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The purposes of this study were to develop an in vivo
model of skeletal muscle ischemia—reperfusion to assess
the patterns of microvascular injury, to evaluate a scor-
ing system that permits quantitation of this injury, and
to determine in vivo the extent of white blood cell adhe-
sion within the microcirculation during the acute postre-
perfusion period. Syrian golden hamsters underwent 3.0
or 4.5 hr of lower extremity ischemia without antico-
agulation. The microcirculation of the tibialis anterior
muscle was visualized by fluorescent intravital micros-
copy (700X). During the first 1.5 hr of reperfusion the
microvascular injury was scored by a grading system
based upon the extent of extravasation of fluoroscein-
labeled albumin and the degree and level of microvessel
obstruction. To correlate the observed changes in the mi-
crocirculation to changes in the whole muscle, in a sep-
arate group of animals, pH changes in the tibialis anterior
muscle were measured at the same time intervals under
identical experimental conditions as the microvascular
measurements. White blood cells were transiently flu-
oresced at 1.5 hr after reperfusion by intravenous ac-
ridine red and the number of white blood cells rolling
(rollers) or sticking (stickers) to the endothelium during
a 30-sec observation period was recorded. Two distinct
patterns of microvascular injury were seen: after 3.0 hr
of ischemia there was a progressive extravasation, some
capillary but no arteriolar or venular obstruction, flow
velocities increased over time; after 4.5 hr of ischemia
there was a greater heterogeneity of injury, primary ‘“no
reflow,” extensive capillary, arteriolar, and venular ob-
struction, as well as a progressive decline in flow veloc-
ities. Thrombosis of microvessels was rare. There was
no inflow vessel thrombosis. The scoring system showed
significant differences, mean (SE), in both the extent of
early (30 min) and late (90 min) injuries for the 3.0-hr
(early 1.4 (0.8) vs late 2.0 (0.5)) and the 4.5-hr periods
of ischemia (early 2.3 (0.9) vs late 3.0 (0.8)). In addition,
pH measurements of the tibialis anterior paralleled the
changes observed in the microcirculation. There was a
significant increase in the number of rolling WBCs, 14.3
(10.3), in the animals undergoing 3.0 hr of ischemia, and
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in both the number of rollers, 7.4 (4.3), and stickers, 4.0
(1.9), in the animals undergoing 4.5 hr of ischemia com-
pared to those of controls, 1.7 (2.4) and 1.9 (1.5). These
results are the first in vivo observations of the pattern
of microvascular injury and the extent of white blood
cell adhesion in a true muscle of locomotion. We believe
that this model will allow further clarification of the
mechanismsresponsible for the microvascularinjury that
occurs after reperfusion of ischemic skeletal muscle.

< 1990 Academic Press, Inc.

INTRODUCTION

Ischemia is an important cause of skeletal muscle injury
and resultant patient disability. Much of the experimental
work on ischemia-reperfusion injury has focused on
changes in the parenchymal cell either at the organ or at
the cellular level and, more recently, on the role of white
blood cells in the amplification of ischemia-reperfusion
injury [1-5]. Little is known about the changes in the
microcirculation during reperfusion of ischemic tissue.
Microvascular injury after ischemia-reperfusion remains
poorly understood in part because of a lack of a satisfac-
tory in vivo, clinically relevant experimental model. The
purposes of this study were to develop an in vivo model
of skeletal muscle ischemia-reperfusion injury to assess
the patterns of microvascular injury, to evaluate a scoring
system that permits quantitation of this injury, and to
determine in vivo the extent of white blood cell adhesion
in the acute postreperfusion period. To correlate the ob-
served changes in the microcirculation that occur after
reperfusion to changes in the whole muscle, pH mea-
surements of the tibialis anterior were made under iden-
tical experimental conditions in a separate group of an-
imals.

METHODS

Syrian golden hamsters (90-100 g) underwent a mod-
ified form of tourniquet ischemia of the lower extremity.
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After the induction of anesthesia by the intraperitoneal
injection of pentobarbitol (0.1 mg/g/body wt) the femoral
artery was occluded with a microvascular clamp. The
femoral nerve and vein remained free. Bands were placed
around the thigh musculature at the level of the inguinal
ligament to obliterate collateral flow. No heparin anti-
coagulation was used.

