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Abstract

Among the important pathophysiologic alterations in the
brain in bacterial meningitis are abnormalities of cerebral
circulation and metabolism; however, the precise mecha-
nisms by which these disturbances occur are not completely
delineated. It has been recently recognized that cytokines
are produced by tissues in the central nervous system in
meningitis and play a critical role in the host inflammatory
response. Because these mediators are involved in circula-
tory and metabolic disturbances in other tissues in sepsis,
we investigated the role of tumor necrosis factor-alpha in
the central nervous system in a rabbit model. We found
that injection of recombinant human TNF into the cisterna
magna in the rabbit led to an acute reduction in cerebral
oxygen uptake and a more prolonged reduction in cerebral
blood flow. This was accompanied by an increase in intra-
cranial pressure and an increase in cerebrospinal fluid lac-
tate. Reduction in oxygen uptake and increases in intracra-
nial pressure and CSF lactate were blocked by pretreatment
with L-NAME, an inhibitor of nitric oxide synthase. Reduc-
tion in cerebral blood flow was not affected by L-NAME
treatment and was due to increased cerebrovascular resis-
tance and reduced oxygen demand. These results suggest
that TNF may be a critical mediator of changes in cerebral
circulation and metabolism and that some of these changes
occur via the nitric oxide pathway. (J. Clin. Invest. 1995.
95:1086-1091.) Key words: tumor necrosis factor * nitric
oxide * cerebral blood flow * cerebral metabolism * menin-
gitis

Introduction

The mechanisms of brain injury in bacterial meningitis are in-
completely delineated. Clinical studies have demonstrated that
poor neurologic outcome is associated with factors related to
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1. Abbreviations used in this paper: CBF, cerebral blood flow; CNS,
central nervous system; CP, choroid plexus; CSF, cerebrospinal fluid;
ICP, intracranial pressure; NOS, nitric oxide synthase.

both the host and to the infecting organism. Studies in experi-
mental models of meningitis have delineated a cascade of events
within the central nervous system (CNS),' wherein lysis of
bacteria in the subarachnoid space (SAS) stimulates release of
cytokines which is then followed by increased concentration of
white blood cells in cerebrospinal fluid (CSF) (1). While the
inflammatory response to cytokines in meningitis has been well
characterized, the potential circulatory and metabolic effects of
cytokines on the brain have not been thoroughly investigated.

It has been recognized for some time that lactate is increased
in CSF in bacterial meningitis, suggesting enhanced anaerobic
metabolism within the CNS (2-4). The source of CSF lactate
has been variously ascribed to production by bacteria and white
blood cells in the SAS (5); however, we have demonstrated
by in vivo microdialysis that there is increased brain tissue
concentration of lactate in meningitis (6). We have also shown
that the mechanism of increased lactate production by the brain
in meningitis is, in part, mediated by cerebral ischemia; how-
ever, increased CSF lactate is present even with normal levels
of cerebral blood flow (7), raising the possibility that other
mechanisms exist. We have recently demonstrated in experi-
mental pneumococcal meningitis in the rabbit that cerebral
blood flow and cerebral oxygen uptake are inversely correlated
and that CSF lactate concentration is directly correlated with
CSF TNF-a concentration, suggesting that TNF may have meta-
bolic effects on the brain similar to those seen in peripheral
tissues, where it is thought to be an important mediator of
the metabolic consequences of sepsis, with some of the effects
occurring as a result of generation of nitric oxide. The purpose
of the present study is to determine whether TNF has a direct
effect on cerebral cellular metabolism and cerebral blood flow,
and to identify whether these effects could be mediated by
activation of the nitric oxide pathway.

Methods

New Zealand white rabbits (2.0-2.5 kg) of both sexes were used.
Rabbits were fed a standard diet and were housed in accordance with
the guidelines of the Committee on Care and Use of Laboratory Animal
Resources, the National Research Council. All studies were reviewed
and approved by the Animal Research Committee of the University of
California San Francisco. On the morning of the studies, rabbits were
anesthetized with intravenous urethane (Fluka Chemie AG, Buchs, Swit-
zerland) 2.0 gm/kg. A peripheral intravenous line, right carotid artery
line, and femoral artery line were placed as previously described (8).
A 22-gauge intravenous cannula was placed in the sagittal sinus through
a 4-5-mm burr hole in the cranium which was then sealed with cyano-
acrylate cement and dental acrylic. Anesthetized animals were secured
in restraining frames containing a geared micromanipulator which holds
a spinal needle, permitting direct puncture of the cisterna magna for
injection and CSF sampling. Arterial and venous blood gas measure-
ments were made in a portable blood gas laboratory (ABL2; Radiometer,
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Table L Arterial Blood Gases

