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Low coronary driving pressure early in the course of myocardial
infarction is associated with subendocardial remodelling and left
ventricular dysfunction
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Cardiac remodelling is characterized by molecular, cellular

and interstitial changes of the myocardium resulting in chan-

ges in size, shape and function of the heart (Cohn et al.

2000). Remodelling that follows myocardial infarction mani-

fests by wound healing at the site of wall necrosis and,

depending on infarct size, by myocyte hypertrophy and
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Summary

Subendocardial remodelling of the left ventricular (LV) non-infarcted myocardium

has been poorly investigated. Previously, we have demonstrated that low coronary

driving pressure (CDP) early postinfarction was associated with the subsequent

development of remote subendocardial fibrosis. The present study aimed at examin-

ing the role of CDP in LV remodelling and function following infarction. Haemo-

dynamics were performed in Wistar rats immediately after myocardial infarction (MI

group) or sham surgery (SH group) and at days 1, 3, 7 and 28. Heart tissue sections

were stained with HE, Sirius red and immunostained for a-actin. Two distinct LV

regions remote to infarction were examined: subendocardium (SE) and interstitium

(INT). Myocyte necrosis, leucocyte infiltration, myofibroblasts and collagen volume

fraction were determined. Compared with SH, MI showed lower CDP and LV sys-

tolic and diastolic dysfunction. Necrosis was evident in SE at day 1. Inflammation

and fibroplasia predominated in SE as far as day 7. Fibrosis was restricted to SE

from day 3 on. Inflammation occurred in INT at days 1 and 3, but at a lower grade

than in SE. CDP correlated inversely with SE necrosis (r = )0.65, P = 0.003, at

day 1), inflammation (r = )0.76, P < 0.001, at day 1), fibroplasia (r = )0.47,

P = 0.04, at day 7) and fibrosis (r = )0.83, P < 0.001, at day 28). Low CDP pro-

duced progressive LV expansion. Necrosis at day 1, inflammation at days 3 and 7,

and fibroplasia at day 7 correlated inversely with LV function. CDP is a key factor

to SE integrity and affects LV remodelling and function following infarction.
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coronary driving pressure, myocardial infarction, myocardial remodeling, subendo-
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extracellular matrix changes in the remote non-infarcted

myocardium, where there is evidence of excessive accumula-

tion of collagen fibers (Volders et al. 1993). Interstitial fibro-

sis is recognized as a key pathological change of remodelling

and to predispose the heart to cardiac dysfunction (Wilke

et al. 1996; Van Kerckhoven et al. 2000). The pathological

changes that occur in the non-infarcted subendocardial region

have been poorly investigated so far (Michel et al. 1988). In

fact, subendocardial accumulation of fibrosis in the remote

myocardium does occur and seems to be accounted for the

impairment of the coronary perfusion pressure early in the

course of infarction (de Carvalho Frimm et al. 2003). In

infarcts of large magnitude, the haemodynamic changes that

follow coronary artery occlusion, particularly the increase in

left ventricular end-diastolic pressure concurrent with the

decrease in systemic blood pressure, contribute to the impair-

ment of coronary perfusion and may thus jeopardize the

integrity of the non-infarcted myocardium. As the subendo-

cardium is the myocardial layer most likely affected by perfu-

sion deficits (Toyota et al. 2005), it is reasonable to suppose

that in some yet unrecognized extent prolonged subendo-

cardial ischaemia would further affect ventricular remodel-

ling. In that case, subendocardial fibrosis may indeed

represent a reparative process contrasting to reactive intersti-

tial fibrosis that appears in the remainder layers of the non-in-

farcted myocardium (Weber et al. 1989). By interfering with

myocardial integrity, subendocardial injury may therefore be

implicated in postinfarction ventricular dysfunction.

The main objectives of the present study were twofold: (i)

to investigate the role of coronary driving pressure in sub-

endocardial remodeling, and (ii) to evaluate the role of sub-

endocardial pathological changes in left ventricular function,

using a rat model of myocardial infarction. Of particular addi-

tional interest was the evaluation of left ventricular remodel-

ling, taking into account two distinct layers of the remote

non-infarcted regions: the subendocardium and the interstitial

space corresponding to the remainder myocardial layers.

Materials and methods

All procedures were carried out in accordance with the

norms of the Brazilian College of Animal Research and The

Universities Federation for Animal Welfare. Our Institu-

tional Ethical Committee approved the protocol.

