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Microdialysis study of ischemia-induced hydroxyl radicals in the canine heart 
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Abstract. A new experimental approach for spin-trapping of oxygen radicals in a selected region of the heart in situ 
is described. This approach is based on microdialysis, and it permits the detection of oxygen radicals in conditions 
of local ischemia and restoration of normal blood flow. Increased hydroxyl radical generation in an ischemic area 
of canine myocardium, as a result of 40 rain local occlusion, has been studied. 
Key words. Canine heart; electron paramagnetic resonance; local ischemia; microdialysis; oxygen radicals; spin- 
trapping. 

Highly reactive free radical species, such as oxygen- 
derived metabolites, appear to play an essential role in a 
variety of pathologies, including ischemia/reperfusion- 
induced injury of cardiac muscle 1-4. An understanding 
of the mechanism by which the active forms of oxygen 
participate in irreversible damage of myocardium de- 
pends upon the ability to detect and identify these 
short-lived free radicals. It has become possible to de- 
tect oxygen radicals generated in cardiac tissue using the 
method of spin-trapping 5-17. In most cases, oxy-radical 
production during ischemia and reoxygenation has been 
studied on isolated perfused hearts or in situ animal 
models when only the EPR spectra of spin adducts 
present in perfusion medium or in coronary blood could 
be registered. With the development of low-frequency 
EPR spectrometers, it has become possible to detect 
radicals in whole organs and tissues 18-2~ but EPR spec- 
troscopy in vivo has strict limitations and low sensitiv- 
ity. In many circumstances, it is impracticable to inject 
spin traps into an organism because oxygen radical spin 
adducts are not stable in the blood system and cells 
where they can be easily metabolized 2~,22. It is impossi- 
ble to discriminate the contribution of different regions 
of myocardium to the total effect of oxy-radical produc- 
tion by studying the spin-trapping process in perfusion 
medium passing through the isolated heart or in blood 
from the heart working in situ. 
In the present study, a new experimental approach was 
used to study oxygen-derived free radicals in heart 
working in conditions in situ. This approach is based on 
the canine model of regional myocardial ischemia and 
the method of microdialysis 23. During such in situ ex- 
periments, the spin trap dissolved in Ringer's solution 
was isolated from the blood flow, passing only through 
a small dialysis tube implanted into the cardiac tissue. 
This experimental model conveniently enabled us to 
detect oxygen radical spin adducts formed in selected 

regions of canine myocardium in conditions of both 
local ischemia and normal blood supply. 

Materials and methods 
Animal preparation. Adult mongrel dogs (n = 7) of ei- 
ther sex weighing 10-15 kg were anesthetized with nem- 
butal (35 mg/kg b.wt, i.p. injection). The chest was 
opened and animals were incubated and artificially ven- 
tilated with room air supplemented with oxygen. Left 
ventricular pressure (P) and its first derivative, estimat- 
ing its positive ( + dP/dt) and negative ( - dP/dt) peaks, 
as well as heart rate (HR), were measured continuously 
using a catheter introduced into the left ventricle 
through the right carotid artery (fig. 1). 

