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SEXTON, WILLIAM L., RONALD J. KORTHUIS, AND M. HAR- 
OLD LAUGHLIN. Microvascular injury after ischemia and reper- 
fusion in skeletal muscle of exercise-trained rats. J. Appl. Phys- 
iol. 68(6): 2329-2336, 1990.-Ischemia and reperfusion in skel- 
etal muscle is associated with increases in total vascular 
resistance (Rt) and the microvascular permeability to plasma 
proteins. To determine whether exercise training can attenuate 
ischemia and reperfusion-induced microvascular injury in skel- 
etal muscle, intact (with skin) and skinned, maximally vasodi- 
lated (papaverine), isolated hindquarters of control (C) and 
exercise-trained (ET) rats were subjected to ischemia (intact 
120 min; skinned 60 min) followed by 60 min of reperfusion. 
ET rats ran on a motorized treadmill at 32 m/min (8% grade), 
2 h/day for 12 wk, whereas the C rats were cage confined. 
Before ischemia, ET hindquarters had higher isogravimetric 
flow, lower Rt, and similar solvent drag reflection coefficients 
(af) compared with C. During reperfusion in intact hindquart- 
ers, flow was higher (P < 0.05) and Rt tended to be lower (15 
t 2 vs. 25 t 5 mmHg*ml-’ . min. 100 g; P < 0.1) in ET compared 
with C; however, in skinned hindquarters flow and Rt (14 t 2 
vs. 13 t 2 mmHg.ml-’ .min 100 g) were not different between 
C and ET. During reperfusion, of’ was reduced (P < 0.05) in 
both intact (C 0.68 t 0.03; ET 0.68 t 0.02) and skinned (C 0.66 
t 0.03; ET 0.68 t 0.03) hindquarters, indicative of an increased 
microvascular permeability to plasma proteins. These results 
indicate that exercise training did not attenuate the microvas- 
cular injury (increased Rt and decreased af) associated with 
ischemia and reperfusion in rat skeletal muscle. 

isolated rat hindquarters; solvent drag reflection coefficient; 
microvascular permeability; vascular resistance; no-reflow phe- 
nomenon; muscle blood flow; microspheres 

MUSCULAR ISCHEMIA is a long-standing clinical problem 
and can occur in conditions such as atherosclerosis, 
diabetes mellitus, circulatory shock, compartment syn- 
drome, and traumatic injury. Reperfusion of ischemic 
muscle results in mitochondrial, sarcolemmal, and my- 
ofibrillar disruption (8, 23, 33), increased lipid oxidation 
(8), reductions in transmembrane potential (26), and 
vascular damage (17,18,22,32,33). A critical component 
of the pathology associated with ischemia-reperfusion 
injury in skeletal muscle is microvascular dysfunction (3, 
17, 18). Microvascular injury associated with ischemia 
and reperfusion is characterized by an increased perme- 
ability to plasma proteins (3,17,18,29), edema formation 
(29, 32, 33), and increased vascular resistance (17, 18, 
29). Some regions of ischemic muscle fail to reperfuse 

upon reinstitution of flow, thus demonstrating the “no- 
reflow” phenomenon (33). 

There is a growing body of evidence implicating reac- 
tive oxygen metabolites in the development of microvas- 
cular injury in skeletal muscle following ischemia and 
reperfusion (16-18). The activities of endogenous scav- 
engers of reactive oxygen metabolites, such as superoxide 
dismutase (SOD), catalase (CAT), and glutathione per- 
oxidase (GPX), appear to be correlated to the muscle 
fiber type composition (1,9,21) and the oxidative capac- 
ity of skeletal muscle (12, 21). Recently, it has been 
reported that, in addition to increasing the oxidative 
capacity of skeletal muscle, exercise training may also 
increase the activity of one or more of these endogenous 
scavengers in skeletal muscle (4, 9, 11, 13, 14, 21) and 
blood (15). Based on these observations, we hypothesized 
that exercise training may attenuate the microvascular 
injury observed in skeletal muscle during reperfusion 
following a period of prolonged ischemia. 

The purpose of this study was to establish whether an 
intense regimen of endurance exercise training would 
attenuate the microvascular injury observed in skeletal 
muscle following ischemia and reperfusion. The effects 
of ischemia and reperfusion on capillary permeability to 
plasma proteins, total vascular resistance, and the re- 
gional distribution of blood flow among and within the 
hindlimb muscles of sedentary control and endurance- 
trained rats were assessed using the isolated perfused rat 
hindquarters model of ischemia and reperfusion injury 
as previously described (29). We have previously deter- 
mined that I20 min of ischemia followed by 60 min of 
reperfusion produces microvascular injury that is con- 
sistently detectable in intact (with skin) rat hindquarters 
(29) . 