Male Wistar rats weighing 300–350 g were used. Four

groups of rats with myocardial infarction (MI) and their

respective sham controls (SH) were constituted according to

the interval of follow-up: (i) early acute phase: MI 1 (n = 9)

and SH 1 (n = 9), 1 day; (ii) late acute phase: MI 3 (n = 15)

and SH 3 (n = 16), 3 days; (iii) subacute phase: MI 7 (n = 9)

and SH 7 (n = 10), 7 days; and (iv) chronic phase: MI 28

(n = 11) and SH 28 (n = 11), 28 days.

Haemodynamic measurements

Initial and final haemodynamic measurements were deter-

mined after the experimental surgery and at the end of the

follow-up respectively. Animals were anaesthetized with

intraperitoneal Ketamine, 50 mg ⁄ kg, and Pentobarbital,

25 mg ⁄ kg. Systemic and left ventricular blood pressures were

determined simultaneously via femoral and carotid catheters

introduced into the abdominal aorta and into the left ventric-

ular cavity respectively. The animals were put under mechan-

ical ventilation (Model 683; Harvard Apparatus Inc., South

Natick, MA, USA) and submitted to left coronary artery liga-

tion or sham operation, according to a previously described

technique (Selye et al. 1960). Haemodynamics were continu-

ously recorded during 30 min after the closure of the chest

wall. The average of each beat-to-beat measurement regis-

tered during the last 10 min was considered for analysis.

The following parameters were computed: mean arterial

blood pressure (mmHg), left ventricular end-diastolic pres-

sure (mmHg), left ventricular systolic pressure (mmHg),

maximum rate of increase of left ventricular pressure

(+dP ⁄ dt, mmHg ⁄ s), and maximum rate of decrease of left

ventricular pressure ()dP ⁄ dt, mmHg ⁄ s). The last two were

used to estimate left ventricular systolic and diastolic

function respectively.

Coronary driving pressure (mmHg) was calculated as the

difference between mean arterial blood pressure and left

ventricular end-diastolic pressure. It was used to estimate

the pressure gradient for left ventricular blood flow (Cross

et al. 1961).

At the end of each follow-up period (days 1, 3, 7 and 28),

haemodynamics were repeated under the same conditions.

Heart morphometric study

After euthanasia with overdose anaesthesia and cadmium

chloride administration, the heart was preserved by retro-

grade perfusion-fixation with 10% formalin in a phosphate-

buffered saline solution. The perfusion pressure employed

corresponded to the in vivo systemic diastolic blood pres-

sure. The heart was then removed, the atria were trimmed

away, and the ventricular weight index (mg ⁄ g) was calcula-

ted by normalizing ventricular weight to body weight. After

fixation, a 1–2 mm coronal slice of the heart, including both

ventricles at the equatorial plane, was embedded in paraffin

and cut into 5 lm sections. Tissue sections were stained with

haematoxylin–eosin (HE), Sirius red, alcian blue pH 2.5,

280 M. K. Koike et al.

� 2007 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 88, 279–290



and also underwent immunohistochemistry. A digital image

analysis system (Leica Imaging Systems Ltd., Cambridge,

UK) was used for morphometric measurements.

The ratio between endocardial infarct surface length and

total left ventricular endocardial circumference and the ratio

between epicardial infarct surface length and total left ven-

tricular epicardial circumference were averaged to calculate

infarct size (Pfeffer et al. 1985).

Left ventricular expansion index was calculated according

to the following formula:

Left ventricular expansion index = (left ventricular cavity

area ⁄ left ventricular total area) x (interventricular septum

thickness ⁄ infarct wall thickness) (Whittaker et al. 1991).

The same formula was used to calculate left ventricular

expansion index in sham animals, replacing the infarct wall

thickness by the left ventricular free wall thickness.

Remote non-infarcted myocardium

Two regions were analysed separately – the subendocardium

and the interstitium. The subendocardium was defined as

corresponding to the inner third of the non-infarcted left

ventricular region and the interstitium as the remainder

outer two-thirds.

The amount of pathological changes in the subendo-

cardium was estimated by the subendocardial lesion area (SE

lesion, %) in HE-stained sections. It was calculated as the

per cent ratio between the area of the subendocardium affec-

ted by inflammatory cell and ⁄ or collagen infiltration and the

entire area of the remote non-infarcted left ventricular wall.

To estimate cardiomyocyte hypertrophy, HE-stained

sections were examined under ·1000 magnification. The

myocyte diameter (lm) around oval and central nuclei of

longitudinally displayed myocytes was measured.

