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Abstract

The acute effects of TNFon the microcirculation were studied
by in vivo microscopy in rat cremaster muscle. The changes in
arteriolar diameter after topical administration of recombinant
TNF (rTNF; i0-O-104 ng/ml) were studied in second-, third-,
and fourth-order arterioles (A2-A4) whose mean diameters
under control conditions were 64.3, 30.7, and 14.8 ,um, respec-
tively. rTNF induced a concentration-dependent vasodilation
whose amplitude was largest for the smallest arterioles. At the
highest concentration tested, arteriolar diameter increased by
21, 29, and 41% of control diameter for the A2, A3, and A4
arterioles, respectively. Indomethacin or mefenamic acid, two
structurally different prostaglandin synthesis inhibitors, mark-
edly inhibited the degree of vasodilation induced by rTNF in
the three arteriolar orders. As regards the effect of rTNF on
vasoconstriction in response to norepinephrine, vasoconstric-
tion was greatest for the smallest arterioles, and did not change
10 min after rTNF administration for any of the three arteriolar
orders. Weconclude that (a) rTNF has a direct vasodilatory
effect which is greatest in the smallest arterioles, (b) this vaso-
dilation is at least partly mediated by prostaglandins, and (c)
administration of rTNF in itself does not acutely alter the re-
sponse of the arterioles to vasopressive drugs. (J. Clin. Invest.
1991. 87:1537-1540.) Key words: tumor necrosis factor - sepsis
* microcirculation

Introduction

Cachectin/tumor necrosis factor-alpha (TNF) has been shown
to possess tumoricidal activity, which makes it a promising
agent in anticancer treatment. Unfortunately, in addition to its
beneficial effect, TNF has been found to be involved in the
pathological effects provoked by gram-negative bacteria or en-
dotoxin lipopolysaccharides in animals (1-3) and humans (4).
Injection of recombinant human TNF (rTNF)' into healthy
animals has been found to induce shock with hemodynamic,
hormonal, biological, and tissue injury patterns similar to
those observed in septic shock (3, 5-7). In addition, pretreat-
ment of baboons with anti-TNF monoclonal antibodies pre-
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vented shock after infusion of a lethal dose of Escherichia
coli (8).

In septic shock, vasoplegia with acute circulatory collapse
requiring the infusion of very high doses of vasoactive drugs is
one of the most critical events for prognosis. An important
aspect of these hemodynamic disorders concerns the changes
occurring in the microcirculatory network, where several mech-
anisms of pressure regulation are located. Recent studies have
shown that septic shock induced by endotoxin or E. coli may
affect arteriolar diameter by constricting large arterioles and
dilating small terminal arterioles (9, 10). However, it is not
known whether TNF is involved in these morphological alter-
ations of the microcirculatory network. This study was there-
fore carried out to quantify the acute response of the arterioles
to rTNF per se and to establish whether or not this response
was dependent on arteriolar diameter.

Certain findings have shown some degree of interaction
between prostaglandin synthesis and responses to TNF. Thus,
high levels of plasma prostaglandins were found during sepsis
(1 1), administration of TNFhas been shown to induce prosta-
cyclin synthesis in cultured vascular cells (12), and cyclooxy-
genase inhibitors have been found to reduce TNFtoxicity (13-
15). To test the hypothesis that the acute effect of rTNF on the
microcirculation is partly mediated by prostaglandins, we stud-
ied the arteriolar responses to rTNF administration in the pres-
ence of indomethacin or mefenamic acid, two structurally dif-
ferent prostaglandin synthesis inhibitors. Lastly, as septic
shock is associated clinically with reduced sensitivity to vaso-
pressive drugs, we also examined the acute effects of rTNF on
the response of arterioles to norepinephrine.

Methods

Male Sprague-Dawley rats weighing 220±4 g (mean±SEM) were anes-
thetized by intraperitoneal injection of 50 mg/kg sodium pentobarbi-
tal. A patent airway was maintained with a tracheotomy tube. The
carotid artery was cannulated for measurement of systemic mean arte-
rial blood pressure with a Statham P23DB transducer. All animals
whose mean pressure fell to < 90 mmHgwere excluded.