METHODS 

Experimental design. Our initial design called for the 
comparison of the effects of ischemia and reperfusion on 
hemodynamic parameters, capillary filtration coefficient, 
the solvent drag reflection coefficient for plasma pro- 
teins, and the regional distribution of blood flow in 
isolated perfused hindquarters of sedentary control and 
exercise-trained rats as described below. After comple- 
tion of an initial series of experiments, we observed that, 
during reperfusion, blood flow (measured using radiola- 
beled microspheres, see below) was redistributed so that 
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the cutaneous tissues received 30-40% of the total flow 
rather than the usual 5-10%. Since this relatively large 
proportion of total flow to the cutaneous bed could 
potentially “mask” the responses of the skeletal muscle 
microvasculature to ischemia and reperfusion (29)) sim- 
ilar experiments were conducted using skinned hind- 
quarters. 

Experimental animals. Forty-seven male Sprague- 
Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN), 
ZOO-250 g initial wt, were used in these experiments. The 
rats were housed two per cage (8 x 7 x 17 in.) under 
controlled temperature (22 -+ 2OC) and light (12-h light- 
dark cycle) conditions. The rats were allowed free access 
to water and commercial rat chow. 

Exercise- training program. All animals were initially 
subjected to light treadmill exercise to ensure that the 
animals to be used in the study were capable of running 
on the treadmill. After eliminating those animals that 
would not run, .an investigator not directly involved in 
this study randomly assigned the remaining animals to 
either a sedentary control group (C) or an exercise- 
trained (ET) group. Animals in the ET group were sub- 
jected to a 12-wk 5 day/wk program of endurance exercise 
on a motorized rodent treadmill (modified Stanhope 
Scientific, Davis, CA). Treadmill elevation was 8% 
throughout the entire program. Exercise time and run- 
ning speed were increased progressively during the first 
6 wk to 120 min/day and 32 m/min, respectively, and 
maintained at these levels through the 12th wk of the 
program. This exercise-training program was modeled 
after that described by Holloszy (lo), except no sprints 
were performed during the last weeks of the training 
program. 

Hindquarters preparation. The rats were anesthetized 
using pentobarbital sodium (65 mg/kg ip), and a cannula 
(PE-240) was placed in the trachea to ensure a patent 
airway during surgery. A catheter (PE-50) was placed in 
the caudal artery for monitoring arterial pressure. The 
surgical preparation of the isolated perfused rat hind- 
quarters was the same as described previously (19, 20, 
28). The vena cava was cannulated with PE-240 tubing, 
and the venous effluent was directed to the perfusate 
reservoir. The aorta was cannulated with PE-160 tubing 
and perfused using a peristaltic pump (Gilson Minipuls 
2). Total time for the cannulation procedure was usually 
<Z min, and interruption of flow to the hindquarters was 
usually ~15 s. A tight ligature was placed around the 
lumbar musculature at the level of the catheters, and the 
hindquarters were separated from the body cephalad to 
the ligature. 

Arterial perfusion pressure was monitored from the 
caudal artery catheter, and venous pressure was moni- 
tored from a side branch of the venous catheter using 
pressure transducers (Statham P23AC). The hindquart- 
ers preparation was placed on a grid suspended from a 
strain gauge transducer (Grass FT03C) to measure 
weight changes during the experiments. Arterial and 
venous pressures and hindquarters weight were recorded 
continuously on a Grass model 7D polygraph. The sen- 
sitivity of the weight-recording system was adjusted so 
that a l-g weight produced a deflection of 2.5-3.0 cm on 

the recording paper. Rectal temperature was monitored 
using a telethermistor (Yellow Springs Instrument) and 
maintained at 37°C using an infrared heat lamp. 

Skinned hindquarters preparation. In experiments 
using skinned rat hindquarters, the skin of deeply anes- 
thetized rats was carefully removed from the hindquart- 
ers using thermal cautery before the surgical procedures 
described above. The cautery was applied to the dermal 
surface of the retracted skin to avoid contact with the 
underlying muscles. Superficial vessels supplying the 
skin were effectively cauterized during this procedure, 
and little or no hemorrhage was observed during the 
experiments. The hindquarters were coated with mineral 
oil and covered with plastic wrap to minimize desiccation 
during the experiment. As described previously (29), 60 
min of ischemia followed by 60 min of reperfusion in 
skinned rat hindquarters result in microvascular injury 
of a similar magnitude to that observed in intact (with 
skin) hindquarters after 120 min of ischemia and 60 min 
of reperfusion. 