For each of the following measurements, the entire sub-

endocardial region and a total of 20 interstitial microscopic

fields were examined.

Myocyte necrosis (cells ⁄ mm2) was estimated in HE-

stained sections under ·1000 magnification. Nuclear pykno-

sis and karyolysis as well as cytoplasmic changes including

vacuolization, contraction bands and hypereosinophilia were

taken into account altogether (Kumar et al. 2004).

Leucocyte cell infiltration (cells ⁄ mm2) was estimated in

HE-stained sections under ·1000 magnification. Inflamma-

tory cells were identified by nuclear and cytoplasmic mor-

phological aspects. Cells with morphological characteristics

of fibroblasts, cardiomyocytes, endothelial vascular cells and

smooth muscle vascular cells were excluded.

Glycosaminoglycan fraction (%) was estimated in alcian

blue-stained sections under ·1000 magnification. The main

non-sulphated glycosaminoglycan identified by this method

is hyaluronic acid (Baldwin et al. 1994). Glycosaminoglycan

fraction was determined as the percentage of cyan blue-

stained areas per total myocardial area, excluding peri-

vascular regions.

Fibroplasia was estimated by measuring positive a-smooth

muscle actin myofibroblasts (cells ⁄ mm2) detected by immu-

nohistochemistry under ·1000 magnification. The tissue sec-

tions were incubated overnight with a 1:500 dilution of the

mouse anti-human a- smooth muscle actin antibody (Sigma

Chemical Co, St Louis, MO, USA) at 4 �C. Sections were then

incubated with labelled streptavidin-biotin peroxidase kit

(Dako LSAB+ kit; Dako Corporation, Carpinteria, CA, USA)

and diaminobenzidine for colour development. Finally, the

sections were faintly counterstained with haematoxylin. Vas-

cular smooth muscle cells with intense staining were used as

positive controls. Negative controls were obtained by omitting

the primary antibody and using a non-immune bovine serum.

Collagen volume fraction (%) was estimated in Sirius red-

stained sections under ·580 magnification. Collagen volume

fraction was determined as the percentage of red-stained

connective tissue areas per total myocardial area, excluding

perivascular areas.

Statistical analysis

Data are expressed as mean ± SEM. One-way analysis of

variance and one-way repeated measures analysis of variance

complemented by the Wald test were used to compare the

groups. The hypothesis of interaction between MI and SH

groups and among the different intervals of follow-up was

tested beforehand.

Linear regression was used to test the following potential

relationships: (i) initial coronary driving pressure and left

ventricular dilatation; (ii) initial coronary driving pressure

and morphometric variables in remote non-infarcted myo-

cardium; and (iii) morphometric variables and left ventric-

ular function at the end of each follow-up. Normality and

equal variance were tested in all analyses. Statistical signifi-

cance was established at P < 0.05. All analyses were per-

formed using SAS software (Statistical Analysis System,

version 9.1; SAS Institute Inc., Cary, NC, USA).

Results

Haemodynamic variables

The initial haemodynamic parameters measured immediately

after the experimental procedure and the final values obtained

at the end of each follow-up period are depicted in Table 1.

Coronary pressure in subendocardial lesion 281

� 2007 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 88, 279–290



The mean arterial pressure was lower in all MI groups

compared with SH, both initially and at the end of each

follow-up. In each MI group, the final mean arterial pres-

sure did not change from initial values and there was no

significant difference of mean arterial pressure among the

four succeeding follow-up periods. Correspondingly, left

ventricular systolic pressure was also lower in all MI

groups compared with SH. In each MI group, the initial

and final left ventricular systolic pressure did not differ and

there was no significant change among the succeeding fol-

low-up periods.

Left ventricular end-diastolic pressure was 1.5- to 2.5-fold

greater in MI groups compared with SH, both immediately

after infarction and at the end of follow-up. In each MI

group, final left ventricular end-diastolic pressure did not

change from initial values and there was no significant dif-

ference of left ventricular end-diastolic pressure among the

four succeeding follow-up intervals. Accordingly, coronary

Table 1 Initial haemodynamic variables determined immediately after surgery and final haemodynamic variables determined at the

end of 1, 3, 7, and 28 days of follow-up

Groups (n) SH 1 (9) MI 1 (9) SH 3 (16) MI 3 (15) SH 7 (10) MI 7 (9) SH 28 (11) MI 28 (11)

MAP (mmHg)