Preparation of the cremaster
After anesthesia, the right cremaster muscle was surgically prepared for
in vivo visualization by a new technique described in detail elsewhere
(16). Briefly, the muscle was detached from the scrotum but was not
longitudinally incised as in the original procedure. A transverse button-
hole slit about 5-mm long was made in the proximal part ofthe cremas-
ter pouch. The testicle and epididymis, and the cremaster itself were
then drawn out through the button-hole. This procedure led to the
invagination of the cremaster, which acquired a finger shape, with the
cremaster pouch now turned inside out. The small pedicle which at-
taches the cremaster to the testicle was ligated with two stitches and cut
between them, so as to separate the cremaster completely from the
testicle, which was reincorporated into the abdominal cavity. To pre-
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pare the cremaster muscle for transillumination microscopy, a flexible
extendible ovoid ring was made with metal wire (diameter, 0.1 mm)
covered with silastic rubber. The ring was then secured in its axis with a
clamp and introduced longitudinally into the cremaster pouch. When
the clamp was removed the ring expanded gently, spreading out the
cremaster which acquired a racket shape. The ring had been positioned
so that the main cremaster artery was in the center of the racket's upper
surface. Throughout these procedures, the muscle was continuously
bathed with warm saline solution.

This new preparation procedure involves minimal incision of the
cremaster and consequently reduces considerably the risk of hemor-
rhage and of lesions to the muscle and its microcirculation. Because the
size of the ring is adapted to the dimensions of the cremaster, the exten-
sion of the muscle is sufficient to allow good optical resolution, but
does not affect the microcirculation. Weverified in previous studies
that the blood flows observed for each type of arteriole were in the
range of those measured with the preparation of Baez (17) which is the
one most often used for in vivo microscopy in cremaster muscle.

The muscle chamber was filled with a modified Krebs-Henseleit
solution containing, in millimolar per liter: 118 NaCl, 5.9 KCI, 2.5
CaC12* 2H20, 0.5 MgSO4. 7H20, 28 NaHCO3, and 10 glucose. This
solution was thermostated to ensure a temperature of 34.50C above the
cremaster. By bubbling the solution with a 6%C02-94% N2 gas mix-
ture, we fixed the pH, P02, and Pco2 of this solution in the muscle
chamber at 7.41±0.04, 23±1.3, and 42±0.8 mmHg, respectively. The
chamber was covered with a plexiglass plate to isolate it from the atmo-
sphere.

To visualize the microcirculation, the chamber was placed on the
movable stage of a modified Leitz microscope and the cremaster mus-
cle was transilluminated using a 100-W tungsten-halogen lamp. The
image, magnified by a 20x objective and lOX oculars, was projected
into a CCDcamera (Sony) connected to a professional videotape re-
corder (Sony VO9600 P). Arteriolar diameters were measured by play-
back analysis of the video record using the technique of Intaglietta (18)
and a distance measurement device (IPM 303 dimension analyzer, San
Diego, CA). Depending on the geometry of the part of the network
studied, two to four arterioles were examined in each experiment.

Experimental protocol
Determination of the effects of rTNF on the arteriolar network as a
function of concentration and arteriolar order. In nine rats, dose-re-
sponse relationships were established by measuring the effects on arteri-
olar diameter of increasing the concentration of rTNF in the suffusion
bath. The studied arterioles were randomly selected and their basal
tone was verified by checking their ability to dilate in the presence of
10-4 adenosine. Arteriolar orders were identified by their relative loca-
tions in the network according to morphological criteria derived from
Zweifach and Lipowsky (19). After washing out the adenosine and
return to control conditions, control diameter was measured and rTNF
was then added to the bath at increasing concentrations. In all experi-
ments we considered the maximal degree of vasodilation, which was
always reached in < 5 min.