Perfusate. The hindquarters were perfused with fresh 
human blood cells (American Red Cross Blood Donor 
Center, Columbia, MO) suspended in horse serum (Pel- 
Freeze). To prepare the blood cells, whole blood was 
centrifuged (10 min at 2,000 rpm) and the plasma super- 
natant was removed. The cells were resuspended in fresh 
saline and centrifuged, and the saline wash drawn off. 
This procedure was repeated three times before the cells 
were suspended in horse serum (protein concentration of 
6 g/dl) with glucose (5.5 mM) and heparin (1,000 IU/160 
ml). The cells were washed ~24 h before each experiment 
and stored at 4°C. At the outset of each experiment, 
papaverine (average of 15 mg in 40-50 ml of perfusate) 
was titrated into the perfusate reservoir to achieve and 
maintain maximal vasodilation of hindquarters. Maxi- 
mal vasodilation was presumed whe n the addition of 1 
w of papaverine caused no further reduc tion in perfu- 
sion pressure at the same flow rate. The venous effluent 
was directed back to the perfusate reservoir for recircu- 
lation and was bubbled with 95% Oz-5% COZ, stirred 
continuously, and maintained at 37OC. 

Citrate synthase activity. Citrate synthase activity was 
determined in the medial head and the deep red and the 
superficial white portions of the long head of the triceps 
brachii muscles. After dissection the muscles were im- 
mediately frozen in liquid N, and stored at -7OOC. The 
muscle samples were homogenized on ice in 0.4 M KC1 
in 20% ethanol and centrifuged (23,000 g), and the su- 
pernatant was dialyzed against 2 mM phosphate buffer 
(PH = 7.4). Citrate synthase activity of the dialyzed 
supernatant was determined spectrophotometrically (412 
nm) at 25°C as described by Srere (31). 

Measurements. Isogravimetric capillary pressure (Pc,i) 
was determined by the isogravim .etric method of Pappen- 
hiemer and Soto-Rivera (25). Flow to the hindquarters 
and venous pressure were adjusted to achieve the isograv- 
imetric state (i.e., no net weight change). To determine 
Pc,i, flow was reduced a small increment, which resulted 
in a fall in perfusion pressure and hindquarters weight. 
Venous pressure was then increased to maintain the 
isogravimetric state. This procedure was repeated four 
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or five times. Pc,i was calculated from the linear regres- 
sion relationship between isogravimetric flow and venous 
pressure and is equal to the zero intercept of the venous 
pressure axis (25). 

Total vascular resistance (Rt), precapillary vascular 
resistance (Ra), and postcapillary vascular resistance 
(Rv) were calculated according to the relationships; Rt 
- - (Pa,i - Pv,i)/Qi, Ra = (Pa,i - Pc,i)/Qi, and Rv = (Pc,i 
- Pv,i)/Qi, where Pa,i and Pv,i are the isogravimetric 
arterial and venous pressures, respectively, and Qi is the 
isogravimetric flow. The pre-to-postcapillary resistance 
ratios were also calculated. 

The capillary filtration coefficient was determined as 
described by Pappenheimer and Soto-Rivera (25). From 
the isogravimetric state, venous pressure was increased 
-10 mmHg. The temporal pattern of weight gain in the 
hindquarters consisted of an initial fast component, rep- 
resenting vascular pooling, followed by a slow compo- 
nent, representing fluid filtration from the capillaries 
into the interstitium (25). The rate of fluid filtration in 
milliliters per minute per 100 g was calculated from the 
rate of slow weight gain between 2 and 4 min. The 
capillary filtration coefficient was calculated by dividing 
the rate of fluid filtration by 85% of the increment in 
venous pressure, which approximates the increase in 
mean capillary pressure (20, 28, 29). 

The solvent drag reflection coefficient for total plasma 
proteins (of) was estimated using the integral mass bal- 
ance modification (34) of the filtered volumes technique 
(24). With this method, the erythrocytes serve as the 
nondiffusible intravascular marker and the plasma pro- 
teins serve as the diffusible marker (24, 34). Before the 
determination of of, the reservoir volume was reduced to 
15-20 ml. The perfusate hematocrit and total protein 
concentration were determined in quadruplicate before 
and after a period of fluid filtration induced by elevation 
of the venous pressure by -20 mmHg. Hematocrit was 
determined by the microhematocrit method, and the 
protein concentration of the plasma supernatant was 
determined using a clinical refractometer (American Op- 
tical). Filtration was allowed to continue for 15-20 min 
to ensure that the changes in hematocrit and total plasma 
protein concentration were gr ?ater than the error in- 

was calculated using the curred in their measurement. u 
relationship (34) 

l- 
(1 - Hi) (1 - Ci/Ct.>l] 

(1 - HJHf) JI 

nd final hematocrits and where Hi and Hf are the initial 
Ci and Cf are the initial and final plasma protein concen- 
trations, respectively. Perfusate removed before deter- 
mination of of was returned to the reservoir, and -15 
min was allowed for restabilization of the preparation. 