After the initial surgical preparation the hamster was
transferred to the stage of a Wayland-Frasher intravital
microscope (Fig. 1). The animals were ventilated me-
chanically through a tracheostomy tube at a rate and vol-
ume sufficient to maintain arterial blood gases within
normal physiologic limits. Arterial blood was obtained for
pH and gas analysis from a catheter placed into the cer-
vical carotid artery. Continuous anesthesia was main-
tained by constant infusion of sodium pentobarbitol (9
mg/ml) at a rate of 0.0073-0.013 ml/min through a cath-
eter in the jugular vein. A rectal temperature probe was
placed and connected to a servo-controlled heating pad
which maintained rectal temperature at 37°C. Either
lower leg was then fixed to a plexiglass platform in a hor-
izontal plane (Fig. 1). The skin and then the tendinous
portion of the biceps femoris muscle were incised directly
over the tibialis anterior. This muscle was continuously
bathed in a bicarbonate-buffered salt solution from a res-
ervoir maintained at 35°C and equilibrated with 5% CO.
and 95% nitrogen. This suffusate had a millimolar com-
position of NaCl 130.9, KCl 4.7, CaCl, 2.0, MgSO, 1.2,
and NaHCO; 20.0.

The microcirculation was visualized by the intravenous
administration of fluorescein-labeled bovine serum al-
bumin (10-15 mg/100 mg body wt). The muscle was epiil-
luminated with a 100-W mercury lamp (Leitz) connected
to an American Optical Illuminator for incident light flu-
oresence (Model 2070). The microcirculation was viewed
through a close-circuit. video system consisting of a low-
light level Dage-Sit 66 camera (Dage-MT]I, Inc., Michigan
City, IN) connected to a four-head video recorder (Pan-
asonic AG 1950) and a high resolution television monitor
(Panasonic TR 124).

Acridine red (Chroma, Stuttgart, FRG) (5 ug/100 mg
body wt) was administered intravenously to transiently
fluoresce white blood cells at a wavelength (excitation,
546 nm; emission, 590 nm) higher than that of fluorescein
(excitation, 490 nm; emission, 515 nm). Although acridine
red also fluoresces platelets, because of their size and ve-
locity they require sophisticated techniques in order to
be observed clearly [6].

In order to measure pH changes in the tibialis anterior
separate groups of animals underwent similar durations
of ischemia and reperfusion under identical experimental
conditions but instead the pH of the tibialis anterior was
monitored. A pH electrode (Vascular Tech., Inc.,
Chelmsford, MA) attached to an Omega pH meter (PHB
.83) was inserted into the tibialis anterior prior to the
onset of ischemia. Measurements were made at the onset
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FIG. 1. Schematic illustration of the Wayland-Frasher intravital
microscope and the experimental preparation.

of ischemia, at the time of reperfusion, and at 30 and 90
min after reperfusion.

EXPERIMENTAL PROTOCOL

Hamsters underwent either a 3.0-hr or a 4.5-hr period
of ischemia. The microcirculation was visualized and
studied during the initial 1.5 hr after reperfusion. A sep-
arate group of hamsters served as sham controls in which
the hamsters underwent an identical surgical preparation
including complete dissection of the groin, placement of
bands around the thigh musculature, and a 3.0-hr control
observation period. In all groups the exposed surface of
the tibialis was videorecorded at 700X and a minimum
of 12 randomly chosen fields were recorded at 30 and 90
min after reperfusion.

The degree of microvascular injury was scored accord-
ing to the following system: Grade I (1 pt)—mild to mod-
erate extravasation of fluorescein-labeled albumin but full
reflow, i.e., less than three capillaries obstructed per field;
Grade II (2 pt)—extensive extravasation; Grade III (2.5
pt)—between three and five capillaries obstructed per field
but the arterioles and venules remain patent; Grade IV
(3 pt)—extensive capillary obstruction, greater than five
capillaries per field, some arteriolar and venular obstruc-
tion, extravasation may or may not be present; and Grade
V (4 pt)—no reflow, that is greater than 90% of the ob-
served area was without any flow.