Recombinant human TNF-a was derived from E. coli. Purified
recombinant molecules were > 95%homogeneous and endotoxin con-
tent was < 5 ng/mg. The activity of rTNF, based on its cytotoxicity
towards L929 cells, was 3 X 106 U/mg. All concentrations referred to
final bath concentrations.

To exclude the possibility that contamination of the rTNF used
here might affect the results, we studied, in four rats, the effect of ad-
ministering a sample of r-TNF that had been preincubated for 30 min
with rabbit serum anti-human TNF (Genzyme Corp., Boston, MA).
The concentration of TNFused for this test was 10 times higher than
the highest concentration studied in the concentration-response curve.

Determination of the effect of rT7F in the arteriolar network in the
presence ofprostaglandin synthesis inhibitors. In 12 rats, we studied the
dilatory effect of 102 ng/ml rTNF in the presence of inhibitors of cy-
clooxygenase. To avoid possible nonspecific effects, separate studies
were conducted using two structurally dissimilar inhibitors: indometh-
acin (2.8 x IO-' M) and mefenamic acid (1.9 x 10-' M), which were

added to the bath 10 min before rTNF administration. Because admin-
istration of cyclooxygenase inhibitors may reduce basal diameter, vaso-
dilations were expressed as a function of the diameter of the arterioles
immediately before TNF administration. The degree of vasodilation
obtained for each arteriolar order was compared to that obtained in
protocol A for the same order at the same concentration of rTNF.
Indomethacin and mefenamic acid (Sigma Chemical Co., St. Louis,
MO)were dissolved in 1 mg/ml sodium carbonate and then diluted to
final concentrations with the Krebs buffer used for the cremaster bath.
All drugs were prepared fresh daily. Control studies excluded any effect
of the vehicles.

Arteriolar response to norepinephrine after rTNF administration. In
12 rats, the response to topical administration of 10-' mg/ml norepi-
nephrine (d-bitartrate from Winthrop dissolved in Krebs buffer) was
measured and considered as the control constriction for the studied
arterioles. The bath was then drained and the muscle carefully washed
several times and exposed to 102 ng/ml rTNF. The same arterioles as
those initially exposed to norepinephrine were again exposed to the
same dose, and the resulting constriction was compared to the control
degree of constriction. In preliminary experiments, we verified that the
response of an arteriole to the second exposure to norepinephrine was
not different from its response to the first.

Statistical analysis
Log (dose)-response relationships were analyzed using a two-way analy-
sis of variance for repeated measures and decomposition of the factor
"dose" into orthogonal polynomials to test differences between the
response curves of the three arteriole orders (20). The responses ob-
served in protocols B and C were respectively analyzed using two-way
analysis of variance for independent and repeated measures. The level
of significance was fixed at 5%.

All tests were performed using Biomedical Data Package statistical
software (University of California at Los Angeles).

Results

Mean blood pressure was 109±4 mmHg. No significant
changes were observed during the experiments.

Results were expressed as a function of the arteriolar order.
Mean control diameters (±SEM) were respectively 64.3±4.1,
30.7+1.6, and 14.8±1.3 ,um for the second, third, and fourth
arteriole orders (A2, A3, and A4). For each order, the control
diameters of the arterioles were not different in the three parts
of the protocol.

Effect of rTNF on the arteriolar diameter as a function of
concentration and arteriolar order. At concentrations of 102
and i04 ng/ml, rTNF was found to have a significant dose-de-
pendent vasodilatory effect on the three arteriolar orders stud-
ied (P < 0.001; Fig. 1). Comparisons of the slopes of the log
(dose)-response curves showed that A4 arterioles (n = 6) were
more sensitive to rTNF than A2 (n = 5) or A3 arterioles (n = 7)
(P < 0.05). No significant difference was found between the
slopes for A2 and A3 arterioles.