Determination of regional distribution of flow. The re- 
gional distribution of flow within hindquarters was de- 
termined during reperfusion using radiolabeled ( 14’Ce or 
lo3Ru) microspheres (16.5 t 0.1 pm, NEN-Trac Micro- 
spheres, NEN Research Products, Boston, MA) as de- 
scribed previously (19, 20, 29). The microspheres were 
suspended in saline with 10% dextran and 0.01% Tween 
80. Before infusion, the microspheres were sonicated and 

well mixed using an electromagnetic stirrer and a stir 
bar contained within the microspheres suspension vial. 
The microsphere suspensions (0.1 ml, -200,000 micro- 
spheres) were slowly infused over 15-20 s into a mixing 
chamber interposed in the arterial line immediately prox- 
imal to the hindquarters. Reference withdrawal samples 
from the caudal artery were begun 15-20 s before the 
infusion of microspheres and continued for 2 min after 
the infusion. Immediately after each experiment, the 
hindquarters were dissected and tissue samples (soleus, 
vastus intermedius, and red, mixed, and white portions 
of the gastrocnemius and the vastus lateralis, skin, and 
feet) were collected and weighed for analysis of regional 
flows. The radioactivity of the tissues was determined 
using a gamma counter (Tracer Analytic 2250). Tissue 
flows (ml. min-l l 100 g-‘) were calculated from the ratio 
of the counts per minute in the tissue samples and the 
reference withdrawal sample multiplied by the reference 
withdrawal flow rate and normalized per 100 g of tissue. 

Experimental protocol. After the institution of flow to 
the hindquarters, flow and venous pressure were adjusted 
to establish an isogravimetric state, and papaverine was 
titrated into the reservoir to achieve maximal vasodila- 
tion. The capillary filtration coefficient was determined 
twice 30-40 min after the initiation of perfusion, after 
which Pc,i and cf were determined. Ischemia was pro- 
duced by turning off the perfusion pump and simulta- 
neously clamping both the arterial and venous catheters 
just proximal to the aorta and vena cava. Perfusate 
within the arterial and venous lines was flushed into the 
reservoir with small volumes of saline to prevent settling 
and clumping of the blood cells within the tubing during 
the ischemic period. Normothermic (37°C) ischemia was 
maintained for 120 min for intact hindquarters and 60 
min for skinned hindquarters. Before reperfusion, the 
arterial lines were primed with perfusate from the res- 
ervoir. Reperfusion was initiated with low flows (~1 ml/ 
min) to avoid the possibility of vascular damage associ- 
ated with the sudden introduction of high flows. Flow 
was increased during the initial lo-15 min of reperfusion 
to attain an isogravimetric state. Papaverine (2-3 mg) 
was again titrated into the reservoir to ensure maximal 
vasodilation. The capillary filtration coefficient was de- 
termined 30-40 min after the initiation of reperfusion, 
and total vascular resistance and cf were measured after 
60 min. Pc,i was not determined during reperfusion due 
to the low isogravimetric flows. Ten to 15 min after the 
determination of gf, flow was increased to preischemia 
isogravimetric levels and microspheres were infused. The 
hindquarters were then dissected, and tissue samples 
were taken for the assessment of the regional distribution 
of flow. 

Statistical analysis. The data are expressed as means 
t SE. Hemodynamic, capillary filtration coefficients, 
and of data were compared using a Student’s t test. Tissue 
blood flow data were compared using a one-way analysis 
of variance and Duncan’s new multiple range test where 
appropriate. P 5 0.05 was considered to be significant. 

RESULTS 

Citrate synthase actiuity. As shown in Table 1, citrate 
synthase activities of the medial head and both the deep 
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TABLE 1. Citrate synthase activities of triceps brachii 
muscles from control and exercise-trained rats 

n TM TLR TLW 

Control 7 48.4t0.3 24.7kO.2 22.eo.2 
Trained 10 65.2&0.5* 62.4t0.8* 29.1t0.2* 

Values of citrate synthase activity are means t SE expressed in U/ 
mg protein. TM, medial head of triceps brachii muscle; TLR and TLW, 
deep red and superficial white portions of long head of triceps brachii 
muscle, respectively. * Significant difference from control, P 5 0.05. 

