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Abstract. Tumor necrosis factor-cu (TNF-a) inhibits release of nitric oxide (NO) in vitro 
by stimulating the degradation of constitutive NO synthase (cNOS Ill) mRNA. How- 
ever, TNF-cu is believed to be the cytokine mediator of the hypotension and upregu- 
iation of inducible NO synthase (iNOS II) produced by gram-negative bacterial endo- 
toxin (LPS). Some in vivo effects of TNF-cu are opposite to those which occur In vitro. 
This study tested the hypothesis that in vivo administration of exogenous TNF-cu and 
endogenously released TNF-cu induce iNOS II activity and inhibit cNOS Ill activity, and 
thereby mediate the acute phase effects of LPS on blood pressure and the NO system 
in the rat. We show that LPS produces acute phase hypotension in ketamine anes- 
thetized rats. The hypotension was associated with elevation of biologically active 
TNF-cu in plasma, increased production of RNI (NO,- and NO,- anion) in rat neutro- 
phils (PMN) and suppression of RNI production by A23187 (1 pM) stimulated thoracic 
aorta (RTA) ex vivo. TNA-cu (lo6 Ulml, iv) did not produce acute phase hypotension but 
initially raised arterial blood pressure and heart rate (HR), did not increase RNI pro- 
duction by PMN, and inhibited RNI production by A23187 stimulated RTA ex vivo. 
Pretreatment of rats with the lmmunex monomeric soluble P75 receptor binding pro- 
tein for TNF-cu (TNFsr, 0.5 mglkg, iv) 15 min prior to LPS administration decreased 
circulating TNF-cu from 92,137 & 12,456 Ulml to undetectable levels as determined by 
the L929 bioassay. However, LPS-induced increases in RNi in PMN was enhanced and 
LPS-induced decreases in RNI production by RTA was inhibited by TNFsr. Thus, in 
vivo administration of TNF-cu does not mimic the hemodynamic and NO-inducing ef- 
fects of LPS. However, TNF-cu mediates in part LPS-induced inhibition of RNI produc- 
tion by RTA. Thus, endogenous TNF-cu is not required for LPS-induced acute phase 
hypotension or iNOS II activity. The importance of TNF-a in sepsis resides in systems 
other than iNOSll and blood pressure. [P.S.E.B.M. 1995, Vo12081 
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umor necrosis factor-a (TNF-a) is believed to 
play a pivotal role in mobilizing the host de- 
fense response to infection and sepsis. TNF-a 

is believed to be a mediator of the tissue injury, ca- 
chexia, fever, and metabolic dysfunction associated 
with gram-negative bacterial endotoxin (LPS)- 
mediated sepsis and shock (1-3). Moreover, LPS in- 
duces the release of TNF-a from macrophages, he- 
patic Kupffer and endothelial cells, and vascular en- 
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dothelium, which in turn is believed to act in an 
autocrine and paracrine manner to stimulate the pro- 
duction of other cytokines and the inducible form of 
nitric oxide synthase (iNOS 11) in phagocytes, smooth 
muscle, endothelium, and epithelium (4-6). In vitro 
studies using isolated vascular endothelial cells in cul- 
ture demonstrate that TNF-a increases production of 
nitric oxide (NO) by inducing the enzyme iNOS I1 
(6-9). This enzyme differs from the constitutive form 
of the enzyme found in vascular endothelium (cNOS 
111) in that iNOS I1 is c aZf  independent, inducible 
rather constitutive, requires new protein synthesis, is 
inhibited by dexamethasone and other corticosteroids, 
and is associated with the production of nanograms, 
rather than picograms, of NOImin (10-14). As such, 
TNF-a-induced increases in NO occur with a lag time 
of 4-6 hr after incubation of endothelial cells or blood 
vessels with TNF-a (4-9, 12-14). Despite the in vitro 
ability of TNF-a to induce NO production in endothe- 
lial and smooth muscle cells in culture, in vitro studies 
demonstrated that TNF-a inhibited endothelium- 
dependent relaxation to ACh in isolated cat carotid 
artery (15) and rat (16), sheep (17), bovine (18, 19), and 
porcine (20) pulmonary artery, and release of NO from 
the vascular endothelium (19, 20), in part by stimulat- 
ing the degradation of mRNA for cNOS I11 (21). 