White blood cell adhesion to the microvascular endo-
thelium was measured at 1.5 hr after reperfusion. Fifty-
micrometer segments of 20-um- to 30-um-diameter ve-
nules were videorecorded for 30 sec and the number of
white blood cells rolling along the endothelium (rollers)
or those adherent or sticking to (stickers) the endothelium
per 30 sec observation period was recorded [7]. Stickers
indicate a greater degree of adhesion to the endothelium
than those slowly rolling along the vessel wall versus those
white cells flowing freely through the vessel.

Results will be reported as mean (standard error).
Statistical analysis was performed using paired and un-
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FIG. 2. The scoring system showed a significant increase in the
degree of microvascular injury for the 3.0-hr and the 4.5-hr periods of
ischemia between the 30- and the 90-min observations during reperfu-
sion. There was also a significant increase in the score of microvascular
injury between the early and the late time periods of the 3.0-hr and 4.5-
hr groups. There was no microvascular injury in the sham control an-
imals.

paired Student’s ¢ test. P values less than or equal to 0.05
were considered significant.

RESULTS

Two distinct patterns of microvascular injury were ob-
served. After 3.0 hr of ischemia, the reperfusion of the
skeletal muscle microcirculation was characterized by
progressive extravasation of fluoroscein-labeled albumin,
some capillary but no arteriolar or venular obstruction;
in six of the seven animals the blood flow velocity in-
creased over the 2-hr observation. Some capillaries re-
mained obstructed for the entire period of observation.
The dominant change in the microcirculation after 3 hr
of ischemia was extravasation. This microvascular injury
appeared reversible. The pattern of injury after 4.5 hr of
ischemia appeared irreversible within the time frame of
these experiments. It was characterized by a more het-
erogeneous pattern of injury. There was a lesser degree
of extravasation because of a greater degree of progressive
capillary obstruction, or primary no reflow; that is, no
return of circulation to an area of the muscle upon release
of the clamps. Under conditions of primary no reflow a
whole microvascular unit consisting of the arteriole, cap-
illaries, and venule was usually absent. For the 4.5-hr pe-
riod of ischemia the dominant change was loss of perfusion
in the microcirculation. This loss of perfusion was due
largely to loss of capillary flow. The loss of perfusion in
the venules and arterioles usually came either as part of
an area of primary no reflow or after near complete ob-
struction of all the capillaries for a particular microvas-
cular unit. Thrombosis of microvessels was seen rarely.
All animals in both groups were found to have patent
inflow vessels at the conclusion of each experiment.
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The scoring system provided a sensitive means by which
to quantitate the extent of microvascular injury (Fig. 2).
There was a significant increase in the degree of micro-
vascular injury for both the 3.0-hr and the 4.5-hr periods
of ischemia between the early (30 min) and the late (90
min) observations. In addition, there was a significant
increase in the score of microvascular injury between the
early and the late time periods of the 3.0-hr and 4.5-hr
groups. No microvascular injury was seen in the sham
control animals.

Acridine red transiently labeled the white blood cells
and permitted assessment of their adhesion to microves-
sels (Fig. 3). There was a significant increase in the degree
of white cell adhesion after both the 3.0- and the 4.5-hr
periods of ischemia (Table 1). Compared to sham controls
there was a statistically significant increase in the number
of rolling white cells in the group of animals which un-
derwent 3 hr of ischemia. In the group of animals that
underwent 4.5 hr of ischemia there was a significant in-
crease in both the number of WBC rollers and WBC
stickers compared to control measurements. Because of
the relative reduction in the total flow to the muscle after
4.5 hr ischemia, the total flux of WBCs through the mi-
crocirculation appeared to be reduced. We believe that
this may have accounted for the fewer WBC rollers in
the 4.5-hr group than in the 3.0-hr ischemia group.

The pH changes of the tibialis anterior that occurred
during ischemia and reperfusion paralleled the changes
that occurred in the microcirculation under identical ex-
perimental conditions (Fig. 4). The pH fell to a lower
level, 6.3 pH units, after 4.5 hr of ischemia than after 3.0
hr of ischemia, 6.6 pH units, although this did not reach
statistical significance (P = 0.07). Importantly, after 90
min of reperfusion, there was a recovery in the pH to the
baseline level in the group of animals that underwent 3
hr of ischemia. However, in the animals that underwent
4.5 hr of ischemia the pH failed to recover to the baseline
level, thus paralleling the microvascular changes in which
the microvascular injury after 4.5 hr of ischemia appeared
irreversible. In three animals in which we continued ob-
servations beyond this time period, no further significant
increase in the pH occurred.

