Thromboxane A, Moderates Permeability after Limb Ischemia
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Reperfusion after limb ischemia results in muscle edema as well
as excess secretion of thromboxane A, (TxA;), an agent asso-
ciated with permeability increase in other settings. This study
tests whether TxA, moderates the permeability following limb
ischemia. A tourniquet inflated to 300 mmHg was applied for 2
hours around the hind limb of four groups of dogs. In untreated
animals (N = 25), 2 hours following tourniquet release, plasma
TxB, values rose from 320 pg/ml to 2416 pg/ml (p < 0.001),
and popliteal lymph values rose from 378 pg/ml to 1046 pg/ml
(p < 0.001). Platelet TxB, was unaltered and plasma 6-keto-
PGF,, levels did not vary. Following ischemia, lymph flow (Qy)
increased from 0.07 to 0.37 ml/h (p < 0.05), while the lymph/
plasma (L/P) protein ratio was unchanged at 0.41. These mea-
surements indicate increased permeability since increase in hy-
drostatic pressure in a second group by tourniquet inflation to
50 mmHg (N = 7) led to a rise in Qp from 0.07 to 0.22 ml/h,
but a fall in the L/P ratio to 0.32, a value lower than the ischemic
group (p < 0.05). Pretreatment with the imidazole derivative
ketoconazole (N = 11) reduced platelet Tx synthesis from 42
ng to 2 ng/10° platelets, but lymph TxB, levels rose to 1703 pg/
ml after ischemia, indicating an extravascular or vessel wall site
of synthesis not inhibited by ketoconazole. Pretreatment with a
lower molecular weight imidazole derivative OKY 046 (N = 9)
inhibited all Tx synthesis after ischemia. Prior to tourniquet
inflation, both OKY 046 and ketoconazole lowered plasma TxB,
levels as well as the L/P ratio (p < 0.05). After ischemia, OKY
046, but not ketoconazole, maintained the L/P ratio at 0.33, a
value below that of untreated animals (p < 0.05). These results
indicate that nonplatelet-derived TxA,; modulates both baseline
and ischemia-induced increases in microvascular permeability
in the dog hind limb.

r IMB ISCHEMIA appears to be relatively well tolerated
for periods of 2 hours.! A reversible sequence of
morphologic alterations involving sarcoplasmic reticulum
and mitochondria occurs during this period.? Ischemia of
Jjust 1 hour results in a significant fall of intracellular
adenosine triphosphate (ATP) and creatinine phosphate.
Anaerobic glycolysis leads to a progressive rise in lactate
and fall in transmembrane potentials.> These biochemical
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events that occur during the ischemic period are promi-
nent, but reversible. Functional changes following isch-
emia are also prominent. The most commonly described
response is reperfusion hyperemia. Other events are also
of consequence, although less apparent. Thus, following
2Y» hours of tourniquet ischemia in monkeys, despite the
observation that muscle metabolites and tissue gas ten-
sions return to normal, muscle compartment pressures
rise, suggesting edema.* Following 3 hours of ischemia,
the first signs of capillary injury are observed and presage
the appearance of permanent damage.’

Previous reports of limb ischemia have shown that pe-
riods as short as 10 minutes will lead to the synthesis of
thromboxane (Tx) A, during the period of reperfusion.®
This prostanoid has been associated with increased mi-
crovascular permeability in the setting of granulocyte ac-
tivation,” acid aspiration,® and infusion of zymosan-ac-
tivated plasma.’ This study was designed to test the thesis
that the permeability that accompanies limb ischemia is
moderated by TxA,.

Methods

Fifty-two dogs weighing 21 to 26 kg were anesthetized
with pentobarbital, 25 mg/kg I.V. Supplementary doses
of anesthesia were administered as necessary. A femoral
venous catheter was inserted for blood sampling to mea-
sure total protein, TxB, and 6-keto-PGF,,. The popliteal
lymphatic was then cannulated.

Five minutes following two intradermal injections, each
0.1 ml methylene blue dye, into the medial and lateral
regions of the foot, a vertical incision was made in the
lateral popliteal space. Afferent lymphatics, which char-
acteristically run parallel to the lateral saphenous vein,
were identified. An encircling ligature was tightened
around the lymphatic, just before entry of the lymphatic
into the popliteal lymph node to cause distention of the
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channel. Intubation was accomplished with a 20 to 22
gauge cannula. In 10 dogs, bilateral lymphatic cannula-
tions were performed. Lymph free of blood was collected
for the measure of flow (Q,), total protein,'® TxB, and 6-
keto-PGF,,.