The acute phase hypotension response to LPS is 
believed to be mediated by NO (6, 22, 23). TNF-a is 
believed to be the primary cytokine which induces re- 
lease of NO following administration of LPS to ani- 
mals (24, 25) and administration of TNF-a to rats and 
rabbits produced hypotension and shock which were 
reversible by 1-arginine-derived inhibitors of NO syn- 
thase (6,22-26). However, if TNF-a was the mediator 
of LPS-induced acute phase hypotension and NO pro- 
duction, then it should mimic the actions of LPS. 
Nielsson et al. (27) demonstrated that exogenously ad- 
ministered TNF-a did not produce hypotension in the 
absence of concomitant exposure to LPS. Moreover, 
in vitro studies suggest that LPS-induced stimulation 
of TNF-a and NO are temporally related but may oc- 
cur by independent and unrelated pathways (28, 29). 
Finally, LPS-induced gene expression for iNOS I1 and 
its translation into iNOS I1 activity has recently been 
shown to occur rapidly and in a time frame to account 
for LPS-induced acute phase hypotension (30). How- 
ever, in vitro studies suggest that the inhibitory effect 
of TNF-(x on endothelium-dependent relaxation and 
production of NO predominates at a time when no 
detectable iNOS I1 activity is evident (15-20), and in 
vivo studies indicate that monoclonal (6, 31) and poly- 
clonal (32) neutralizing antibodies against TNF-a have 
little to no inhibitory effect on LPS-induced hypoten- 
sion and lethality. Thus, despite the documented role 
of TNF-(x as a mediator of the late phase shock and 
tissue injury of experimental and human sepsis (1-5, 
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33-36), it is difficult to understand how TNF-a may 
upregulate the iNOS I1 system and produce the acute 
phase hypotension response of LPS. However, recent 
studies have demonstrated that TNF-a produces ef- 
fects in vivo opposite to those produced in vitro (37). 
This study tested the hypothesis that in vivo adminis- 
tration of exogenously administered TNF-a and en- 
dogenously released TNF-a mediated the acute phase 
effects of LPS on the NO system and blood pressure 
and heart rate (HR) in the rat. 

Methods and Materials 

All experiments were performed with an approved 
(LSU) Institutional Animal Care and Use Committee 
Protocol (LSU-NO-859). Male, Sprague-Dawley rats 
(325-350 g) were anesthetized with ketamine-xylazine 
(25 mglkg, ip) and catheters inserted into the carotid 
artery and jugular vein for measurement of blood pres- 
sure and drug administration, respectively, as de- 
scribed previously in detail (30, 38, 39). After a 30-min 
equilibration period they were given either PBS (0.1 
mllkg, iv) or the Immunex, Inc., monomeric soluble 
975 TNF-a receptor (TNFsr, 0.5 mglkg, iv; Immunex, 
Inc., Seattle, WA) followed 15 min later by either LPS 
(0.5 mglkg, iv, GIBCO, Inc., Long Island, NY), PBS 
(0.1 mllkg, iv) or murine recombinant TNF-a 
(1,000,000 Ulkg, iv; Specific activity of 1.2 x lo8 Ulmg 
[8.3 pglkg], Genentech Inc., South San Francisco, 
CA). In each of the rats, a 0.1-ml samples of venous 
blood was obtained 90 min after administration of 
PBS, LPS, or TNF-a. This represents the time at 
which plasma levels of TNF-a reach their peak levels 
(30, 38, 39). Plasma levels of bioactive TNF-a were 
measured by the L929 bioassay (30, 31, 38). In some 
experiments blood pressure, heart rate (HR) obtained 
from the arterial pressure pulse, and rate-pressure 
product (RPP, obtained by multiplying heart rate by 
mean systolic arterial pressure) were monitored for 2 
hr after PBS, LPS, or TNF-a administration, after 
which a thoracotomy was performed. In the remaining 
experiments, a thoracotomy was performed 2 hr after 
administration of LPS or PBS to the TNFsr-treated 
rats. At the end of the 2-hr period, blood (8-10 ml) was 
obtained from each of the rats by cardiac puncture into 
heparin-treated tubes (1000 Ulml) for measurement of 
plasma reactive nitrogen intermediates (nitrate and ni- 
trite anion; RNI) by ozone chemiluminescence. The 
neutrophils (PMN) were isolated and a purified frac- 
tion obtained by density gradient centrifugation and 
assayed for spontaneous RNI production ex vivo (30, 
38, 39). The thoracic aorta was also isolated, removed 
and prepared for incubation and measurement of RNI 
as described previously in detail (30, 38, 39). The 
TNF-a contained 1.59 x lo8 Ulmg protein and 5.68 ng 
of endotoxinlmg of protein as determined by the Lim- 



ulus assay. TNFsr (0.2 mglkg, iv) was capable of com- 
pletely neutralizing the TNF-a produced by 2 mglkg of 
LPS (Immunex, Inc., personal communication). 