TABLE 2. Preischemia hemodynamic data for intact and 
skinned hindquarters of control and exercise- trained rats 
in the maximally vasodilated isogravimetric state 

Intact Skinned 

Control Trained Control Trained 

n 7 10 16 14 
Flow, ml. min-’ . 9.0t0.4 11.9kO.4" 11.9kO.4 13.4t0.3" 

100 g-l 
Arterial pressure, 37.621.5 37.1-e0.9 39.2kl.O 39.2k0.9 

mmHg 
Venous pressure, 2.1t0.2 2.2k0.3 1.5kO.4 l.OkO.3 

mmHg 
Perfusion pressure, 35.5t1.4 34.9tl.O 37.7k0.8 38.2t0.8 

mmHg 
Capillary pressure, 13.7kO.9 12.2kO.5 13.4kO.4 13.4kO.6 

mmHg 
Vascular resistance, 

mmHg. ml-‘. min. 100 g 
Total 4.0tO.l 3.0&0.2* 3.2tO.l 2.8tO.l* 
Precapillary 2.7kO.l 2.1,tO.l" 2.2,tO.l 1.9kO.l" 
Postcapillary 1.3kO.l 0.9~0.1* l.OtO.l 0.9kO.l 
Pre-to-postcapillary 2.1k0.3 2.6t0.3 2.3t0.2 2.2t0.2 

resistance ratio 

Values are means t SE. * Significant difference from control, P 5 
0.05. 

and superficial portions of the long head of the triceps 
brachii muscles were increased in ET rats compared with 
C . 

Preischemia hemodynamic data. Preischemia isograv- 
imetric data for maximally vasodilated intact and 
skinned hindquarters of C and ET rats are presented in 
Table 2. Arterial, venous, and perfusion (arterial minus 
venous) pressures were not different between C and ET 
groups. Capillary pressures were also not different be- 
tween groups. However, isogravimetric flows were higher 
in ET hindquarters. In addition, ET hindquarters 
showed reductions in both total and precapillary vascular 
resistances compared with C. The postcapillary vascular 
resistance of the ET group was lower in the intact 
hindquarters but was not different from C in the skinned 
preparations. Pre-to-postcapillary resistance ratios were 
not different between C and ET groups. 

Postischemia-reperfusion hemodynamic data. The ef- 
fects of ischemia and reperfusion on isogravimetric per- 
fusion pressures, flow, and total vascular resistances in 
maximally vasodilated intact C (n = 7) and ET (n = 10) 
rat hindquarters are presented in Fig. 1. During reper- 
fusion, isogravimetric perfusion pressures tended to be 
elevated over preischemia levels (P < 0.2) in both C and 
ET hindquarters. In contrast, isogravimetric flows were 
lower compared with preischemia levels (Fig. l), with the 
ET hindquarters having higher flows than C, 2.9 t 0.2 

B 16 
1 

0 Preischemia 

ESI Reperfusion 

Control Trained 
FIG. 1. Perfusion pressure (A), flow (R), and total vascular resist- 

ance (C) data determined under isogravimetric conditions before ische- 
mia (preischemia) and during reperfusion in intact hindquarters of 
control (n = 7) and exercise-trained (n = 10) rats. Values are means k 
SE. # Significant difference between control and trained groups, P I 
0.05. * Significant difference from preischemia, P 5 0.05. 

vs. 1.8 t 0.3 mLmin-’ l 100 g-‘, respectively. Total vas- 
cular resistances were increased in both C and ET during 
reperfusion (Fig. 1) and tended to be higher in C com- 
pared with ET hindquarters (24.3 t 4.6 vs. 14.9 t 2.2 
mmHg l ml-’ . min. 100 g, respectively), but this difference 
was not significant (P < 0.10). 

The effects of ischemia and reperfusion on hemody- 
namics in the skinned hindquarters were qualtitatively 
similar to those seen in the intact hindquarters (Table 
3). Isogravimetric perfusion pressures during reperfusion 
were elevated over preischemia levels but were not dif- 
ferent between the skinned C and ET groups. Isogravi- 
metric flows in skinned hindquarters were lower after 
ischemia and reperfusion compared with preischemia. 
However, in contrast to the intact hindquarters, post- 
ischemic flows were similar in the skinned C and ET 
hindquarters. Total vascular resistance was increased in 
skinned C and ET hindquarters during reperfusion by 
322 t 52 and 360 t 717 0, respectively. These increases 
were comparable to those seen in the intact hindquarters 
(508 t 100 and 385 t 50% for C and ET, respectively). 

Solvent drag reflection coefficient data. Figure 2 depicts 
the data for cf determined before ischemia and during 
reperfusion after ischemia in intact hindquarters of C (n 
- 7) and ET (n = - 10) rats. Preischemia values for cf 
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TABLE 3. Hemodynamic data obtained for skinned 
hindquarters of control and trained rats before ischemia 
and during reperfusion after ischemia 

Preischemia Reperfusion 

Flow, ml. min-’ . 100 g-’ 

Perfusion pressure, mmHg 

Total vascular resistance, 
mmHg - ml-‘. min - 100 g 

Solvent drag reflection 
coefficient 

Capillary filtration 
coefficient, ml l min-’ .  

mmHg-’ -100 g-’ 

C 11.9kO.4 3.8t0.5t 
T 13.4t0.3” 3.8t0.4t 
C 37.7kO.8 40.3to.m 
T 38.2t0.8 41.9k1.3t 
C 3.2tO.l 13.5t1.7t 
T 2.8+0.1* 12.9&2.O”r 
C 0.7970.01 0.66&0.03t 
T 0.82-eO.02 0.68t0.03 t 
c 0.0166t0.0008 0.0132t0.0010t 
T 0.0197t0.0009* 0.0137+0.0013t 

Values are means k SE. C, control (n = 15); T, trained (n = 11). 
* Significant difference from C, P I 0.05. t Significant difference from 
preischemia values, P 5 0.05. 