No significant differences in diameter were found, when
105 ng/ml rTNF preincubated with TNF antiserum, was ap-
plied on the microcirculation because diameters for the A2,
A3, and A4 orders (n = 5 for all three) were respectively
63.0±3.5 vs. 62.5±4.0, 26.4±6.1 vs. 25.8±6.5, and 13.4±1.15
vs. 13.7±1.15.

Effect of rTNF on the arteriolar diameter in the presence of
prostaglandin synthesis inhibitors. The addition of 2.8 X 10'
M indomethacin to the cremaster muscle resulted in a slight
but significant decrease in basal diameters, which reached
94±2, 90+5, and 91±4% of the basal values for the A2 (n = 5),
A3 (n = 6), and A4 (n = 7) orders, respectively (P < 0.05). The
responses to 102 ng/ml rTNF in the presence of indomethacin
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Figure 1. Dose-response curves (percentage of vadilation [±SEM] vs.
log [dose)) for response by second- to fourth-order arterioles (A2-A4)
to topical administration of rTNF.

were compared with the response of the corresponding arterio-
lar order to the same dose of rTNF only. With indomethacin,
the degree of rTNF-dependent dilation dropped significantly
for all three arteriolar orders (P < 0.05; Fig. 2). No significant
interaction was found between the factor "arteriolar order"
and the factor "presence or absence of indomethacin" showing
that the inhibition was not significantly different for the three
arteriolar orders studied. The results obtained with 1.9 x 10-5
Mmefenamic acid were similar to those for indomethacin (Fig.
2), because mefenamic acid also reduced diameters to 95±2,
87+5, and 91±4% of the basal values for the A2 (n = 5), A3 (n
= 6), and A4 (n = 6) orders, respectively. Like indomethacin,
mefenamic acid also significantly reduced rTNF-dependent di-
lation (P < 0.01). This reduction was not significantly different
for the three arteriolar orders. Finally, the responses observed
with mefenamic acid were not significantly different from the
responses found with indomethacin.

Arteriolar response to norepinephrine after rTNF adminis-
tration. As shown in Fig. 3, the responses to norepinephrine
after administration of rTNF in A2 (n = 9), A3 (n = 9), and A4
arterioles (n = 6) did not change significantly in any of the three
arteriolar orders.
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Several studies have shown that TNFplays a major role in the
pathogenesis of septic shock. However, recent reports indicated
some degree of synergy between TNFand other cytokines (15)
and between TNFand bacteria or their products (21). Conse-
quently, its direct implication in the hemodynamic events as-
sociated with sepsis remains to be elucidated.

Recently, Cryer et al. (9, 10) found that during septic shock
in the rat, large arterioles constricted and small terminal arteri-
oles dilated. These studies showed that changes in the microvas-
cular network might be responsible for some of the hemody-
namic alterations found in sepsis, but did not provide any in-
formation about the potential role of TNF in these
morphological alterations. The present study showed that in
the absence of shock, TNF in itself induced vasodilation in the
arteriolar network, for all the three arteriolar orders studied.
The arteriolar responses observed were certainly not due to the
reaction of microcirculatory regulatory mechanisms to sys-
temic hemodynamic changes, because rTNF was administered
topically and no changes in systemic blood pressure were ob-
served. As shown by the dose-response relationships, the range
of TNFconcentrations inducing vasodilation included those at
which TNFwas found to interact with endothelial cells in vitro
(22) and those at which it was present during septic shock in
rabbits (2), baboons (8), and humans (4, 23). As shown in Fig.
1, the sensitivity of the arterioles to rTNF was dependent on
their order, as the largest ones dilated about half as much as the
smallest at the highest concentration tested. This observation
was in accordance with many other reports showing various
responses to vasoactive substances in different parts of the arte-
riolar network. The vasodilation gradient observed here might
be due to the differences in wall stress in this network, which
interfere with vasoactivity (24), or to differences in TNFrecep-
tors. An additional explanation might be local differences in
the characteristics of receptors for vasodilating substances,
whose release might be TNF-dependent.