TABLE 1
White Blood Cell Adhesion after Reperfusion

Duration of Rollers

Stickers

ischemia (no./50 um/30 in.) (no./50 um/30 in.)
Control (n = 6) 1.7 (2.4) 1.9 (1.5)
3 hr (n =12) 14.3 (10.3)* 14 (1.2)
45hr (n = 4) 7.4 (4.3)* 4.0 (1.9)*

* Unpaired ¢ test P < 0.05 vs control.



(A) Photograph of videotape showing a draining venule using filters for fluorescein which shows the fluorescently labeled plasma

FIG. 3.
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FIG. 4. This graph illustrates the changes in pH for the 3.0-hr and 4.5-hr periods of ischemia and subsequent reperfusion. The pH in the
group of animals that underwent 4.5-hr periods (n = 8) of ischemia failed to return to baseline values, whereas the pH did return to baseline
values in the group of animals that underwent 3.0 hr (n = 5) of ischemia.

DISCUSSION

This experimental model permitted serial, in vivo mea-
surements of microvascular injury after ischemia-reper-
fusion injury of the tibialis anterior of the hamster. In
our model, ischemia was induced by a modified form of
tourniquet ischemia. The femoral artery was occluded
with a microvascular clamp. There was no venous or lym-
phatic obstruction, nor was there any nerve compression.
Bands were placed only around the very proximal thigh
musculature at a site remote from the tibialis anterior.
Thus, the ischemia induced in the tibialis anterior par-
allels that which occurs clinically during acute ischemia
of the lower extremity. Fluorescent intravital microscopy
provided a means by which to observe in vivo the pattern
of microvascular injury. The scoring system devised to
grade the degree of microvascular injury, based upon the
extent of extravasation as well as the level of microvessel
obstruction, provided a sensitive means by which to dif-
ferentiate different grades of microvascular injury
(Fig. 2).

The mechanisms responsible for the microvascular in-
jury after reperfusion of ischemic tissue have not been
defined. In addition, there is no clear description of the
changes in the microcirculation that occur after reper-
fusion of ischemic tissue. Recent work [8-10] has focused
only on the loss of capillary flow. These studies have in-
volved either postmortem analysis of histologic sections
[10] or in vivo assessments of capillary flow [8, 9]. We
chose not to quantify only the capillary flow because we
have found the changes in the microcirculation to be more
complex than that. Although progressive capillary ob-
struction is a prominent event, there is also arteriolar and
venular obstruction and areas which never have return
of the microcirculation at all. Thus, an assessment of mi-

crovascular perfusion during reperfusion of ischemic tis-
sue must take into account both the level and the extent
of microvessel obstruction. The scoring system employed
in this study reflects these changes in the perfusion of
the microcirculation as well as the extent of extravasation.
In addition, as the pattern of injury in the microcirculation
reflects the degree of ischemia, we studied time periods
which embraced both reversible and irreversible injury
patterns.

The 3.0-hr and 4.5-hr periods of ischemia resulted in
distinct patterns of microvascular injury. After 3 hr of
ischemia there was some diffuse capillary obstruction but
no arteriolar or venular obstruction. The major conse-
quence of this injury was extravasation of the fluoroscein-
labeled albumin which is manifested clinically as edema.
Some capillary obstruction persisted. However the 4.5-hr
period of ischemia caused a much different pattern of in-
jury. There were areas of primary “no reflow,” that is, areas
in which there was no return of circulation upon release
of the clamps. This usually entailed loss of whole micro-
vascular units consisting of the feeding arteriole, capillaries,
and draining venules. In addition, there were many areas
in which there was flow initially that eventually became
obstructed during the later phases of the reperfusion period.
These obstructions usually began within the capillaries.
Thromboses of microvessels were rarely observed. In fact,
in the capillaries without forward flow we observed columns
of dye with multiple red blood cells which were either mo-
tionless or in an oscillating pattern. There was no major
macrovessel thrombosis in any of the experimental prep-
arations. This lack of extensive thrombosis either in the
macro- or microcirculation occurred even though no hep-
arin anticoagulation was used.