Radioimmunoassay was used to measure TxB, and 6-
keto-PGF,,, the stable hydrolysis products of TxA, and
prostacyclin. Blood was collected in plastic syringes con-
taining ethylene diamine tetraacetic acid (EDTA) and as-
pirin in a final concentration of 50 ug/ml. It was imme-
diately centrifuged at 4 C, the plasma separated and stored
at —20 C until assayed. The method that utilizes antibody
supplied by Dr. L. Levine has been described.''-'* In ad-
dition to plasma levels of TxB,, platelet measurements
were also performed. Centrifugation at 260 X g for 10
minutes was used to separate platelet rich plasma. Platelets
were counted using phase microscopy and then subjected
to freeze thaw lysis, as described by Utsunomiya et al.'*
Following centrifugation, the supernatant was assayed
for TxB,.

Initially, three groups of animals were studied. Animals
were used in only one experimental protocol. A hind limb
tourniquet was inflated to 300 mmHg in a group of un-
treated control dogs (N = 25), as well as in a second group
pretreated with a Tx synthase inhibitor ketoconazole
(kindly supplied by Janssen Pharmaceutica), a 1-substi-
tuted imidazole derivative with a molecular weight of 531
(N = 11). Ketoconazole was given by mouth in a dosage
of 400 mg 10 hours and 2 hours before ischemia. In a
third group (N = 7), the hind limb cuff was inflated to 50
mmHg to produce an increase in capillary hydrostatic
pressure.

Ketoconazole was found not to prevent the ischemia-
induced rise in lymph TxB,. Therefore, along with ad-
ditional control dogs (total N = 25), a fourth group (N
= 9) of animals was studied. These were pretreated with
another imidazole derivative OKY 046 (kindly supplied
by Ono Pharmaceutica) with a lower molecular weight of
275. This drug was administered by bolus intravenous
infusion, 1 mg/kg, 1 hour before ischemia.

The tourniquet was applied as high in the hind limb
as possible after a 2 minute period of limb elevation to
minimize the amount of retained blood. Lymph was col-
lected over a 2-hour period before cuff inflation. During
this time interval, a sufficient volume of lymph was avail-
able to assay proteins and prostanoids. Following cuff de-
flation lymph was collected for another 2 hours and the
experiment ended.

Results are presented as the mean + standard error.
Differences between means were tested by an analysis of
variance, paired, and nonpaired t- tests. Significance was
accepted if p < 0.05.

Animals used in this study were maintained in accor-
dance with the guidelines of the Committee on Animals
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FiG. 1. Inflation of a tourniquet for 2 hours to 300 mmHg about the
hind limb, led to a rise in plasma TxB, levels within 5 minutes after cuff
deflation (p < 0.05). TxB, concentrations remained elevated for the next
2 hours. TxB, concentration in lymph collected for the 2 hour period
after cuff deflation was higher in the ischemic than nonischemic limb.
The latter value remained unchanged from baseline. An asterisk indicates
p < 0.05 between the limbs.

of the Harvard Medical School and those prepared by the
Committee on Care and use of Laboratory Animals of
the Institute of Laboratory Animal Resources, National
Research Council (DHEW publication No. (NIH) 78-23,
revised 1978).

Results

Reperfusion for 5 minutes, after 2 hours of tourniquet
ischemia resulted in a significant increase in plasma TxB,
concentration from baseline value of 320 + 50 pg/ml to
2416 + 563 pg/ml. These levels remained elevated for the
2-hour period of postischemic monitoring (Fig. 1). Lymph
TxB, concentration in the ischemic limb also rose signif-
icantly from 378 + 42 pg/ml to 1046 + 108 pg/ml (Fig.
1). The latter values were lower than TxB, in plasma (p
< 0.05). There were no changes in lymph TxB; levels in
the nonischemic limb. Concentration of 6-keto-PGF,,, was
unchanged from an undetectable baseline level in plasma
and 38 * 4 pg/ml in lymph. ,

Pretreatment with ketoconazole lowered baseline
plasma TxB, levels compared to untreated dogs (p
< 0.025), but did not prevent the significant rise in plasma
TxB, following ischemia (Fig. 2). This was noted despite
the ability of ketoconazole substantially to reduce platelet
TxB, concentration from 42 + 8 ng/10° platelets to 2.2
+ 1.5 ng/10° platelets (Fig. 3). A parenchymal source in
the limb for the increased plasma TxB, is indicated by
the large rise in lymph TxB, from 342 + 36 pg/ml to 1703
+ 340 pg/ml (p < 0.05) (Fig. 4).
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FIG. 2. Prior to cuff inflation both ketoconazole and OKY 046 led to
significant reductions in plasma TxB, concentration relative to the un-
treated group (p < 0.05). In the case of OKY 046, the reduction in
plasma TxB, levels was significant when compared to levels of TxB,
measured before drug infusion. Following cuff inflation, only OKY 046
led to reduced TxB, levels relative to untreated animals. A cross indicates
p < 0.05 between OKY 046 and untreated control animals. Data from
the untreated animals are repeated from Figure 1.