RNI Production by Rat Neutrophils. Rat circu- 
lating neutrophils (PMN) were isolated from heparin 
(1000 U/ml)-treated blood obtained by cardiac punc- 
ture and prepared to a purity of greater than 909%-95% 
with PolymorphPrep (Nycomed, GibcoIBRL, Gai- 
thersburg, MD) following the manufacturer's protocol 
(30, 38). The percentage of viable cells determined by 
trypan blue exclusion was greater than 98%. PMN 
(10~10.5 ml) obtained from PBS- and LPS-treated rats 
were incubated in HEPES buffered salt solution con- 
taining (mA4): NaCl (128), KC1 (4.9), MgCl, (1.2), 
CaC12 (1.6), dextrose (lo), NaHEPESIHEPES buffer 
(l8.7), NaH2P0, (l.l8), and hydrocortisone hemisuc- 
cinate (10 pA4) to prevent artifactual ex vivo induction 
of iNOS 11. Following a 30-min incubation at 37"C, the 
cellular response was stopped by placing the reaction 
tubes in ice water. The cells were removed by centrif- 
ugation and the incubate assayed for RNI (18, 20, 30, 
38, 39). 

Measurement of Aorta RNI Production. In 
paired rings of rat thoracic aorta (RTA, n = 3-5 rings/ 
treatment group) we evaluated the effects in in vivo 
administration of PBS, LPS, and TNF-a on basal and 
A23187 (1 pM)-induced production of the reactive ni- 
trogen intermediates nitrate and nitrite anions, with 
ozone chemiluminescence, as described previously in 
detail (18, 20, 30, 38, 39). Briefly, the rings of aorta (4 
mm long) were rinsed in HEPES buffered salt solution 
and either subjected to endothelium rubbing or sham 
rubbing. After a 15-min equilibration period, adjacent 
rings of intact and endothelium-rubbed aorta (22.4 5 

1.8 mg) were placed into sealed vials with 3 ml of 
Krebs solution modified so that the phosphate and bi- 
carbonate were replaced with HEPES buffer (22 mM; 
pH 7.4) and hydrocortisone 10 pM was present to pre- 
vent induction of iNOS I1 activity in vitro during the 
incubation period. The HEPES buffered solution 
(PSS) contained either the mixed cNOS IIIhNOS I1 
inhibitor 1 -NO-monomethylarginine (LNMMA, 0.3 
mM), the iNOS I1 inhibitor 3-amino, 1,2,4-triazine (3- 
ATINE, 5 rnM) or A23187 (1 pM) (30, 38, 39). The 
vials were incubated for 60 min at 37°C. After the in- 
cubation the blood vessels were removed, blotted dry, 
and weighed. The solutions were centrifuged and as- 
sayed for RNI-derived NO by ozone chemilumines- 
cence (18, 20, 30, 38, 39). 

Measurement of RNI. Briefly, 1&50 pl aliquots 
of plasma, PMN incubate, or aorta incubates were 
placed into a purge chamber containing 100 ml of 2.8% 
vanadium chloride in 2 N HC1 at 100°C under a con- 
stant stream of nitrogen gas with constant stirring. The 
total volume of gas in the purge chamber which con- 
tained the RNI-derived NO in nitrogen was taken up 

by vacuum into a Dasibi Model 803 NOINO, analyzer 
(Dasibi, Inc., Glendale, CA). This analyzer measures 
dissolved NO and NO derived from NO2- and NO3- 
in the incubate which has been generated by the re- 
ducing solution and stripped from the solution using 
the inert carrier gas (nitrogen). The NO reacts with 
machine generated ozone to form excited NO which 
releases light at 6500-8000 A", in the red region. The 
amount of light generated is concentration dependent 
and was measured with a photomultiplier tube. The 
lower reproducible limit of detection of NO over back- 
ground was 17 pg using 10 p1 injectate and standard 
solutions of NO,- and NO3- prepared fresh daily and 
treated in a manner identical to the samples. The ex- 
tent of conversion of NO2- and NO3- to NO was 
94.8% + 0.3% (n = 69) when compared with standard 
solutions of NO and NO calibration gases. 

Data Analyses. Data were analyzed with 
ANOVA using Bonferroni's correction for time series 
measurements (4). A P value of 0.05 or less was ac- 
cepted for statistical significance of differences be- 
tween and among means. 