Initial 114 ± 4 85 ± 6* 107 ± 3 95 ± 6* 100 ± 6 85 ± 6* 108 ± 3 93 ± 5*

Final 111 ± 5 86 ± 6* 101 ± 4 86 ± 5* 101 ± 4 79 ± 8* 97 ± 9 94 ± 4*

LVSP (mmHg)

Initial 132 ± 5 104 ± 6* 126 ± 4 117 ± 6* 123 ± 5 103 ± 6* 127 ± 5 112 ± 5*

Final 133 ± 7 107 ± 6* 125 ± 5 113 ± 5* 128 ± 4 105 ± 8* 127 ± 9 112 ± 4*

LVEDP (mmHg)

Initial 5.0 ± 0.8 12.6 ± 1.3* 5.4 ± 0.5 11.2 ± 1.3* 5.5 ± 0.7 10.1 ± 1.4* 5.5 ± 0.4 10.2 ± 1.2*

Final 5.3 ± 0.8 10.6 ± 1.0* 4.9 ± 0.5 9.1 ± 1.5* 6.0 ± 0.8 13.7 ± 3.4* 7.3 ± 0.5 10.6 ± 2.1*

CDP (mmHg)

Initial 109 ± 4 72 ± 7* 102 ± 4 83 ± 7* 95 ± 6 75 ± 7* 102 ± 3 83 ± 6*

Final 106 ± 4 75 ± 5* 96 ± 4 78 ± 4* 95 ± 4 65 ± 9* 90 ± 9 84 ± 5*

+dP ⁄ dt (mmHg ⁄ s)
Initial 8310 ± 570 5728 ± 336* 7757 ± 411 6557 ± 518* 7451 ± 718 5374 ± 376* 8045 ± 448 6099 ± 406*

Final 7730 ± 602 5907 ± 382* 7432 ± 384 6673 ± 410* 7574 ± 305 4973 ± 639* 7002 ± 665 6065 ± 310*

)dP ⁄ dt (mmHg ⁄ s)
Initial 6648 ± 505 3248 ± 300* 6269 ± 405 4112 ± 373* 5446 ± 518 3316 ± 289* 6113 ± 364 3822 ± 384*

Final 6840 ± 376 4858 ± 303*� 6524 ± 259 4775 ± 264* 6750 ± 665 4045 ± 555*� 6057 ± 818 5184 ± 512�

SH, sham group; MI, myocardial infarction group; MAP, mean arterial pressure; LVSP, left ventricular systolic pressure; LVEDP, left ventric-

ular end-diastolic pressure; CDP, coronary driving pressure; +dP ⁄ dt, maximum positive first derivative of left ventricular pressure; )dP ⁄ dt,

maximum negative first derivative of left ventricular pressure.

*P < 0.05 vs. SH.
�P < 0.05 final vs. initial.

Table 2 Morphometric parameters of left ventricular remodelling investigated at the end of each of the four periods of follow-up:

1, 3, 7, and 28 days

Groups SH 1 MI 1 SH 3 MI 3 SH 7 MI 7 SH 28 MI 28

IS (%) 40 ± 4 37 ± 3 37 ± 5 39 ± 5

LVEI 0.22 ± 0.03 0.47 ± 0.08* 0.25 ± 0.03 0.64 ± 0.06* 0.26 ± 0.04 1.32 ± 0.27*�� 0.25 ± 0.04 1.44 ± 0.38*

SE lesion (%) 0.35 ± 0.25 8.08 ± 3.36* 0.24 ± 0.15 7.04 ± 2.71* 0.32 ± 0.32 2.82 ± 1.37*�� 0.52 ± 0.26 0.63 ± 0.21*���

VW (mg ⁄ g) 5.45 ± 0.23 4.89 ± 0.22 4.69 ± 0.26 3.65 ± 0.30 3.74 ± 0.12 4.00 ± 0.09 3.68 ± 0.13 3.84 ± 0.18

Myocyte Ø (lm) 10.69 ± 0.09 11.25 ± 0.26* 9.70 ± 0.31 10.28 ± 0.38*� 9.88 ± 0.19 11.67 ± 0.48*�� 9.56 ± 0.21 11.02 ± 0.41*

Body weight (g) 302 ± 3 301 ± 4 300 ± 3 302 ± 5 322 ± 5 310 ± 3 376 ± 6 380 ± 11

SH, sham group; MI, myocardial infarction group; IS, infarct size; LVEI, left ventricular expansion index; VW, ventricular weight; Ø, diam-

eter; SE, subendocardial.