We believe that thrombosis of the microcirculation is
not likely to be the primary cause of the loss of micro-
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vascular perfusion or the so-called no reflow phenomenon
[11, 12]. However, in areas in which there was no reflow
after release of the clamps we are uncertain of the cause
of the microvessel obstruction. In other studies using both
light microscopy [13] and electron microscopy [12] neither
platelet thrombi nor fibrin thrombi have been observed.
In addition, a number of studies [12, 14] have shown that
heparinization fails to prevent the loss of microvascular
perfusion that occurs after reperfusion of ischemic skeletal
muscle or kidney.

There has been considerable interest in understanding
the mechanisms that regulate neutrophil-endothelial cell
interactions during inflammation and ischemia. The
adhesion of neutrophils to the endothelium is thought to
be an active process secondary to activation of both the
neutrophil and the endothelial cell by common mediators
such as complement which are found during inflammation
or ischemia. A significant increase in the extent of white
blood cell and endothelial cell interactions occurred for
both the 3.0- and the 4.5-hr periods of ischemia. There
was a significant increase in the 4.5-hr ischemic group in
the number of white cells sticking to the endothelium.
This increased adhesion between the white blood cells
and the microvascular endothelium did not occur at all
levels of the microcirculation; it was seen exclusively
within the postcapillary and draining venules. There was
almost no permanent sticking of any white blood cells to
arteriolar endothelium. There has been recent in vitro
work showing that the aortic endothelial cells do not have
the same receptors for white cell attachment as do venous
endothelial cells [15]. This increased adhesion of white
blood cells to the venular endothelium in the immediate
postreperfusion period implies a role for the white cells
beyond that of a late scavenger of necrotic cells. Rather,
white blood cells probably have a early, central role in
the amplification of the initial ischemic injury. Our model
should permit further clarification of the mechanisms re-
sponsible for the increased adhesion of white blood cells
to the microvascular endothelium.

An important question concerning the results of this
study is how do these measures of microvascular injury
relate to changes that may be observed at the level of the
whole muscle. The pattern of changes in the pH of the
muscle very closely paralleled the extent of microvascular
injury that we observed (Fig. 4). Whereas the pH recov-
ered to baseline levels after 3.0 hr of ischemia, the pH
remained below 7.0 pH units at the same time period after
4.5 hr of ischemia. The microvascular injury scoring sys-
tem showed a greater degree of microvascular injury after
4.5 hr of ischemia than after 3.0 hr. In addition, the 4.5-
hr ischemia group appeared to have an irreversible injury.
In contrast, the 3.0-hr group had good reflow but pro-
gressive extravasation. We believe that the latter repre-
sented a reversible microvascular injury pattern. Only
with experiments examining later time periods after isch-
emia will we be able to conclusively show this. Finally,
we believe our pH measurements to be accurate, because
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our baseline and subsequent measurements are similar to
those obtained by other groups [16, 17].

There have been few other in vivo observations of the
changes within the microcirculation after reperfusion of
ischemic skeletal muscle. These other studies employed
muscles such as the cremaster which are not true muscles
of locomotion [9, 18]. How relevant are changes after
ischemia-reperfusion in muscles such as the cremaster to
true muscles of locomotion such as the tibialis anterior
is unknown. However, one study using transillumination
of the cremaster muscle showed that 30% of the capillaries
were obstructed after 30 min of ischemia and no further
increase in capillary obstruction after 2 hr of ischemia.
This pattern of microvascular injury in the cremaster of
the rat was different than that in the tibialis anterior of
the hamster. In the cremaster, in addition to the lack any
progression in the microvascular injury after longer du-
rations of ischemia, there was no arteriolar or venular
obstruction observed. Although the preparation and vari-
ables measured were different between these studies, flu-
orescent intravital microscopy using epiillumination has
been shown to be a more precise technique to determine
capillary density in vivo than transillumination tech-
niques [19].

These results are the first in vivo observations of the
pattern of microvascular injury and the extent of white
blood cell adhesion in a true muscle of locomotion. This
model should allow further clarification of the mecha-
nisms responsible for the microvascular injury that occurs
during reperfusion of ischemic skeletal muscle. Both the
scoring system for the extent of microvascular injury and
the index of white cell adhesion should permit quantitative
analysis of the mechanisms by which various interven-
tions may reduce the extent of injury after reperfusion of
ischemic skeletal muscle. :
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