Results 
Hemodynamics. Mean arterial blood pressure, 

heart rate, and the rate-pressure product were stable 
throughout the 2-hr observation period in rats treated 
only with PBS as described previously (30, 38, 39) 
(data not shown). Administration of LPS to rats pre- 
treated with PBS produced an immediate increase in 
blood pressure which then rapidly decreased to reach 
its nadir within 6 1 0  min (Fig. 1, Top) and which 
slowly returned towards pre-LPS values over the 2-hr 
period of evaluation (Fig. 1, Top). However, mean 
arterial pressure remained 32% k 4% below control 
values (P < 0.05) 2 hr after administration of LPS (Fig. 
1, Top). HR decreased slightly immediately after LPS, 
whereas RPP increased. RPP subsequently declined 
after administration of LPS and then paralleled the 
changes in arterial pressure. HR subsequently re- 
turned to and then above pre-LPS values, whereas 
RPP remained below the initial level of RPP (Fig. 1, 
Bottom). In contrast to these findings, bolus adminis- 
tration of TNF-a (lo6 Ulkg, iv) initially did not affect 
systemic pressure. However, 15 min after the bolus 
injection of TNF-a systolic, diastolic and mean arterial 
pressures increased and remained elevated for the 
next 30 min, after which these pressures decreased by 
10-14 mm Hg (Fig. 2, Top). Heart rate slowly in- 
creased during the 2-hr period following the adminis- 
tration of TNF-a whereas RPP transiently increased 
and then returned to control values within 1 hr after 
the bolus injection of TNF-a and then decreased by 
476-1 1% from pre-TNF-a values over the remaining 60 
min of the experiment (Fig. 2, Bottom). Thus, TNF-a 
did not mimic the hemodynamic responses of LPS. 
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Figure 1. Time course of the hemodynamic changes in rats fol- 
lowing administration of LPS (0.5 mglkg, iv). (Top Panel) The 
ordinate is the systolic (SAP), diastolic (DAP), or mean (MAP) 
arterial pressure in mm Hg (+SEM). (Bottom Panel) Heart Rate 
and rate-pressure product. The abscissa is the time of the ex- 
periment. Rats were given LPS at the arrow. Vertical lines are 
the SEM. Each data point is the mean of six rats. Each mean for 
arterial pressure and rate-pressure product from 5 to 120 min 
differs from Time 0 (P < 0.05). The heart rate responses at 5, 10, 
30, and 45 min and at 90, 105, and 120 min differ (P < 0.5) from 
Time 0. 

Effects of TNFsr. TNFsr (0.5 mglkg) did not af- 
fect resting mean arterial pressure (Fig. 3,  Bottom). 
However, pretreatment of rats with TNFsr abolished 
the hemodynamic effects of TNF-a while only par- 
tially attenuating the transient pressor response to 
LPS (Fig. 3, Bottom). 

Plasma Levels of TNF-a. Plasma levels of bioac- 
tive TNF-a were undetectable 90 min after adminis- 
tration of PBS to rats. In contrast, LPS increased bio- 
active plasma levels of TNF-a to over 90,000 Ulml. 
Similarly, within 90 min after the bolus injections of 
exogenous TNF-a (lo6 Ulml) the mean plasma level of 
bioactive TNF-a-induced release of TNF-a (4,5). Bio- 
active levels of TNF-a were undetectable in rats given 
TNFsr (0.5 mglkg, iv). However, in rats pretreated 
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Figure 2. Time course of the hemodynamic changes in rats fol- 
lowing administration of TNF-a (1,000,000 ulkg, iv). (Top Panel) 
The ordinate is the systolic (SAP), diastolic (DAP), or mean 
(MAP) arterial pressure in mm Hg (+SEM). (Bottom Panel) Heart 
rate and rate pressure product. Rats were given TNF-a at the 
arrow. Each data point is the mean of five rats. Each mean for 
arterial pressure and rate-pressure product at 30 min and 90, 
105, and 120 min differs from Time 0 (P < 0.05). The heart rate 
responses at 60, 75, 90, 105, and 120 min differ (P < 0.5) from 
Time 0. 
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with TNFsr and subsequently administered TNF-a, 
the level of plasma TNF-a was reduced to 2384 Ulml. 
(Fig. 4). This level of TNF-a was only measured when 
the plasma samples from the TNFsr + TNF-a treated 
rats were subjected to the same dilution factor as the 
plasma samples obtained from the LPS or TNF-a 
treated animals. When lesser dilutions of plasma were 
utilized measureable bioactive TNF-a was undetect- 
able. The small amount of TNF-a measured in the 
plasma of TNFsr + TNF-a-treated rats represents an 
artifact of dilution. Upon high dilution, the TNFsr re- 
leases bound inactive TNF-a into the medium, at 
which point it becomes active TNF-a (4,5). Thus, the 
bolus injection of exogenous TNF-a which failed to 
mimic the hemodynamic effects of LPS produced 
plasma levels of bioactive TNF-a equal to or greater 
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Figure 3. Time course of the hemodynamic changes in rat mean 
arterial pressure following administration of TNF-a (1 O6 Ulkg, iv) 
or LPS (0.5 mglkg, iv) in phosphate buffered saline (PBS) (Top 
Panel) or the lmmunex monomeric soluble TNF-a P75 receptor 
(TNFsr) (Bottom Panel). The ordinate is the mean arterial pres- 
sure (MAP) in mm Hg (kSEM). Rats were given TNFsr 30 min 
before TNF-a or LPS which were given at the arrow. Each data 
point is the mean of three to six rats. 