Pretreatment of dogs with OKY 046 led to a lowering
of baseline plasma TxB, concentration from 301 + 213
pg/ml to 62 + 36 pg/ml (p < 0.05). In contrast to keto-
conazole-pretreated animals, this drug effectively limited
the ischemia induced increase in plasma and lymph TxB,
concentration (Figs. 2 and 4).
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F1G. 3. In untreated animals, deflation of the cuff led to a nonsignificant
rise in platelet levels of TxB,. Ketoconazole inhibited platelet Tx synthesis
before and after ischemia. An asterisk indicates p < 0.05 between groups.
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FIG. 4. Ketoconazole did not prevent a rise in lymph TxB; levels after
ischemia. Indeed, for unexplained reasons, the rise in TxB, levels was
greater than in untreated ischemic animals. In contrast, OKY 046 caused
a fall in baseline levels of TxB; in lymph (p < 0.05) and maintained
these levels below those in the untreated group. The asterisk and cross
indicate p < 0.05 comparing ketoconazole and OKY 046 pretreated
animals to the untreated group. The latter data are duplicated from
Figure 1.

Cuff inflation to 50 mmHg did not stimulate prostanoid
synthesis. Plasma TxB, concentrations were unchanged
from baseline values of 388 + 73 pg/ml and 6-keto-PGF |,
levels remained undetectable. Lymph TxB, levels fell from
685 = 161 pg/ml to 348 + 64 pg/ml.

During venous occlusion by cuff inflation to 50 mmHg,
there was a significant increase in Q. from 0.07 + 0.01
ml/h to 0.22 + 0.06 ml/h. This was associated with a fall
in the lymph-to-plasma (L/P) protein ratio from 0.43
+0.06 to 0.32 £ 0.07 (p < 0.05). Following tourniquet
ischemia, Q,_ rose from 0.07 = 0.01 ml/h to 0.37 + 0.07
(p < 0.05), but the L/P ratio was unchanged from 0.41
+ (.06 (Figs. 5 and 6).

Pretreatment with ketoconazole or OKY 046 led to
significant declines in baseline L/P ratios with no changes
in Q. (Figs. 5 and 6). Following 2 hours of ischemia, Q,
rose in all groups, while the L/P ratio in the OKY 046,
but not ketoconazole, group remained significantly below
the ratio in untreated animals (Figs. 5 and 6).

Discussion

Reperfusion following 2 hours of tourniquet ischemia
as well as simple venous occlusion leads to increases in
QL. The fact that the L/P ratio did not fall with ischemia
but did fall with a rise in capillary hydrostatic pressure
indicates that there was an enhanced flux of protein or
increase in microvascular permeability in the former state.
Pretreatment with the Tx synthase inhibitor OKY 046
prevented ischemia-induced increases in plasma and
lymph TxB, concentration. OKY 046 did not inhibit the
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rise in Q_, but did lower the L/P ratio below that observed
in untreated ischemic animals to a value similar to that
noted following venous occlusion (Fig. 6).

Ketoconazole was observed to lower platelet levels of
TxB, before and after ischemia. Despite this action of
ketoconazole on platelets, ischemia led to increases in
TxB, concentrations in plasma and lymph to levels even
higher than those of untreated dogs demonstrating that
the site of Tx synthesis is other than platelets. A number
of cells have the capacity to synthesize TxA,, including
white blood cells,” endothelial cells,'> fibroblasts,'¢ and
perhaps other parenchymal cells.'” The ability of keto-
conazole to inhibit platelet Tx synthesis suggests that it
may also come into contact with, and act on, white blood
cells and endothelial cells, although data to substantiate
this postulate is not available. However, ketoconazole’s
molecular size, and poor solubility except in acid, may
have limited its penetrance into the extravascular space
and therefore limited its action in reducing ischemia in-
duced Tx synthesis in the parenchyma of the limb.

The majority of the TxB, assayed in lymph from the
reperfused ischemic limb is likely to have been locally
synthesized by extravascular parenchyma. The failure to
observe a rise in TxB, levels in lymph from the nonisch-
emic limb suggests that plasma TxB,, even in high con-
centration, cannot diffuse through a normal microvas-
culature into the interstitial space and appear in lymph.
However, it remains possible that the increased perme-
ability of the ischemic limb provides a unique setting in
which TxB, can diffuse into the interstitium and account
at least in part for the rise in lymph TxB, concentration.