*P < 0.05 vs. SH.
�P < 0.05 vs. MI 1; ��P < 0.05 vs. MI 3; ���P < 0.05 vs. MI 7.
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driving pressure followed the pattern observed for systemic

blood pressure and left ventricular end-diastolic pressure. In

average, it was 22% lower in MI groups compared with SH.

Final and initial values did not differ and there was no signi-

ficant difference of coronary driving pressure among the four

succeeding follow-up intervals.

MI groups had +dP ⁄ dt 13% to 31% lower than that of

SH. In each MI group, final +dP ⁄ dt did not differ from ini-

tial values and there was no significant difference of +dP ⁄ dt

among the four succeeding follow-up intervals. As for

)dP ⁄ dt, it was lower in all MI groups than SH except for

final )dP ⁄ dt in MI 28. Final )dP ⁄ dt in this group (and also

in MI 1 and MI 7) was higher than values taken immedi-

ately after infarction.

Morphometry

Left ventricular remodelling. Parameters of left ventricular re-

modelling are depicted in Table 2. Infarct size was comparable

among all MI groups regardless of the period of follow-up. A

twofold increase in left ventricular chamber size occurred as

early as day 1 after infarction. Maximal left ventricular

(a)

(c)

(e)

(b)

(d)

Figure 1 Pathological changes examined in two distinct non-infarcted myocardial regions, subendocardium and interstitium, at the end

of 1, 3, 7 and 28 days of follow-up: (a), myocyte necrosis; (b), inflammation; (c), glycosaminoglycans; (d), fibroplasia and (e), fibrosis.
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Figure 2 Photomicrographs depicting non-infarcted subendocardial regions of the left ventricle in the rat model of infarction. Top

panels represent rats with myocardial infarction and bottom panels sham animals. Left panels show inflammatory cell reaction in

HE-stained tissue sections at day 3. Left middle panels show myofibroblasts positive to a-smooth muscle actin immunostaining

(brown cytoplasm) in tissue sections co-stained with haematoxylin at day 7. The last two right panels show red stained fibrosis in

Sirius red-stained tissue sections at days 7 and 28 respectively. Prominent differences in each of these phases of subendocardial

remodelling of the non-infarcted left ventricular myocardium can be observed between infarcted and sham rats.

(a) (b)

(d)(c)

Figure 3 Relationships found between

initial coronary driving pressure (CDP)

and subsequent left ventricular expan-

sion index (LVEI) measured at days 1

(panel A), 3 (panel B), 7 (panel C), and

28 (panel D). Lower initial CDP values

were associated with larger left

ventricular dimensions at each time

point investigated.
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expansion occurred in MI rats at day 7, when left ventricular

expansion index was fivefold greater than that of SH rats.

The subendocardial area of the remote non-infarcted left

ventricular wall with pathological changes was largest at

day 1 and then decreased progressively up to day 28. This

result corresponds to a predominant cellular infiltration

occupying a relatively larger endocardial region in the early

phases postinfarction in contrast to a predominant fibrosis

deposition occupying a relatively thinner endocardial region

at the chronic phase.

Ventricular weight did not differ between MI and SH

groups at any time point studied. Myocyte hypertrophy was

already evident in the remote non-infarcted myocardium at

day 1, was maximal at day 7 and then remained unchanged.

Remote non-infarcted myocardium. The main pathological

changes that were investigated to distinguish the remodelling

of the subendocardial region from that observed in the inter-

stitium of the remainder layers of the non-infarcted left vent-

ricle are represented in Figure 1.

Table 3 Relationships between initial coronary driving pressure and the different types of subendocardial lesions in the remote non-

infarcted myocardium investigated at the end of each of the four periods of follow-up. Only correlation coefficients with statistical

significance are represented

day 1 day 3 day 7 day 28

Initial coronary driving pressure vs. left ventricular subendocardial remodelling

Myocyte necrosis )0.65 ns ns ns

Leucocyte infiltration )0.76 )0.44 )0.53 ns

Glycosaminoglycan fraction )0.65 ns ns )0.58

Fibroplasia )0.67 )0.38 )0.47 )0.46

Collagen volume fraction ns ns )0.50 )0.83

ns, non-significant; P > 0.05.