than that produced by LPS. Moreover, TNFsr de- 
creased LPS-induced circulating TNF-a levels by 
97.5% (Fig. 4) (P < 0.05). 

RNI in Plasma and Rat Neutrophils. Plasma ob- 
tained from rats treated with PBS contained low con- 
centrations of RNI (Fig. 5, Top). LPS increased 
plasma levels of RNI, whereas plasma RNI levels did 
not increase with TNF-a or with TNFsr. Moreover, 
TNFsr pretreatment did not prevent LPS-induced in- 
creases in plasma RNI (Fig. 5, Top). Similarly, RNI 
was not detectable in each of the incubates of PMN 
obtained from rats treated with PBS or TNFsr and in 
four of the five incubates obtained from rats treated 
with TNF-a (Fig. 5, Bottom). However, LPS admin- 
istration in vivo induced spontaneous RNI production 
by PMN incubated ex vivo and the production of RNI 
was not suppressed when PMN were obtained from 

PBS (0.1 ml/kg [Z9 TNFsr (0.5 mg/kg) 
LPS 0. mg k eP9 LPS + TNFsr 
TNF [lo3 Vhgy  E Z  TNF + TNFsr 

Figure 4. Plasma TNF-a levels determined 90 min after iv ad- 
ministration of PBS (0.1 mllkg, iv), LPS (0.5 mglkg, iv), TNF-a 
(1,000,000 Ulkg, iv), TNFsr (0.5 mglkg, iv), and LPS (0.5 mglkg, iv) 
in rats pretreated with TNFsr. Bioactive TNF-a was assayed with 
the L929 bioassay. The ordinate represents the plasma TNF-a in 
Unitslml - 1000. Vertical lines are the SEM. n = 3-6. 

rats pretreated with TNFsr prior to administration of 
LPS (Fig. 4, Bottom). Previous studies demonstrated 
that basal plasma levels of RNI were unaffected by 
inhibitors of iNOS I1 whereas pretreatment of animals 
with prednisolone or 3-amino, 1,2,4-triazine, inhibitors 
of iNOS I1 prevented LPS-induced increases in plasma 
and PMN RNI (30,38,39). Since the HEPES buffer in 
which the PMN were incubated contained 10 pM of 
hydrocortisone and RNI production was not present in 
PMN from PBS-, TNFsr-, or TNFa-treated rats, it is 
unlikely that the spontaneous production of RNI re- 
sulted from endotoxin-mediated induction of iNOS in 
PMN ex vivo. Thus, LPS, but not TNF-a, rapidly in- 
duces RNI production in PMN and increases plasma 
levels of RNI (Fig. 5). 

Changes in Aorta RNI. Rings of aorta obtained 
from rats treated with PBS in vivo exhibited basal and 
A23187-stimulated release of RNI ex vivo which was 
abolished by endothelium rubbing and by L - N ~ -  
monomethylarginine (Fig. 6). In contrast, basal, 
A23187- , and bradykinin-stimulated release of RNI 
was diminished or abolished in rat aorta obtained 2 hr 
after in vivo administration of LPS or TNF-a (Fig. 7 
and 8). TNFsr by itself did not affect RNI production 
by the aorta but inhibited LPS-induced inhibition of 
aortic RNI production (Fig. 7 and 8). Thus, the data 
suggest that LPS and TNF-a both inhibit cNOS I11 
activity in aorta and that the inhibitory effect of LPS 
on aortic RNI production is prevented by TNFsr (Fig. 
7 and 8). 