Figure 1. Scheme of experiment: 1, catheter in the left ventricle; 
2, occluder; 3, dialysis tube in isehemic area; 4, dialysis tube in 
'control' area; 5, syringe of perfusion pump. 
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Cardiac microdialysis technique. At the beginning of 
the experiment a temporary (10-15 s) occlusion of 1-2 
small branches of anterior descending coronary artery 
was performed to identify the cyanotic area of the left 
ventricle. With the aid of a bent needle, a single dialysis 
fiber from this area ('ischemic' area, fig. 1), was pulled 
through the myocardium to a depth of about 1.5- 
2.0 mm. A control microdialysis probe was similarly 
implanted into the area of the left ventricle with a 
nonaffected blood supply ('control' area, fig. 1). The 
effective length of the dialysis fibers (0.25 mm outer 
diameter and 5,000 molecular weight cut-off; Cordis 
Dow, Belgium) was approximately 21 mm. Both ends of 
the fibers were inserted into inflow and outflow silicon 
tubes and sealed in place with cyanoacrylic glue. The 
inflow tubes were connected to glass syringes of a perfu- 
sion pump, the outflow tubes served for dialysate collec- 
tion. After implantation the microdialysis probes were 
perfused at a rate of 3 B1/min with Ringer's solution 
(147 mM NaC1, 4 raM KC1 and 2.3 mM CaC12) 23 with 
added 100mM DMPO (5,5-dimethyl-l-pyrroline-N- 
oxide; Aldrich, USA). Prior to the experiment, Ringer's 
solution was degassed under vacuum, and the microdial- 
ysis probes were washed with degassed solution for 
40 min. 
Experimentalprotocol. Initially the heart was allowed to 
work for 30 min under conditions of normal blood 
supply. Then local ischemia was induced by a 40 min 
occlusion of the 1-2 small branches of the coronary 
artery. Next the ligature was removed, and reperfusion 
occurred in the 'ischemic' area of myocardium. From the 
beginning of the experiment the dialysate samples from 
each fiber were collected every 10 min (or 20 rain) in 
microtubes, and immediately frozen in liquid nitrogen. 
EPR measurements. The EPR spectra were recorded at 
room temperature on a E-109E X-band spectrometer 
(Varian, USA), with a modulation frequency of 
100kHz, modulation amplitude of 0.1 mT and mi- 
crowave power of 10 mW. The frozen samples of di- 
alysate were thawed just before their EPR spectra were 
obtained. The control experiments showed that when 
samples containing oxygen radical spin adducts were 
frozen and stored at the temperature of liquid nitrogen, 
no significant changes in their EPR spectra occurred 
during the measurements. DMPO spin adduct concen- 
trations in samples were determined by comparing EPR 
spectra of the adducts with the EPR spectrum of a stable 
nitroxide radical TEMPO (2,2,6,6-tetramethyl-l-pipe- 
ridinyloxy; Aldrich, USA). 
Statistical analysis. Data shown in the table and figure 
2 were expressed as mean ___ standard deviation. 

Results and discussion 
We studied the effects of local ischemia and postischemic 
restoration of normal blood supply on the physiological 
characteristics of heart function and DMPO spin ad- 

Values of the main physiological characteristics of hearts 

Stage of P + dP/dt - dP/dt HR 
experiment (mm Hg) (mm Hg/s) (mm Hg/s) (beats/min) 

Initial 93_+8 3658_+408 2461+_378 150+_11 
perfusion* 
40 min of 93 -+ 11 3491 4- 591 2660 +_ 403 145 • 7 
ischemia 
80min of 9 9 _ + 7  3890_+530 3026_+475 138_+8 
reperfusion 

*Values obtained just before beginning of ischemia. 
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Figure 2. Values of concentration of the hydroxyl radical spin 
adduct of DMPO in dialysate samples, corresponding to ischemic 
(graph with open circles) and 'control' (graph with filled circles) 
areas of mycardium and registered at the different stages of 
experiment. 