(a)

(c)

(b)

(d)

Figure 4 Relationships found between

initial coronary driving pressure (CDP)

and subsequent subendocardial lesions

representative of myocyte necrosis at

day 1 (panel A), leukocyte infiltration

at day 3 (panel B), myofibroblast

infiltration at day 7 (panel C), and

fibrosis estimated by collagen volume

fraction (CVF, panel D) at day 28.
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Myocyte necrosis was evident in the subendocardial

region and was of greater magnitude in MI rats than in SH

at day 1. Subendocardial myocyte necrosis decreased pro-

gressively up to day 7 in MI rats.

Leucocyte infiltration was greater in the subendocardial

region of MI rats compared with SH at days 1, 3, 7 and

28. In the interstitium, leucocyte infiltration was much less

evident but still more pronounced in MI rats than in SH

at days 1 and 3. In MI rats, leucocyte infiltration within

the subendocardium was maximal at days 1 and 3,

decreased at day 7, and then remained unchanged. Simi-

larly, in the interstitium, leucocyte infiltration was maximal

at days 1 and 3, decreased at day 7, and then remained

unchanged.

The increase in glycosaminoglycan fraction was again pre-

dominant in the subendocardial region, being greater in MI

rats compared with SH regardless the follow-up intervals.

The increase in subendocardial glycosaminoglycan fraction

(a)

(c)

(b)

(d)

Figure 5 Relationships found between

subendocardial lesions and left

ventricular systolic function (+dP ⁄ dt)

and diastolic function ()dP ⁄ dt). In

panels A and B, the inverse correlations

found between leucocyte infiltration

and left ventricular function at day 3

are represented. In panels C and D, the

inverse correlations between myofibro-

blast infiltration and left ventricular

function at day 7 are represented.

Table 4 Relationships between the different types of left ventricular subendocardial lesions in the remote non-infarcted myocardium

and left ventricular systolic and diastolic function at the end of each of the four periods of follow-up. Only correlation coefficients

with statistical significance are represented

+dP ⁄ dt )dP ⁄ dt

day 1 day 3 day 7 day 28 day 1 day 3 day 7 day 28

Myocyte necrosis ns ns ns ns )0.53 ns ns ns

Leucocyte infiltration ns )0.51 )0.52 ns ns )0.65 )0.46 ns

Glycosaminoglycan fraction ns ns )0.63 ns )0.48 ns )0.54 ns

Fibroplasia ns ns )0.55 ns )0.61 )0.72 )0.55 ns

Collagen volume fraction ns ns )0.55 ns ns )0.50 )0.47 ns

+dP ⁄ dt, maximum positive first derivative of left ventricular pressure; )dP ⁄ dt, maximum negative first derivative of left ventricular pressure;

ns, non-significant; P > 0.05.
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remained constant up to day 28. In the left ventricular inter-

stitium, the glycosaminoglycan fraction of MI rats was

greater than in SH at days 7 and 28.

Myofibroblasts were found almost exclusively in the

subendocardium, where in MI rats they outnumbered SH by

3- to 5-fold regardless the follow-up interval. The highest

numbers were observed at day 1, fell by 30% at day 3, and

thereafter remained statistically unchanged.

The increase in collagen volume fraction observed in MI

rats as compared with SH was again predominant in the

subendocardial region and observed from day 3 on. In the

interstitium, fibrosis deposition was much less evident.

Moreover, interstitial collagen did not differ substantially

between MI and SH groups.

In Figure 2 are depicted the different phases of subendo-

cardial remodelling.

Relationship between initial coronary driving pressure and

left ventricular remodelling. There were inverse correlations

between the initial coronary driving pressure and the left

ventricular expansion index at all follow-up intervals investi-

gated: day 1, day 3, day 7, and day 28 (Figure 3).

Relationship between initial coronary driving pressure and

remote non-infarcted myocardium. Initial coronary driving

pressure was inversely related to different left ventricular

subendocardial lesions according to the time point when each

of these lesions was more pronounced. These results are rep-

resented in Table 3 and in Figure 4. Low coronary driving

pressure was associated with more intense myocyte necrosis

at day 1, with leucocyte cell infiltration during the first

7 days, and with fibrosis at days 7 and 28. While coronary

driving pressure was inversely related to glycosaminoglycans

at early and late phases of infarction, the association with

fibroplasia was apparent during all time points investigated.

Initial coronary driving pressure was weakly correlated

with interstitial leucocyte infiltration only at the late acute

phase and with glycosaminoglycans and collagen only at the

subacute and chronic phases.

Relationship between remote non-infarcted myocardium and

left ventricular function. The following left ventricular sub-

endocardial lesions were inversely associated with systolic

function, assessed by +dP ⁄ dt: leucocyte cell infiltration at

days 3 and 7, and glycosaminoglycan fraction, fibroplasia,

and collagen volume fraction at day 7.