Discussion 

This study demonstrates that exogenous adminis- 
tration of a dose of TNF-a devoid of endotoxin fails to 
mimic the hemodynamic effects of exogenously ad- 
ministered endotoxin. Moreover, exogenously admin- 
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Figure 5. (Top Panel) Peak plasma RNI (kM) determined 2 hr 
after iv administration of PBS, LPS, TNF-a, TNFsr, or LPS to rats 
pretreated with TNFsr. (Bottom Panel) Peak changes in circu- 
lating PMN RNI (nmoles/l~~cells/hr) incubated ex vivo in HEPES 
buffered salt solution when obtained 2 hr after iv administration 
of PBS, LPS, TNF-a, TNFsr, or LPS + TNFsr. Vertical lines are 
the SEM. *Means differ from that obtained in animals given PBS 
(P < .05). **Measurement in TNFsr-pretreated rats differs from 
that in LPS-treated rats by ANOVA (P < 0.05). The number of 
animals tested are shown in the brackets. 

istered TNF-a does not mimic the acute induction of 
iNOS I1 activity (30, 38) produced in PMN and lung 
and liver (39) by LPS. However, both exogenously 
administered endotoxin and TNF-a produced equiva- 
lent plasma levels of biologically active TNF-a. More- 
over, we also show for the first time that in vivo ad- 
ministration of exogenous TNF-a and endogenously 
produced TNF-a suppress ex vivo basal and A23187- 
induced RNI production by the aortic endothelium. 
This must represent cNOS I11 activity, since the ac- 
tivity was stimulated by the calcium ionophore A23 187 
and abolished by endothelium rubbing. Moreover, 
LNMMA inhibited these effects, whereas the basal 
and stimulated activity was unaffected by hydrocorti- 
sone which inhibits gene expression for iNOS I1 or by 
3-ATINE which inhibits iNOS I1 activity (30, 41). 
Thus, we conclude that although the plasma levels of 

* p(0.05 FROM + END0 

** p(0.05 FROM PBS 

0 -  < PBS LPS TN Fa 
Figure 6. Effect of pretreatment with PBS (0.1 mllkg, iv) on aorta 
production of RNI ex vivo. The ordinate is the spontaneous 
(BASAL), A23187- (Top Panel), or bradykinin-stimulated (Bottom 
Panel) increase in RNI in normal (PBS) and endothelium rubbed 
aorta (-ENDO). The drugs indicated were added in vitro to the 
incubate. HC is hydrocortisone (10 kM), 3-ATINE is 3-amino, 
1,2,4-triazine, an inhibitor of iNOS II. LNMMA is 1-NG- 
monomethylarginine, an inhibitor of iNOS II and cNOS Ill. 

TNF-a are important contributors to tissue damage 
and long-term morbidity and mortality in gram- 
negative sepsis (1-5, 33-36), TNF-a does not mediate 
or is not required for the acute phase hypotension and 
induction of iNOS I1 activity associated with endotox- 
in administration. The data also support the conclusions 
that exogenously administered LPS and TNF-a and 
endogenously produced TNF-a in vivo rapidly (within 
2 hr) suppress aortic endothelium production RNI and 
that TNF-a appears to mediate LPS-induced inhibition 
of endothelium production of RNI. Speculatively, this 
may be important for the rapid upregulation of phago- 
cyte adhesion to the vascular endothelium observed 
following administration of both TNF-a and LPS (1-5, 
33-36). 

Current evidence suggests that LPS induces 
TNF-a production which in turn acts in an autocrine 
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Figure 7. Effect of in vivo treatment of rats with PBS (0.1 mllkg, 
iv), LPS (0.5 mglkg, iv). TNF-a (1,000,000 Ulkg, iv), TNFsr (0.5 
mglkg, iv), and LPS in rats pretreated with TNFsr on aorta pro- 
duction of RNI ex vivo. The ordinate is the spontaneous (BASAL) 
or A23187-stimulated increase in RNI in normal (PBS) aorta. Ver- 
tical lines are the SEM from three to six experiments. *Differs 
from PBS; **differs from LPS. 