duct content of dialysate passed through selected re- 
gions ('control' and 'ischemie' areas, fig. 1) of canine 
myocardium. The table presents the values of physio- 
logical parameters of cardiac muscle which were mea- 
sured at different stages of the experiment. As shown by 
this table, neither elimination of blood flow in one of 
the areas of the coronary bed nor subsequent restora- 
tion of it induced any significant changes in the hemo- 
dynamic variables of canine heart working in situ. This 
demonstrates that in our experiments the effect of local 
ischemia on global cardiac function was insignificant. 
Therefore, the physiological conditions in the areas of 
myocardium with normal blood supply, including the 
'control' area (fig. 1), could be regarded as nonaffected 
ones throughout the experiment. In our previous 
study 23, by monitoring the content of adenine nucle- 
otide breakdown products in cardiac dialysate, we have 
differentiated the ischemia/reperfusion-induced injury 
of canine myocardium. 
To detect the oxygen radical spin adducts formed in 
both 'control' and 'ischemic' areas of canine my- 
ocardium (see fig. 1), we recorded the EPR spectra of 
collected dialysate samples. The EPR spectra of all 
measured samples consisted predominantly of four 
equidistant components with a ratio of intensities 
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1:2:2:1. Such a spectrum indicates the presence of  
hydroxyl radical spin adduct in the dialysis medium. In 
postischemic reperfused heart, the superoxide anion 
and hydrogen peroxide are throught to be the precur- 
sors of  hydroxyl radicals, and they are believed to 
originate from cardiac mitochondria, vascular endothe- 
lial cells and infiltrating neutrophils 3,4. The EPR spec- 
tra of  D M P O  spin adducts allow us to identify 
oxygen-derived free radicals, but in our experiments 
there were no recorded components in any spectra that 
might be attributed to the products of  DMPO reacting 
with superoxide radical. However, D M P O - O O H  has 
been shown to decompose to the hydroxyl spin adduct 
of  D M P O  24"25, resulting in uncertainty as to whether 
the detection of  D M P O - O H  in canine myocardium 
during local ischemia and reperfusion resulted from the 
presence of  superoxide and/or hydroxyl radicals. 
Figure 2 presents the results characterizing the content 
of D M P O - O H  in the samples of  dialysate that had 
passed through both the 'control '  and 'ischemic' re- 
gions of  heart. In the samples from the 'ischemic' area, 
20-30  min of absence of normal blood supply induces 
a stepwise increase in the intensity of  hydroxyl radical 
spin adduct signal (fig. 2, graph with open circles). 
After 40 rain of  reperfusion, there is a significant de- 
crease in the D M P O - O H  concentration in dialysate. 
These data indicate that similar changes occurred in 
the number of oxygen-derived free radical species 
which could react with D M P O  in the 'ischemic' area 
of  myocardium. At the same time, the concentration 
of  D M P O  spin adducts in the dialysate samples from 
the 'control '  area failed to show any change through- 
out all spin-trapping experiments (fig. 2, graph with 
filled circles). 
Thus, the experimental model of  the canine heart 
working in conditions in situ enabled us to demon- 
strate an increased rate of  oxygen radical production in 
the selected area of  left ventricle during local ischemia 
and subsequent restoration of  normal blood flow. 
Commonly,  investigators have supposed (see refs 5 -  
17) that oxygen free radicals are not produced in 
ischemic myocardium in conditions of  complete ab- 
sence or very low pressure of  oxygen. This seems to be 
the case in experiments using isolated hearts during 
global, non-flow ischemia. However, in our experi- 
ments, regional myocardial ischemia was used, and it is 
logical to explain the appearance of  oxy-radical species 
after 30 min of  regional ischemia by the existence of  
continuous collateral circulation 26 (3-15% of the nor- 
mal resting blood flow) and the initiation of  irre- 
versible changes in cardiac tissue. Furthermore, in 
experiments using the microdialysis technique, it is of  
critical importance that the formation and, conse- 
quently, the spin-trapping of  short-lived active oxygen 
intermediates may occur both in the myocardial tissue 
and in the perfusion medium itself. On passing the 

Ringer's solution with D M P O  through the dialysis 
fiber, the spin trap molecules can penetrate through its 
semipermeable wails into the heart, and the molecules 
of  spin adduct can move back into the dialysis fiber. In 
addition, some low molecular weight substances that 
are thought to be released from myocytes during is- 
chemia (ref. 4) may also be present in the dialysis fiber. 
I f  this is the case, at least part of  the oxygen radicals 
that can be spin-trapped in microdialysis experiments 
are generated not in the cardiac muscle but in the 
dialysis medium. 
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