The following left ventricular subendocardial lesions were

inversely associated with diastolic function, assessed by

)dP ⁄ dt: myocyte necrosis at day 1, leucocyte cell infiltration

at days 3 and 7, glycosaminoglycan fraction at days 1 and

7, fibroplasia at days 1, 3, and 7, and collagen volume frac-

tion at days 3 and 7.

Interstitial collagen volume fraction was not related to

either +dP ⁄ dt or )dP ⁄ dt at any of the follow-up intervals

studied. In contrast, interstitial glycosaminoglycan fraction

did relate to )dP ⁄ dt at day 7 (r = )0.63; P = 0.004) and to

+dP ⁄ dt at days 7 (r = )0.47; P = 0.04) and 28 (r = )0.51;

P = 0.03) (Table 4 and Figure 5).

Discussion

The present study demonstrated that coronary driving pres-

sure lowers immediately after infarction and remains low for

at least 28 days. The pathological changes in the remote non-

infarcted regions were represented by myocyte necrosis,

inflammatory cell infiltration, increased glycosaminoglycans,

fibroplasia and fibrosis accumulation, all of them predomin-

ating in the subendocardial layer of the left ventricle. The

decrease in coronary driving pressure was associated with the

appearance of each of these different subendocardial lesions,

according to the period when they were more pronounced.

Moreover, low perfusion pressure was inversely related to the

progressive dilatation of the left ventricle. Subendocardial

changes implicated in left ventricular diastolic and systolic

dysfunction at the acute and subacute phases post infarction.

These findings corroborate the speculation that subendo-

cardial damage occurs by an ischaemia-related mechanism

and is followed by progressive left ventricular remodelling.

The prevailing haemodynamic changes observed at differ-

ent intervals in this study characterize large magnitude in-

farctions often resulting in ventricular remodelling and

dysfunction (Pfeffer et al. 1979). The average infarct size

was 35% in all groups. In MI rats, ventricular weight was

comparable with that of SH documenting, in view of myo-

cyte enlargement, the development of hypertrophy of the

remote non-infarcted myocardium. The appearance of left

ventricular systolic dysfunction in large infarcts may seem-

ingly play a pivotal role in further impairing coronary per-

fusion pressure as far as systemic blood pressure decreases

and left ventricular filling pressure raises. Accordingly, a

vicious haemodynamic cycle characterized by poor left ven-

tricular function, low perfusion pressure and subendocardial

injury is established immediately after infarction and gives

rise to progressive cardiac chamber dilatation. In this cir-

cumstance, coronary driving pressure becomes critical, espe-

cially if we take into account that coronary flow reserve

may be also impaired (Karam et al. 1990).

The observation of coagulation necrosis of myocytes, leuco-

cyte cell infiltration, fibroplasia and fibrosis corroborates the

assumption of ongoing ischaemia followed by a reparative
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process of wound healing taking place in the remote subendo-

cardium. This region is reported as the myocardial layer most

susceptible to underperfusion states (Toyota et al. 2005;

Wang et al. 2005). Inflammation, although much more

marked at the acute phases, was still present at the chronic

phase when coronary driving pressure remained low. The rela-

tionship found between low coronary driving pressure and

subendocardial damage at different intervals postinfarction

suggests a key role for persistent subendocardial ischaemia in

cardiac remodeling. Acute and subacute subendocardial chan-

ges, but not subendocardial fibrosis at day 28, explained left

ventricular dysfunction. As the area of subendocardial lesion

was larger at the early phases, when the granulation tissue

predominated, than that found at the chronic phase, when

fibrosis predominated, it is likely that the former better repre-

sents the amount of myocardial tissue damage in that region.

In fact, as remodelling progresses subendocardial scar thin-

ning develops. The abundant subendocardial changes implica-

ted in acute and subacute left ventricular dysfunction were no

more apparent at the chronic phase.

In addition to the large amounts of glycosaminoglycans

identified by alcian blue staining in the subendocardial

region, increased glycosaminoglycan fraction was also found

in the interstitium. Interestingly, interstitial glycosaminogly-

can fraction showed an inverse relationship with left ventric-

ular function at subacute and chronic phases, probably

pointing out to a role for extracellular matrix remodelling of

the interstitium in sustaining cardiac dysfunction. The main

non-sulphated glycosaminoglycan present in the extracellular

matrix is hyaluronic acid. Hyaluronic acid plays a role in

inflammatory processes by promoting interstitial oedema

(Waldenstrom et al. 1991) and facilitating the migration and

proliferation of macrophages (Savani et al. 2000). Recently,

a hyaluronic acid-rich provisional matrix has been demon-

strated to antedate fibrosis during infarct wound healing

(Dobaczewski et al. 2006).