I Preischemia 

h Reperfusion 

$ 0.6 

0.5 

co n trol Trained 

FIG. 2. Solvent drag reflection coefficient data determined before 
ischemia (preischemia) and during reperfusion in hindquarters of con- 
trol (n = 7) and exercise-trained (n = 10) rats. Values are means t SE. 
* Significant difference from preischemia, P 5 0.05. 

were not different between C (0.86 t 0.01) and ET (0.87 
t 0.02) hindquarters. After ischemia and reperfusion, of 
values were reduced to a similar extent in both C (0.68 
t 0.03) and ET (0.68 t 0.02) hindquarters, indicative of 
an increase in the microvascular permeability to plasma 
proteins. As shown in Table 3, qualitatively similar re- 
sponses were noted in skinned preparations. 

Capillary filtration coefficient data. Preischemia capil- 
lary filtration coefficients for intact hindquarters of ET 
rats were greater compared with C, 0.0218 t 0.0017 vs. 
0.0169 t 0.0015 ml l min-l l mmHg-’ ‘100 g-‘, respec- 
tively. After ischemia and reperfusion, filtration coeffi- 
cients for C hindquarters (0.0147 & 0.0020) were similar 
to preischemia values, whereas filtration coefficients for 
ET hindquarters (0.0154 t 0.0013) were lower relative 
to preischemia. In the skinned hindquarters, filtration 
coefficients for both C and ET groups were lower after 
ischemia and reperfusion (Table 3). 

Reperfusion distribution of flow. Hemodynamic values 
and blood flows to selected hindlimb muscles, skin, and 
feet measured during reperfusion in both intact and 
skinned hindquarters-are presented in Table 4. Immedi- 
ately before the infusion of microspheres during reper- 
fusion, total hindquarters flow was increased to the preis- 
chemia isogravimetric level to obtain adequate flow to 
ensure delivery of the microspheres to the perfused tis- 
sues. At these flows, the perfusion pressures and total 

vascular resistances were nearly doubled compared with 
preischemia values (Table 4). No differences were found 
in postischemic skeletal muscle blood flows between C 
and ET (Table 4). In C and ET hindquarters of both the 
intact and skinned groups, flows were highest in those 
muscles composed of a large percentage of slow-twitch 
oxidative (SO) and fast-twitch oxidative-glycolytic 
(FOG) muscle fibers, such as the soleus, vastus inter- 
medius, and the deep red portion of the gastrocnemius 
(2) muscles. Conversely, the lowest flows were observed 
in muscles composed primarily of fast-twitch glycolytic 
(FG) muscle fibers, such as the superficial white portions 
of the gastrocnemius and the vastus lateralis muscles (2). 

Flows to the skin and feet of intact hindquarters were 
not different between C and ET groups during reperfu- 
sion (Table 4), accounting for 17 t 4 and 19 t 8% of the 
total flow in C and 22 t 8 and 16 t 7% of the total flow 
in ET hindquarters, respectively. In skinned hindquart- 
ers, flow to the feet accounted for 11 t 3 and 9 t 2% of 
the total flow in C and ET rats, respectively. These data 
indicate that ischemia and reperfusion had little effect 
on blood flow to the cutaneous tissues, since the relative 
flows are similar to those reported in the literature (5, 
29) . 

DISCUSSION 

Recent evidence indicates that the microvascular in- 
jury observed during the reperfusion of ischemic skeletal 
muscle is mediated, at least in part, by reactive oxygen 
metabolites generated during the period of reperfusion 
(16-18). Moreover, pretreatment of skeletal muscle with 
substances that inhibit oxidant production or that effec- 
tively scavenge oxidants at the time of production atten- 
uates the microvascular injury observed following ische- 
mia and reperfusion (18). Skeletal muscle contains a 
number of endogenous antioxidant enzymes, such as 
SOD, CAT, and GPX, that effectively scavenge reactive 
oxygen metabolites and may help protect the muscle 
from oxidant injury (1, 11, 12, 30). The activities of 
endogenous SOD, CAT, and GPX differ among skeletal 
muscles of differing muscle fiber type compositions (1,9, 
21) and the oxidative capacities (11, 21). Exercise train- 
ing, which increases the oxidative capacity of skeletal 
muscle, has also been shown to alter the activities of 
these endogenous antioxidants (1, 4, 9, 11, 13, 14, 21). 
As shown in the accompanying paper (21), the exercise- 
training program used in this study produced increases 
in the GPX activity of the leg extensor muscles of these 
rats. An increase in skeletal muscle GPX activity could 
enhance the resistance to injury following ischemia and 
reperfusion. Thus we hypothesized that exercise training 
would attenuate the microvascular injury observed in 
skeletal muscle following ischemia and reperfusion. 

