dispersed myocardial pathology in 
chronic ischaemia. The third type of models are chronic ischaemic models, which are 
created by partial ligation and occlusion of a coronary artery over a period of up to 
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6 weeks. The resulting constant low-flow state causes the myocardium to go into a state 
of hibernation, comparable to clinical pathology. Here, myocardial adaptation to the 
constant low perfusion decreases local cardiac contraction [148,165,166]. Although 
some of these models have shown histology comparable to that observed in human 
hibernating myocardium, i.e. loss of contractile myofilaments and large areas of 
glycogen accumulation within otherwise viable cardiomyocytes [166], a major 
difference is the short developing time span of the pathology, i.e. at most several weeks 
rather than many years. Consequently, the myocardium in these models lacks the 
increased amounts of interstitial and scarring fibrosis which are observed in human 
chronic ischaemia. 

The Spontaneously Hypertensive Rat is the first animal model that does show these 
(ischaemic cardiomyopathy) changes in morphology, although with a different etiology. 
The pathological findings described in the three TMLR-eligible patients, i.e. increased 
fibrosis and compensatory hypertrophy of cardiomyocytes, were also observed in the 
SHR hearts (table 1). On a microscopic level, concentrations of connective and fibrotic 
tissue in the LV myocardium were higher in the SHR hearts than in the Wistar hearts, 
particularly in older (> 12 months) SHR. Moreover, in SIIR hearts fibrosis was most 
pronounced in the subendocardial regions of the myocardium (figure 1). This correlates 
with findings in patients with chronic myocardial ischaemia, which show similar 
locoregionally increased fibrosis. 

The morphologic tissue reaction to TMLR was similar in SHR and human 
myocardium (figure 2). presenting as comparable laser-dependent differences in shape 
and size of TMLR channel scars. Furthermore, the hypoxia staining method showed 
slightly higher amounts of stained myocardial cells in 9-11 months old SHR than in the 
Wistar control rats (figure 3). The overall limited amount of hypoxia staining under 
resting conditions correlates with the human situation where a large group of TMLR-
eligible patients does not have ischaemia under resting conditions. Only the most severe 
patients also experience ischaemia under resting conditions. 

In conclusion, we found that the myocardial pathology in Spontaneously 
Hypertensive Rats has many similarities to that observed in the 'typical' TMLR patient 
with ischaemic cardiomyopathy, i.e. fibrosis, compensatory hypertrophy of 
cardiomyocytes and hypoxia. Also, the observed myocardial reaction to TMLR was 
similar, i.e. comparable morphology of fibrotic TMLR channel scars. These similarities, 
combined with the fact that unlike the other chronic ischaemic animal models no 
intervention is needed to induce the pathology, make the Spontaneously Hypertensive 
Rat a useful model for TMLR research and for other types of animal research aimed at 
investigating intervention in chronic ischaemia. 

Appendix (pimonidazole staining protocol) 

Tissue sections were first wanned at 40° C for 20 min and subsequently dipped 10 times 
each (for 2 min) in Clear-Rite 3 {Richard-Allan Scientific, Kalamazoo, MI, USA), 100% 
ethanol, 95% aqueous ethanol, 80% aqueous ethanol, distilled water, deionised water 
containing 0.2%o Brij 35 (Acros Organics, Geel, Belgium) and finally in phosfate 
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buffered saline containing 0.2% Brij 35 (PBS-Brij). Tissue peroxidase was then 
quenched by applying 3% H202 in distilled water for 5 min. Antigen retrieval was 
performed for 40 min at 40° C using 0.01% pronase {Fisher Scientific, Suwanee, GA, 
USA). Sections were washed for 2 min in PBS-Brij at 0° C. To prevent non-specific 
binding, sections were incubated in 10% normal goat serum (Sigma Chemical Co., St. 
Louis, MO, USA) for 20 min. Sections were then incubated for 40 min with the primary 
antibody (Hypoxyprobe-1 MAbI, Natural Pharmacia International Inc., Belmont, MA, 
USA; diluted 1/50 in PBS-Brij containing 0.1% normal goat serum). This recognises the 
pimonidazole-protein adduct. Subsequently the sections were washed for 2 min in PBS-
Brij at 0° C. Thereafter, sections were incubated for 10 min in the secondary antibody, 
i.e. biotin-SP-conjugated rabbit anti-mouse IgG (Accurate Chemical Scientific 
Corporation, Westbury, NY, USA; diluted 1/500 in PBS-Brij containing 1% normal goat 
serum). After this, sections were washed for 2 min in PBS-Brij at 0° C, incubated for 
10 min in streptavidin peroxidase (Sigma Chemical Co., St. Louis, MO, USA; in PBS-
Brij containing 1% normal goat serum) and washed again for 2 min in PBS-Brij at 0° C. 
Finally, the sections were incubated in diaminobenzidine (Sigma Chemical Co., St. 
Louis, MO, USA) for 10 min, washed for 2 min in distilled water, incubated for 30 s in 
aqua haematoxylin for counterstaining, washed again for 2 min in distilled water, 
mounted and dried. 
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