Reperfusion following prolonged ischemia stimulates
formation of select oxygenation products of arachidonic
acid. This presumably relates to differential cell sensitivity
to ischemia. Thus, levels of prostacyclin were unchanged
after 2 hours of ischemia, indicating that endothelial syn-
thesis was not stimulated. Similar findings have been re-
ported in other settings such as 30 minutes of abdominal
aortic clamping and 45 minutes of renal pedical clamp-
ing.'®!% However, shorter periods of cuff inflation about
a limb, less than 5 minutes, have been reported to result
in the appearance of vasodilating prostaglandins which
have functional importance. Thus, pretreatment with cy-
clo-oxygenase inhibitors limited the period of reactive hy-
peremia following several minutes of ischemia.?’

One hour following a 10 minute period of tourniquet
ischemia applied to the arm in man, plasma TxB, levels,
which had risen two-fold, had returned to baseline. In
contrast, the present data show that a 2-hour ischemic
stimulus results in levels of plasma TxB, that remain el-
evated as long as 2 hours following reperfusion (Fig. 1).
This implies a continued stimulus to Tx synthesis. Studies
reported by Miller et al. of ischemic periods of 2%2 hours
suggest that following cuff deflation the ischemic stimulus
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FIG. 5. Inhibition of Tx synthase with ketoconazole or OKY 046 did
not influence baseline lymph flow, nor did these drugs moderate the rise
in lymph flow following ischemia. For comparison, lymph flow increase
during venous occlusion is shown as a black bar. It should be noted that
the venous occlusion group was not subjected to ischemia.

may persist, as a result of a nonuniform restoration of
flow.* :

Baseline reductions in the L/P ratio without changes
in Q. occurred following either ketoconazole or OKY
046 pretreatment (Figs. 5 and 6). This reduction in per-
meability to protein may be due to a basic modulation
of endothelial cell architecture. Thus, endothelial cell
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FIG. 6. Treatment with ketoconazole or OKY 046 led to significant re-
ductions in pre-ischemic L/P ratios. Following ischemia, the L/P ratios
remained lower than in untreated animals only in the OKYY 046 group.
The two triangles indicate the L/P ratio before and during venous oc-
clusion. These latter animals were not subjected to ischemia. The asterisk
and crosses indicate p < 0.05 between the ketoconazole, OKY 046 groups,
and untreated animals.
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motility and structural relationships to adjacent cells are
thought to be determined at least in part by contractile
proteins, especially actin microfilaments.?"??> Agents that
stimulate assembly of actin into stress fibers increase
structural integrity. Stress fibers may contribute isometric
contraction to cells, thereby maintaining apposition of
plasma membranes allowing control of junctional integ-
rity and permeability.>> TxA, is thought to cause a disas-
sembly of stress fibers, and thereby an increase in per-
meability. The drugs OKY 046 and ketoconazole block
Tx synthase in platelets and probably also in endothelium
and circulating white blood cells. In the nonstimulated
state, this appears to be sufficient to reduce permeability
(Fig. 6). However, after ischemic stimulation, the accen-
tuated parenchymal contribution to TxA, synthesis is
likely to bathe endothelium in concentrations of TxA,
sufficient to increase their permeability, even though the
endogenous Tx synthetic capability of endothelium is
blocked.

Similar considerations regarding Tx synthesis and per-
meability apply in other organs. Thus, in normal sheep
an infusion of imidazole will inhibit Tx synthesis and
reduce permeability. Without altering lung lymph flow,
the lung L/P ratio falls from 0.81 + 0.01 to 0.74 + 0.03
(p < 0.05), a value lower than 0.77 + 0.03, the level re-
ported in a group of untreated control sheep (p < 0.03).°

It is possible that the failure of limb ischemia to induce
prostacyclin synthesis is an important determinant of the
observed permeability increase. Thus, after renal ischemia,
the prostacyclin/TxA, ratio, but not TxA, itself, appears
to be of critical importance in determining kidney weight
gain and tubular necrosis.'® This is consistent with the
thesis that stress fibers modulate permeability, that pros-
tacyclin stimulates and TxA, inhibits assembly of these
elements that determine cytoskeletal structure of endo-
thelium.

References

1. Tountas CP, Berhman RA. Tourniquet ischemia: ultrastructural and
histochemical observations of ischemic human muscle and mon-
key muscle and nerve. J Hand Surg 1977; 2:31-37.