Oh 2h 4h 6h

pH
Control (8) 7.32+0.04 7.31+0.06 7.31+0.05 7.32+0.05
rhuTNF (8) 7.30+0.02 7.35±0.03 7.32±0.03 7.37±0.05
rhuTNF + 7.33+0.04 7.33±0.02 7.36+0.04 7.36±0.05
L-NAME (6)

PaO2 (mm Hg)
Control 76.2+16.7 75.6±18.8 76.0±18.1 72.8±17.7
rhuTNF 87.1 + 14.8 89.3±13.0 85.0+15.8 87.1 + 12.1
rhuTNF + 85.6±6.5 86.0±11.1 92.6±14.1 93.6±11.6
L-NAME

PaC02 (mm Hg)
Control 40.2±6.9 40.1±7.5 38.7±3.3 36.6±3.7
rhuTNF 39.0±3.4 37.1±6.6 37.6±8.1 33.6±6.1
rhuTNF + 39.5±2.6 33.7±3.2 30.0±4.11§ 29.0±5.7*
L-NAME

Base excess
Control -6.6±2.5 -6.7±2.5 -8.1±2.0 -6.6±3.9
rhuTNF -4.5±2.1 -4.9±2.7 -6.4±2.7 -6.0±2.4
rhuTNF + -4.7±3.1 -7.1±2.1 -7.1±2.4 -7.5±4.2
L-NAME

Mean-SD, (N) = number of animals studied. * P < .05 compared with control;
+ P < .05 compared with rhuTNF; 0 P < .002 compared with control; (all
comparisons by Student's unpaired t test).

Copenhagen). Mean arterial blood pressure (MBP) and intracranial
pressure (ICP) were measured directly by water-filled pressure trans-
ducer (Statham P-23; Gould Inc., Santa Clara, CA), cerebral perfusion
pressure (CPP) was calculated as the difference between MBP and ICP.
Cerebral blood flow (CBF) was measured by the reference method
using labeled 15-/.tm plastic microspheres (9), after dissection of the
brain into left and right hemispheres, brainstem and cerebellum. Cerebral
metabolic rate for oxygen (CMR02) was calculated as the product of
CBF times the arteriovenous difference for oxygen between blood sam-
ples taken from the femoral artery and the sagittal sinus; cerebrovascular
resistance was calculated by dividing CPP by hemispheric CBF, and
oxygen extraction fraction was calculated by the equation 02 contentaenail
- 02 contentvenous/02 contentarenal; lactate and glucose measurements
were made in an autoanalyzer (YSI 2300 G/L, Yellow Springs OH).

Study design. After animal preparation, baseline measurements of
CBF, CMR02, and CSF lactate and glucose were made. Rabbits were
randomly assigned to receive either recombinant human TNF-a
[rhuTNF] (Genentech Corp., So. San Francisco, CA) in saline (10 ,tg)
or vehicle by direct intracisternal injection. A third group was given
rhuTNF intracisternally 30 min after an infusion of N-w-nitro-L-arginine
methyl ester HCI (L-NAME; Sigma Chemical Co., St. Louis, MO;
3.125-12.5 mg/kg iv). Doses in this range have been demonstrated to
inhibit cerebrovascular effects of nitric oxide (10) in the rabbit, and
tissue concentrations which would be achieved with this dose have been
shown to inhibit - 50% of neuronal NOS activity ( 11) and 80% of
endothelial NOS activity (12). Measurements of CBF, and CMR02 were
repeated at 2, 4, and 6 h thereafter. CSF lactate was measured at 6 h.
Data were analyzed by paired t test for sequential measurements within
groups and by unpaired t-test for comparison between experimental
groups. Data were considered significant when P c .05.

Results

Eight control, eight rhuTNF, and six rhuTNF + L-NAME (L-
NAME) rabbits were studied. Groups were comparable in terms
of baseline parameters. During the study period, arterial blood
gases demonstrated that both groups of animals given rhuTNF
hyperventilated to a modest degree, more in L-NAME-treated
rabbits (Table I). 2 h after intracistemal injection of rhuTNF,

Table II. Physiological Parameters after Intracisternal Injection
of rhuTNF

Oh 2h 4h 6h

MBP (mm Hg)
Control (8) 73.9±7.4 72.5±8.0 73.6±7.5 81.4±8.3
rhuTNF (8) 80.5±13.4 85.8±13.7* 82.1±13.4 79.8±13.6
rhuTNF + 80.6±10.1 80.7±4.9 82.5±12.7 76.3±13.9
L-NAME (6)