In contrast to many previous studies (Sun et al. 2000; Wei

et al. 2000; Yu et al. 2001), there was no evidence of

increased fibrillar collagen in the interstitium where myofi-

broblasts were likewise scarcely found. It is likely that a

number of previous investigations by not examining sepa-

rately subendocardial and interstitial regions have thus over-

estimated interstitial fibrosis. On the other hand, it is also

likely that interstitial fibrosis may succeed subendocardial

fibrosis and appear only during subsequent phases of remod-

elling. If that is the case, the excess of alcian blue staining

observed in the interstitium at days 7 and 28 postinfarction

may presumably antedate subsequent fibrosis deposition.

Interstitial fibrosis is attributable among other factors to

local renin-angiotensin system activation (Sun et al. 1994;

Weber et al. 1995; de Carvalho Frimm et al. 1997) leading

to enhanced collagen production by cardiac fibroblasts (Sun

& Weber 1996). There is activation of tissue metalloprotein-

ases (Deten et al. 2001), ventricular dilatation and myocar-

dial fibrosis accumulation. As the extracellular matrix

changes in the subendocardial layer seem to antedate those

appearing in the interstitium, we speculate that interstitial

fibrosis may result from prior subendocardial injury. By

affecting the integrity of the subendocardial layer of the

remote myocardium, the decrease in coronary driving pres-

sure may indeed impair diastolic function, further augment

left ventricular end-diastolic pressure and diastolic stress and

thus result in left ventricular dilatation and dysfunction.

Study limitations

The pathological changes occurring in the subendocardial

non-infarcted region most likely account for a reparative

process to myocyte necrosis. In fact, nuclear pyknosis and

karyolysis, cytoplasmic vacuolization and hypereosinophilia

were usually found in that region at the acute phases. It has

to be acknowledged, however, that nuclear pyknosis and

cytoplasmic hypereosinophilia appear in both cell necrosis

and programmed cell death processes (Saxena et al. 2002).

The means utilized in the present study to identify myocyte

cell death were exclusively morphological and thus not reli-

able to differentiate cell necrosis from apoptosis. Accord-

ingly, myocyte necrosis may have been overestimated. In

addition, the participation of apoptosis in subendocardial

injury remains unclear.

Non-sulphated glycosaminoglycans alone were contempla-

ted in the present study. The recognized role of proteoglycans

and sulphated glycosaminoglycans in remodelling remain to

be addressed taking into account subendocardial and intersti-

tial regions of the remote non-infarcted myocardium (Endo

et al. 1997; Doi et al. 2000). The latest follow-up interval

examined was 28 days when glycosaminoglycans, but not

collagen, appeared in greater amounts in the non-infarcted

interstitial myocardium. The hypothesis that this may repre-

sent an intermediary phase in the remodelling process taking

place in the interstitium needs to be addressed using longer

periods of follow-up.

In the present study, the pathological changes observed in

the subendocardium represent an indirect evidence of an ongo-

ing ischaemic process affecting that region. It remains to be

established whether or not low perfusion pressure actually

translates into impaired myocardial blood flow to the subendo-

cardium, in particular. As the coronary flow reserve may also

be impaired after infarction (Karam et al. 1990; Kalkman

et al. 1996), it remains unsettled as to what extent the decrease
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in the coronary driving pressure might be counterbalanced by

the vasodilating capacity of coronary resistance vessels.

Clinical implications

The present findings suggest that the use of vasodilator

drugs following infarction may be potentially harmful provi-

ded myocardial perfusion is jeopardized by the reduction in

systemic blood pressure. In cases of heart failure and eleva-

ted left ventricular filling pressure, the assessment of coron-

ary driving pressure may be useful to tailor the degree to

which left ventricular end-diastolic pressure may be reduced

without impairing perfusion pressure.

Conclusions

Distinctive subendocardial and interstitial remodelling occurs

in the remote non-infarcted myocardium. The pathological

changes observed indicate that subendocardial fibrosis repre-

sents a reparative process in response to early and ongoing

low perfusion pressure. The impairment in coronary driving

pressure seems to be related to left ventricular dysfunction

by contributing to progressive ventricular remodelling.
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