2. Santavirta S, Luoma A, Arstila AU. Ultrastructural changes in striated
muscle after experimental tourniquet ischemia and short reflow.
Eur Surg Res 1978; 10:415-424.

3. Enger EA, Jennische E, Medegard A, Haljamae H. Cellular restitution
after three hours of complete tourniquet ischemia. Eur Surg Res
1978; 10:230-239.

4. Miller SH, Price G, Buck D, et al. Effect of tourniquet ischemia on
muscle metabolites. J Hand Surg 1979; 4:547-555.

5. Sanderson RA, Foley RK, Mclvor GW, Kirkaldy-Willis WH. His-

LELCUK AND OTHERS

13.

14.

19.

20.

21.

22

23.

Ann. Surg. « November 1985

tologic response on skeletal muscle to ischemia. Clin Orthop 1975;
113:27.

. Mathieson MA, Dunham BM, Huval WYV, et al. Ischemia of the

limb stimulates thromboxane production and myocardial
depression. Surg Gynecol Obstet 1983; 157:500-504.

. Dunham BM, Hechtman HB, Valeri CR, Shepro D. Antiinflam-

matory agents inhibit hamster microvascular permeability in-
duced by stimulated human polymorphonuclear leukocytes. Mi-
crocirculation, Endothelium and Lymphatics 1984; 1:465-489.

. Huval WV, Dunham BM, Lelcuk S, et al. Thromboxane mediation

of cardiovascular dysfunction following aspiration. Surgery 1983;
94:259-266.

. Krausz MM, Utsunomiya T, Dunham B, et al. Inhibition of per-

meability edema with imidazole. Surgery 1982; 92:299-308.

. Westgard JO, Poquette MA. Determination of serum albumin with

“SMA 12/60” by bromcresol green dye-binding methods. Clin
Chem 1972; 18:647-653.

. Levine L, Alam I, Langone J. The use of immobilized ligands and

125-1 protein A for immunoassays of thromboxane B2, prosta-
glandin D2, 13,14-dihydro-prostaglandin E2, 5-6, dihydro-pros-
taglandin 12, 6-keto-prostaglandin Fla, 16-hydroxy-9a 1la
(epoxymethano) prosta-5,13-dienoic acid and 15-hydroxy-11a,
19« (epoxymethano) prosta-5,13 dienoic acid. Prostaglandins
Leukotrienes Med 1979; 2:177.

. Gaudet RJ, Alam I, Levine L. Accumulation of cyclo-oxygenase

products of arachidonic metabolism in gerbil brain during re-
perfusion after bilateral common carotid artery occlusion. J
Neurochem 1980; 35:653.

Alam I, Ohuchi I, Levine L. Determination of cyclo-oxygenase
products and prostaglandin metabolites using high pressure liquid
chromatography and radioimmunoassay. Anal Chem 1979; 93:
339-345.

Utsunomiya T, Krausz MM, Dunham B, et al. Modification of in-
flammatory response to aspiration with ibuprofen. Am J Physiol
1982; 243:H903-H910.

. Dunham B, Shepro D, Hechtman HB. Leukotriene induction of

TxB2 in cultured bovine aortic endothelial cells. Inflammation
1984; 8:313-321.

. Hopkins NK, Sun FF, Gorman RR. Thromboxane A2 biosynthesis

in human lung fibroblasts WI-38. Biochemical and Biophysical
Research Communications 1978; 85:827-836.

. Schulman ES, Newball HH, Demers LM, et al. Anaphylactic release

of thromboxane A2, prostaglandin D2 and prostacyclin from
human lung parenchyma. Am Rev Respir Dis 1981; 124:402-
406.

. Huval WV, Lelcuk S, Allen PD, et al. Determinants of cardiovascular

stability during abdominal aortic aneurysmectomy (AAA). Arn
Surg 1984; 199:216-222.

Lelcuk S, Alexander F, Kobzik L, et al. Prostacyclin and throm-
boxane A, moderate post-ischemic renal failure. Surgery 1985;
98:207-212.

Beaty O, Donald DE. Contribution of prostaglandins to muscle blood
flow in anesthetized dogs at rest during exercise and following
inflow occlusion. Circ Res 1979; 44:67-75.

Herman IM, Crisona NJ, Pollard TD. Relation between cell activity
and the distribution of cytoplasmic actin and myosin. J Cell Biol
1984; 90:84-91.

Bensch KW, Davison PM, Karasek MA. Factors controlling the in-
vitro pattern of human microvascular endothelial cells. Journal
of Ultrasound Research 1983; 82:76-89.

Welles SL, Shepro D, Hechtman HB. Vasoactive amines modulate
endothelial cell surface area and actin cable number. Fed Proc
1984; 43:3456.