ICP (mm Hg)
Control 0.4±0.7 0.9±0.9 0.6±0.9 1.4±1.1
rhuTNF 1.0+1.4 2.9±1.6" 1.9+1 .71 1.6+0.9§
rhuTNF + 0.2±0.5 0.1±0.4 0.1±0.4 0.0+0.0**
L-NAME

CPP (mm Hg)
Control 73.5±7.5 71.6±7.5 73.0±7.6 80.0±8.3
rhuTNF 79.4±12.8 82.9±13.3 80.2±13.0 78.2±13.3
rhuTNF + 80.4±10.0 80.5±5.2* 82.3±12.8 76.3±13.9
L-NAME

Mean+SD, (N) = number of animals studied. * P < .05 compared with control;
' P < .01 compared with control; 0 P < .001 compared with rhuTNF + L-
NAME; I P < .02 compared with rhuTNF + L-NAME; ** P < .005 compared
with control; (all comparisons by Student's unpaired t test).

blood pressure and intracranial pressure increased in rhuTNF
rabbits compared with controls and L-NAME-treated rabbits
(Table II). CBF was reduced significantly in rhuTNF-treated
rabbits 2 h post-injection compared to controls (63.9+ 11.4 ml/
min per 100 gm vs. 84.6+20.3 P < .05, unpaired t test) and
remained significantly lower throughout the study period. CBF
reduction was also seen throughout the study period in brain-
stem, but not cerebellum, until 6 h after intracistemal injection
of rhuTNF. CBF was also reduced in L-NAME-treated rabbits
and followed the same general pattem as rhuTNF rabbits not
given the drug. (Table III). Cerebrovascular resistance (CVR)

Table III. Regional Cerebral Blood Flow after Intracisternal
Injection of rhuTNF

Oh 2h 4h 6h

Hemisphere (ml/
min/100 gm)

Control (8) 89.0±+17.6 84.6±20.3 99.4±25.0 93.3±9.4
rhTNF (8) 84.1±20.6 63.9±11.4* 68.3±16.5* 68.4±14.3§
rhuTNF + 87.9±20.7 67.8±15.5 59.0±10.1 56.9±5.51
L-NAME (6)

Brainstem (ml/min/
100 gm)

Control 90.0±16.3 85.3±29.5 94.0±29.2 91.3±6.7
rhuTNF 84.5±20.8 59.9±12.7* 65.6±18.6* 60.8±8.61
rhuTNF + 88.6±12.5 76.2±23.0 63.0±19.1* 64.6±16.1**
L-NAME

Cerebellum (ml/
min/100 gm)

Control 87.0±20.2 85.0±24.0 95.3±30.7 96.3±+17.0
rhuTNF 85.3±17.1 72.6±19.8 85.5±25.2 73.8±18.1*
rhuTNF + 96.5±14.1 74.8±15.8 68.3±19.3 59.0±6.51
L-NAME

Mean±SD, (N) = number of animals studied. * P < .05 compared with control;
Pp < .02 compared with control; I P < .002 compared with control; 1P < .001

compared with control; ** P < .005 compared with control; (all comparisons by
Student's unpaired t test).
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Table IV. Cerebrovascular Resistance

Oh 2h 4h 6h

Resistance (mm Hg/
ml/min/100 gm)

Control (8) 0.90±0.21 0.92+0.26 0.80+0.21 0.85±0.05
rhuTNF (8) 0.95+0.18 1.29±0.14* 1.09±0.16* 1.16±0.401
rhuTNF + 0.98±0.33 1.28±0.46 1.54±0.35t§ 1.33±0.31*
L-NAME (6)

Mean±SD, (N) = number of animals studied. * P < 0.005 compared with
control; t P < .001 compared with control; § P < .02 compared with rhuTNF;
I P < .05 compared with control; (all comparisons by Student's unpaired t test).