Effects of exercise training. Exercise training resulted 
in increased citrate synthase activities in skeletal mus- 
cles representative of all muscle fiber types (Table l), 
increased isogravimetric flows, lower minimal vascular 
resistances, and increased capillary filtration coeffi- 
cients. Thus the skeletal muscle of the exercise-trained 
rats used in this study showed evidence of both biochem- 
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TABLE 4. Hemodynamic data obtained immediately before infusion of microspheres during reperfusion 
and regional blood flows for intact and skinned hindquarters of control and trained rats 

Intact Skinned 

Control Trained Control Trained 

Total hindquarters hemodynamics 
n 6 9 11 9 
Flow, ml. min-’ l 100 g-l 8.9kO.5 1 l&0.5* 12.1-+0.4 13.2t0.3* 
Perfusion pressure, mmHg 67t5 6724 68G 72t4 
Vascular resistance, mmHg l ml-‘. min. 100 g 7.4t0.4 5.6t0.5” 5.7kO.5 5.4t0.3 

Regional blood flows, ml. min. 100 g-’ 
Soleus 44&25 32t14 78t19 43*6 
Gastrocnemius, red 25t7 28t,ll 47t13 36t8 
Gastrocnemius, mixed 15&6 18&9 17&4 15t4 
Gastrocnemius, white 9t3 13&8 9+2 6tl 
Vastus intermedius 18*4 24*9 36k9 21t3 
Vastus lateralis, red 5t2 12t5 11t3 12k3 
Vastus lateralis, mixed 12t5 14t5 16*4 17t4 
Vastus lateralis, white 8t3 7t2 7t2 6tl 
Skin 20t11 1425 
Feet 54&21 48&19 31&8 25t6 

Values are means t SE. * Significant difference from control, P 5 0.05. 

ical and vascular adaptations similar to previous reports A Control 

(10, 19, 20, 28). 
Effects of ischemia and reperfusion. Microvascular in- 

jury associated with the reperfusion of ischemic skeletal 
muscle is characterized by increases in both the micro- 

1.2- 

vascular permeability to plasma proteins (decreased af) 

l.O- 

3 0 0.8- 

and total vascular resistance (3, 16-18, 29). As shown in 
Figs. 1 and 2 and Table 3, ischemia and reperfusion 
produced the expected effects on cf and total vascular 
resistance in hindquarters of both control and exercise 
trained rats. The reductions in of observed after ischemia 
and reperfusion were not different between control and 
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trained hindquarters. Although the isogravimetric blood B Tramea 
flow data during reperfusion suggest a degree of protec- 
tion in the intact hindquarters of trained rats, since flows 
were 61% greater and total vascular resistances were 
39% less than in the controls, the relative reduction in 
flow noted following ischemia and reperfusion was simi- 
lar for the control (79 t 4%) and trained (76 t 2%) 
groups. Thus it appears that the relative magnitude of 
the no-reflow phenomenon noted in postischemic rat 

1.4- 

1.2- 

g l.O- 

E 0.8- 
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skeletal muscle was not altered by exercise training. 

As shown in Table 3, of was reduced a similar amount 
o.o- 

following ischemia and reperfusion in skinned hindquart- 
ers of control and exercise trained rats. In addition, there 
was no evidence of protection following ischemia and 
reperfusion in the skinned hindquarters of trained rats, 
since isogravimetric flows and total vascular resistances 
were similar in control and trained hindquarters (Table 
3). These results suggest that exercise training does not 
attenuate the microvascular injury associated with 60 
(skinned) or 120 (intact) min of ischemia and 60 min of 
reperfusion in rat skeletal muscle. 