N PBS 124 TNFsr (0.5 mg/kg) 

n 
I LPS (0.5 pg/kg) KXI LPS + TNFsr 
m T N F a ( 1 0  U/kg) m T N F a + T N F s r  c 

BASAL 

Figure 8. Effect of in vivo treatment of rats with PBS (0.1 mllkg, 
iv), LPS (0.5 mglkg, iv). TNF-a (1,000,000 Ulkg, iv), TNFsr (0.5 
mgtkg, iv), and LPS in rats pretreated with TNFsr on aorta pro- 
duction of RNI ex vivo. The ordinate is the spontaneous (BASAL) 
or bradykinin-stimulated increase in RNI in normal (PBS) aorta. 
Vertical lines are the SEM from three to six experiments. *Differs 
from PBS; **differs from LPS. 

and paracrine fashion to induce iNOS activity and RNI 
production (4-9, 22-24). TNF-a and NO are believed 
to mediate the hemodynamic sequellae associated with 
endotoxemia and sepsis in animals and humans (4-6, 
22-24, 33). Early studies demonstrated that (i) TNF-a 
produced hypotension associated with an increase in 
plasma RNI levels similar to LPS, (ii) LNMMA re- 
versed these effects of TNF-a, and (iii) monoclonal 
antibodies to TNF-a partially attenuated but did not 
abolish LPS-induced hypotension and production of 
RNI (6, 22-24). Thus, the results reported herein ini- 
tially appear to be in conflict with existing data. How- 

ever, Neilson et al. (27) demonstrated the inability of 
exogenously administered TNF-a to produce hypoten- 
sive shock in the absence of contaminating endotoxin. 
Thus, our data are in agreement with that of Nielsson 
et al. (27). Our data also show that both LPS and ex- 
ogenous TNF-a produce a transient hypertension. 
However, the time course and duration of the hyper- 
tension also differ. This study was not designed to 
evaluate the mechanism of the hypertension produced 
by LPS or TNF-a. Nevertheless, both LPS and 
TNF-a inhibited endothelium production of RNI. 
TNFsr inhibited LPS-mediated inhibition of RNI pro- 
duction by the endothelium. TNFsr completely pre- 
vents TNF-a-induced hypotension (Cindy Jacobs, per- 
sonal communication). Speculatively, TNF-a-  
mediated hypertension may be mediated by inhibition 
of endothelium production of NO (Fig. 6). However, 
we previously reported that a polyclonal antibody 
against TNF-a only suppressed the pressor response 
to LPS by 26% + 6% (41). Therefore, inhibition of 
TNF-a only partially mediates LPS-induced hyperten- 
sion and factors other than TNF-a must be involved in 
the acute pressor response to LPS. In agreement with 
this conclusion is the study in which LPS directly in- 
hibited RNI production by isolated endothelial cells in 
culture (42). 

Thiemermann et al. (6) using a monoclonal anti- 
body to TNF-a in rats demonstrated only partial (25%) 
inhibition of LPS-induced hypotension and approxi- 
mately the same inhibition of 14c-citrulline production 
by lung homogenates. TNF-a is a trimeric protein 
which contains two binding sites which interact with 
either a 55-kDa and 70-kDa receptor on their effector 
tissues (4, 5). Monoclonal antibodies to TNF-a only 
bind to one of these sites. In contrast, the polyclonal 
antibody to TNF-a binds to both sites on the TNF-a 
moiety, thereby preventing its biologic activity by ab- 
rogating its ability to interact with either the 55-kDa or 
75-kDa receptor (4, 5). It is presently uncertain if the 
55-kDa and 75-kDa receptors are coupled to the same, 
different, or reciprocal functions on their effector tis- 
sue (4, 5). Bagby et al. (43) presented evidence which 
initially suggested that TNF-a mediated the change in 
glucose kinetics in an intravascular model of endotox- 
emia. Subsequent studies using a polyclonal antibody 
to TNF-a demonstrated complete neutralization of 
bioactive circulating TNF-a without any major effect 
on glucose metabolism and concluded that regulation 
of glucose metabolism after endotoxin administration 
was independent of TNF-a (44). In addition, several 
studies have shown that both monoclonal and poly- 
clonal antibodies against TNF-a fail to modify the hy- 
potension or lethality of cecal ligation, peritonitis, and 
intravascular models of endotoxemia and sepsis (3 1, 
32, 44). Thus, the differences between the data ob- 
tained here and elsewhere (6, 22-24) may merely re- 
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flect quantitative rather than qualitative differences, 
and this may relate to the different strains of rats used. 