The maximal individual vessel responses observed with
TNFwere found to be between 30 and 80% of those found in
the same arterioles after topical application of 1 X 10-4 M
adenosine. With high concentrations of TNFthe average vaso-
dilations observed (i.e., 21, 29, and 41% for A2, A3, and A4,
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Figure 2. Comparisons of the vasodilatory responses to 102 ng/ml
rTNF (mean±SEM) by second- to fourth-order arterioles (A2-A4)
with pretreatment by 2.8 x lons Mindomethacin (stippled bars), or
1.9 1 O' Mmefenamic acid (open bars), or without pretreatment
(solid columns). For the three arteriolar orders studied, the responses
to rTNF + indomethacin or mefenamic acid were significantly dif-
ferent from those to rTNF alone. The arteriolar order did not signifi-
cantly affect the amplitude of this difference. No significant differ-
ences were found between the groups respectively pretreated by indo-
methacin and mefenamic acid.
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Figure 3. Comparison of the vasoconstrictive responses to topical ad-
ministration of IO' mg/ml norepinephrine (mean±SEM) by second-
to fourth-order arterioles (A2-A4, solid bars) with their responses to
the same dose of norepinephrine administered 10 min after exposure
to 102 ng/ml rTNF (stippled bars). No significant differences were
found for the three arteriolar orders studied.
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respectively) were also smaller than those reported by others in
cremaster microvessels after topical administration of 1 x 10-4
Madenosine (i.e., 30, 68, and 100% for diameters correspond-
ing to A2, A3 [25], and A4 arterioles [26]). Because this concen-
tration of adenosine is considered to produce maximal dilation
of microvessels, it is clear that TNF cannot be considered to
induce maximal dilation of the skeletal muscle microvascular
network. However, as arterioles are one of major sites of pres-
sure regulation, and vascular hindrance is inversely propor-
tional to the fourth power of the vessel diameter, the 20-40%
vasodilation induced by TNF may account for a significant
portion of the decrease in blood pressure observed in septic
shock.

An increase in the basal tone of arterioles after cyclooxy-
genase inhibition was found by others in in vivo studies of
skeletal muscle microcirculation (27), and was due to the role
of eicosanoids in regulating microvascular tone. Here, the
marked inhibition of vasodilation by cyclooxygenase inhibi-
tors indicated that the vasodilation induced by TNFwas partly
mediated by an additional production or release of prostaglan-
dins. This finding is in accordance with the high level of plasma
prostaglandins reported in sepsis ( 11) and after TNFadminis-
tration in endothelial cell cultures ( 12). It also agrees with the
hypothesis that prostaglandins may mediate some of the hemo-
dynamic disorders that occur in sepsis (1 1). The weaker micro-
vascular responses to rTNF observed with prostaglandin syn-
thesis inhibitors might also play a role in the reduction of TNF
toxicity, reported with these drugs (13-15). Very recently,
overproduction of nitric oxide was found to be associated with
TNFadministration (28). Acute local overproduction of nitric
oxide at the microvascular level might account for that part of
the vasodilation which persisted here in the presence of cy-
clooxygenase inhibitors, a possibility which requires further
study.

Despite clinical evidence of reduced sensitivity to vasopres-
sive drugs in patients with septic shock, we did not find any
decrease in the response of cremaster muscle arterioles to nor-
epinephrine after rTNF administration. This suggests that the
vascular hyporesponsiveness to contraction agonists observed
in septic shock is not due to an acute effect of TNF. Neverthe-
less, the present results do not allow us to conclude that this
reduced responsiveness is due to mechanisms independent of
TNFor to mechanisms which are initiated by TNFbut require
a longer period than the present observation time or synergy
with other products to be effective.

In summary, we found that acute topical administration of
rTNF had a vasodilatory effect on the arteriolar network. Its
amplitude was largest for the smallest arterioles. Vasodilation
induced by rTNF was greatly reduced by prostaglandin synthe-
sis inhibitors and was not found to interact with arteriolar reac-
tivity to norepinephrine.
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