did not change in control rabbits during the study period. By
contrast, CVR increased 35.8% in rhuTNF rabbits and 30.6% in
L-NAME rabbits 2 h after intracistemal rhuTNF and remained
elevated for the duration of the study (Table IV). Cerebral
oxygen uptake decreased acutely in rhuTNF rabbits. Two hours
after intracistemal injection, CMRO2 had decreased signifi-
cantly in the rhuTNF rabbits compared to baseline (3.58+0.33
ml/min per 100 gm vs 5.20± 1.15; P < .005, paired t test) and
was significantly lower than controls (4.80+1.02; P < .005,
unpaired t test). CMR02 in L-NAME-treated rabbits did not
decrease, and was comparable to control rabbits. CMR02 re-
turned toward baseline level in rhuTNF rabbits at 4 and 6 h
and was unchanged in controls and L-NAME-treated rabbits
throughout the study period (Table V). The reduction in CMR02
at 2 h occurred as a consequence of both the reduction in CBF
and reduction in oxygen extraction fraction (OEF), and at 4
and 6 h by reduction in CBF (Tables III and V). CSF lactate
increased significantly in rhuTNF-treated rabbits compared both
to controls and L-NAME rabbits at 6 h (3.2+0.6 mM/liter vs
1.9±0.4 [control] and 2.1±1.0 [L-NAME]; P < .001 [con-
trol], P < .05 [L-NAME].) (Table VI). In addition, there was
a decrease in the CSF/blood glucose ratio in rhuTNF-treated
rabbits (0.90+.08 [0 h] vs 0.79±.10 [6 h]; P = .03, paired t
test), a finding not observed in controls or L-NAME-treated
rabbits (Table VI).

Table V. Cerebral Oxygen Uptake (CMR02) and Oxygen
Extraction Fraction (OEF) after Intracisternal Injection
of rhuTNF

Oh 2h 4h 6h

CMR02 (ml/min/
100 gm)

Control (8) 5.34±0.80 4.80±1.02 5.33±1.45 4.78±0.34
rhuTNF (7) 5.20±1.15 3.58±0.33* 4.55±0.70 4.47±0.91
rhuTNF + 4.67±1.44 5.25±1.94 5.25±1.32 4.49±0.57
L-NAME (5)

OEF
Control (8) 0.34±0.09 0.34±0.06 0.35±0.08 0.37±0.09
rhuTNF (7) 0.29±0.08 0.27±0.05 0.33±0.07 0.34±0.08
rhuTNF + 0.28±0.03 0.42±0.070 0.55±0.1 1¶** 0.46±0.08tt
L-NAME (5)

Mean±SD, (N) = number of animals studied. * P < .005 compared with control;
I P < .05 compared with control; I P < .001 compared with rhuTNF; 1P < .002
compared with rhuTNF; ** P < .005 compared with control; ** P < .02 com-

pared with rhuTNF; (all comparisons by Student's unpaired t test).

Table Vl. CSF Parameters after Intracisternal Injection of
rhuTNF

Oh 6h

CSF Lactate (mM/liter)
Control (8) 1.4+0.6 1.9+0.4
rhuTNF (8) 1.6+0.6 3.2+0.6*t
rhuTNF + L-NAME (6) 1.6±0.7 2.1±1.0

CSF/blood glucose ratio
Control (8) 0.89+.14 0.88±0.10
rhuTNF (8) 0.90+.08 0.79±0.10§
rhuTNF + L-NAME (6) 0.84±0.1 1 0.83+.014

Mean+SD, (N) = number of animals studied. * P < .001 compared
with control; I P < .05 compared with rhuTNF + L-NAME; § P <
.05 compared with baseline rhuTNF (paired t test); (comparisons by
Student's unpaired t test except as noted).

Discussion

Pro-inflammatory cytokines (TNF-alpha, IL-1,6, IL-6) have
been shown to be present in high concentrations in CSF in
bacterial meningitis (13-15), have been associated with poor
neurologic outcome (14), and have been implicated as media-
tors of inflammatory changes and blood-brain barrier injury in
the central nervous system in this disease (16, 17). They appear
to be locally produced by the brain in response to components
of the bacterial cell wall, and are thought to cause the influx of
granulocytes from cerebral capillaries to the subarachnoid space
by upregulation of leukocyte selections on cerebral capillary
endothelium (18). An indication that cytokines may be media-
tors of circulatory and metabolic abnormalities in bacterial men-
ingitis can be inferred from the findings of Mustafa et al., who
reported that elevated concentrations of TNF and IL-pI were
correlated with CSF lactate concentration as well as poor neuro-
logic outcome (14).

In peripheral tissues, cytokines are thought to induce many
of the circulatory and metabolic effects of endotoxemia, includ-
ing hypotension, reduced oxygen consumption and increased
glucose uptake and lactate production (19). Tracey et al. dem-
onstrated that intravenous TNF induced circulatory and meta-
bolic abnormalities similar to that seen in endotoxic shock (20),
and later demonstrated that pretreatment with anti-TNF mono-
clonal antibodies blocked these effects in studies of experimen-
tal bacteremia (21). While these effects have been reported in
a number of peripheral tissues, including muscle, liver, spleen,
skin, kidney, and heart, they have specifically not been reported
to occur in brain (22).