The data reported herein that in vivo administra- 
tion of TNF-a and LPS exhibit different effects on 
blood pressure and production of RNI confirm and 
extend previously published findings which demon- 
strated that in vivo administration of a monoclonal an- 
tibody against TNF-a only partially suppressed LPS- 
induced hepatic iNOS I1 activity (29) and that LPS and 
y-interferon stimulated iNOS I1 activity and TNF-a by 
independent and distinct mechanisms or pathways (28, 
29). LPS-induced increases in plasma TNF-a and RNI 
were shown to be temporally related (38, 41). Never- 
theless, TNF-a did not increase PMN RNI production 
and TNFsr did not inhibit LPS-mediated increases in 
PMN RNI production. A previous study demonstrated 
that the rapid induction of gene expression and RNI 
production in rat PMN was inhibited by prednisolone 
and 3-ATINE (30), and accounted for the acute phase 
hypotension to LPS (38). In this study, LPS also in- 
creased RNI production by PMN and produced acute 
phase hypotension, whereas TNF-a was devoid of 
these effects and TNFsr failed to suppress LPS- 
induced increases in RNI production by PMN. Thus, 
we conclude that LPS-mediated increases in iNOS I1 
in PMN and acute phase hypotension are not mediated 
by TNF-a. Alternatively, TNF-a may contribute to 
the response, but sufficient redundancy exists in the 
pathway so that in the absence of TNF-a, other cyto- 
kines can effectively accomplish the functions of TNF- 
a .  This could explain, in part, the lack of clinical suc- 
cess of antibodies to TNF-a and TNFsr in patients 
with sepsis (Jeff Norton, personal communication). 

It could be argued that the inability of TNF-a to 
mimic the effect of LPS on blood pressure and RNI 
production resulted from administration of an insuffi- 
cient dose of TNF-a to the rats. Tracey et al. (1) and 
others (for references see 2 4 ,  16, 17, 24) observed 
hypotension with doses of TNF-a significantly higher 
than the 8.8 pglkg used herein. It is currently unclear 
what dose of TNF-a is required to mimic the effects of 
LPS, since some TNF-a production may occur at ex- 
travascular sites. Therefore, simple reproduction of 
the concentration of TNF within the plasma compart- 
ment may not be sufficient to mimic LPS-like effects. 
However, it is unlikely that the rapid effects of TNF-a 
on blood pressure and heart rate can be mediated by 
extravascular TNF-a. In a fecal implant model of en- 
dotoxemia in the rat, TNF-a levels are significantly 
elevated in peritoneal fluid at a time when plasma 
TNF-a is elevated and the blood pressure is essentially 
normal (32). Thus, plasma TNF-a appears to reflect 
the systemic compartment of TNF-a. Peak increases 
in plasma TNF-a occur 90 min after LPS administra- 
tion, almost 1 hr after blood pressure has reached its 
nadir and is slowly returning towards normal, despite 
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the capacity of the systemic blood pressure to undergo 
further decline. Finally, this study clearly shows that 
iv administration of TNF-a producing bioactive levels 
of plasma TNF-a equal to or greater than that pro- 
duced by iv administration of LPS cannot produce 
equivalent hypotension and TNFsr cannot attenuate 
LPS-induced hypotension. Thus, we are forced to con- 
clude that despite the importance of TNF-a as an im- 
portant biologic mediator of endotoxemia and the sys- 
temic inflammatory response syndrome, it does not 
appear to play a significant role as the mediator of 
acute phase hypotension and RNI production in re- 
sponse to LPS. 

The present data do not allow us to elucidate the 
pathway by which LPS induces iNOS I1 activity in 
PMN. The experiments were designed to test the con- 
cept that exogenous TNF-a inhibited endothelium pro- 
duction of RNI as it did in vitro (15,21). Moreover, the 
study was designed to determine if TNF-a mimics, and 
thereby could mediate, the acute phase hemodynamic 
profile produced by LPS and the effects of LPS on the 
NO system. The data clearly show that exogenously 
administered TNF-a and endogenously produced 
TNF-a cannot account for the acute phase hemody- 
namic effects of LPS or the ability of LPS to rapidly 
induce iNOS I1 activity to PMN. Nevertheless, in vivo 
administration of both LPS and TNF-a both suppress 
the ex vivo production of RNI by the aortic endothe- 
lium. This differs from the inability of TNF-a when 
administered in muscle chambers to inhibit basal pro- 
duction of RNI and A23 187-induced RNI production 
by bovine pulmonary artery (18). However, in this 
study, TNF-a was given in vivo. It has been estab- 
lished that some of the effects of TNF-a on the vas- 
cular endothelium when given in vitro and in vivo dif- 
fer (37). Thus, the inhibitory effect of TNF-a on en- 
dothelium production of RNI exists when TNF-a is 
given in vivo. However, TNF-a is less selective as an 
inhibitor of cNOS I11 activity when given in vivo than 
in vitro (18). Since LPS and TNF-a rapidly inhibit vas- 
cular endothelial cell production of RNI, we speculate 
that this effect may contribute in part to their ability to 
increase phagocyte adhesion to the endothelium, the 
first step in phagocyte migration into sites of infection 
and inflammation. Further studies are in progress to 
test this postulate. 
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