The capillary filtration coefficient represents the prod- 
uct of the surface area available for fluid exchange and 
the hydraulic conductivity of the exchange vessels. The 
increases in total and regional vascular resistances after 
ischemia and reperfusion indicate that there was a re- 
duction in the perfused surface area which contributed 
to the reductions in filtration coefficient. However, it is 

I No Ischemia 

Dl Reperfusion 

S Gr Gw 

FIG. 3. Distribution of hindquarters flow to skeletal muscles of 
different muscle fiber type compositions (S, soleus; Gr, red gastrocne- 
mius; Gw, white gastrocnemius) from intact hindquarters of control 
(A; n = 6) and exercise-trained (B; n = 9) rats. Nonischemia (no 
ischemia) values are averages calculated from the data of Laughlin and 
Ripperger (20). Reperfusion values for percentage of total flow after 
120 min of ischemia and 60 min of reperfusion (means 2 SE) were 
calculated from data presented in Table 4. 

also possible that decreases in of may be associated with 
increases in the hydraulic conductivity of the exchange 
vessels. The net capillary filtration coefficient following 
ischemia and reperfusion could represent both the effects 
of a reduced surface area available for exchange and an 
increased permeability of the exchange vessels to protein 
and, perhaps, water (17, 29). Thus caution is warranted 
in the use of capillary filtration coefficient data as an 
indicator of microvascular dysfunction following ische- 
mia and reperfusion. 
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The pattern of the regional distribution of flow within 
and among hindlimb skeletal muscles during reperfusion 
was similar to that previously described in nonischemic 
maximally vasodilated rat hindquarters in that the blood 
flows tended to be directly correlated with the oxidative 
capacity of the muscles (19,20). Postischemic blood flows 
were not different between control and trained rats in 
either the intact or skinned preparations for any of the 
muscles sampled (Table 4). Postischemic blood flows to 
the soleus and red, mixed, and white portions of the 
gastrocnemius of the control hindquarters were ~50% 
lower than would be predicted from the data of Laughlin 
and Ripperger (20) for hindquarters of similar rats. 
Laughlin and Ripperger (20) also reported that an en- 
durance-training program similar to the one used in the 
present study (31 m/min at 5” incline, 60 min/day, for 
13-17 wk) resulted in increased flow to the soleus and 
red, mixed, and white portions of the gastrocnemius 
muscles averaging 130% over control flows. It is therefore 
likely that before ischemia both the soleus and gastroc- 
nemius muscles of the trained hindquarters in this study 
received higher flows than the controls. Comparison of 
the postischemic muscle flows in control and trained 
hindquarters in this study with expected preischemia 
flows (20) suggests that the relative increases in vascular 
resistance observed after ischemia and reperfusion were 
greater in the trained muscles than in the controls. 

In both the intact control and trained hindquarters, 
the percentages of total flow received by the soleus (89% 
SO fibers) and red gastrocnemius (30% SO and 56% 
FOG fibers) muscles were lower compared with the data 
of Laughlin and Ripperger (20) (Fig. 3). In contrast, the 
percentage of total flow received by the white gastroc- 
nemius (91% FG fibers) was similar. These comparisons 
suggest that ischemia and reperfusion probably resulted 
in relatively greater increases in the vascular resistance 
of highly oxidative SO and FOG muscles than in FG 
muscles. 

Although exercise training may produce increases in 
the activities of endogenous antioxidants (1, 9, 11, 13, 
14, 21) in skeletal muscle, these changes did not appear 
to protect the hindquarters microvasculature from injury 
during ischemia and reperfusion. It is possible that the 
microvascular damage observed here was so great that 
the effects of training were not adequate to protect the 
hindquarters from injury. However, these experiments 
were based on preliminary experiments designed to de- 
termine the minimal duration of ischemia necessary to 
produce microvascular damage in rat hindquarters that 
was consistently detectable (29). We therefore believe 
that if exercise training were to provide protection to the 
microvasculature during ischemia and reperfusion, it 
would have been apparent here. In addition, the site of 
oxidant generation in postischemic skeletal muscle is not 
known. If reactive oxygen metabolites are produced pri- 
marily within the lumen of exchange vessels, the endo- 
thelium, or the interstitium, then increases in myocyte 
antioxidant activities may not protect the microvascu- 
lature. Also, the myoglobin content in SO and FOG 
muscles, but not FG muscles, is increased after exercise 
training in rats (7). In the presence of hydrogen peroxide, 

myoglobin can catalyze the formation of the hydroxyl 
radical (27) and/or a reactive oxidant possessing a similar 
reactivity (6). Increases in the myoglobin content of a 
muscle after training may contribute to oxidant injury 
observed following ischemia and reperfusion. Further- 
more, although there is good evidence indicating that 
reactive oxygen metabolites are involved in the produc- 
tion of microvascular injury in skeletal muscle (16-18), 
other factors, such as neutrophilic proteases (30), may 
also be involved. 

In summary, exercise training did not alter the suscep- 
tibility of skeletal muscle to microvascular injury asso- 
ciated with ischemia and reperfusion in isolated perfused 
rat hindquarters. Although it appears that exercise train- 
ing does not make skeletal muscle more resistant to 
postischemic microvascular injury, it is important to 
emphasize that we have only investigated acute micro- 
vascular damage following ischemia and reperfusion. It 
remains possible that the long-term recovery of the skel- 
etal muscle tissue is enhanced by exercise training. 
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