More recently, it has been recognized that many of the
circulatory and metabolic effects of cytokines are due to induc-
tion of nitric oxide synthase (NOS) and subsequent generation
of nitric oxide (NO) (23, 24). In vivo evidence for this was
provided by Kilboum et al. who demonstrated that intravenous
TNF-a-induced hypotension in dogs was completely reversed
by treatment with N-G-methyl-L-arginine, an inhibitor of NOS
(25). In vitro studies of the effect of nitric oxide on isolated
mitochondria have demonstrated inhibition of mitochondrial
respiration from a number of tissues, including skeletal muscle
(26), tumor cells (27), vascular smooth muscle cells (28), and
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hepatocytes (29). The effects on mitochondrial metabolism are
thought to occur by inhibition of the Krebs cycle enzyme, aconi-
tase (29, 30) and complexes I and II of the mitochondrial respi-
ratory chain (28, 29). It has been recently suggested that another
reactive nitrogen species, peroxynitrite, formed by the reaction
between nitric oxide and superoxide anion (31 ) may have simi-
lar effects on mitochondrial respiration.

As in peripheral tissues in models of sepsis, decreased oxy-
gen consumption and anaerobic metabolism occurs in the CNS
in meningitis. Paulson et al. found decreased CMR02 in patients
with meningitis due to Streptococcus pneumoniae (32), and we
have reported similar findings in experimental meningitis in
the rabbit. In addition, in that study we observed a significant
correlation between CSF TNF concentration and CMR02, and
TNF concentration and CSF lactate (33). We hypothesize that
these findings may be explained by either a direct effect of TNF
on cells in the CNS or by TNF-induced NO synthesis. In the
present study, intracistemal injection of rhuTNF led to a sig-
nificant reduction in oxygen uptake, an increase in CSF lactate
and reduction in the CSF/blood glucose ratio, which were
blocked by inhibition of NOS. Although the changes in oxygen
uptake and CSF lactate were modest in rhuTNF-treated rabbits,
we believe they provide important in vivo confirmation of in
vitro studies delineating the role of NO in cellular oxidative
metabolism. The significance of the reduction in CSF/blood
glucose ratio, also blocked by L-NAME, is less clear. It is
known that glucose transport across the blood-brain barrier is
impaired in meningitis (34), and hypoglycorrhachia has been
shown to correlate with CSF TNF concentration (14). In this
study, although there was a significant reduction in the CSF/
blood glucose ratio in rhuTNF-treated rabbits compared to base-
line, there was only a trend toward lower levels when directly
compared to controls (P < .10), and while the reduction was
not seen in rhuTNF rabbits given L-NAME, the mechanism by
which NO inhibition would prevent this reduction is not clear.
Zeller has recently reported that TNF downregulates GLUT
2mRNA in the rat pancreas (35), and while this has not been
demonstrated for brain it is possible that a similar mechanism
may exist, by which TNF may limit glucose transport in the
CNS. In the only previously published study which examined
the effect of TNF on cerebral cellular metabolism in vivo, Mes-
zaros et al., using 2-deoxyglucose, failed to find increased cere-
bral glucose uptake in brain, while demonstrating increased
uptake in other tissues after intravenous administration of TNF
(22). It is not surprising that they would fail to demonstrate an
effect in brain, as TNF would not be expected to cross the
intact blood-brain barrier following intravenous infusion, and
therefore would not have access to neurons or other cells of
the CNS.

This study also provides evidence that TNF or NO may
play a role in increased intracranial pressure, possibly by an
effect on vascular tone in cerebral capacitance vessels. We have
previously shown that increased intracranial pressure is associ-
ated with increased cerebral blood flow in experimental pneu-
mococcal meningitis (8) and this has also been shown by Pfister
et al. (36). Furthermore, Haberl et al. have recently demon-
strated that treatment with an NOS inhibitor blocks the increase
in ICP associated with increased CBF in the early phase of
pneumococcal meningitis (37) in the rat. The present study also
demonstrates complete blockade of increased ICP with NOS
inhibition; however, this finding differs from our previous ob-

servation and the finding by Haberl in that the increase in ICP
in rhuTNF-treated rabbits occurred at a time when cerebral
blood flow was reduced, indicating a different mechanism of
increased ICP mediated by NO. Increased ICP can result from
an increase in any intracranial component, including brain (i.e.,
brain edema), CSF and intracranial blood. L-NAME treatment
has been shown in experimental meningitis to prevent brain
edema (37); however, the pattern we observed, with maximal
ICP increase at two hours suggests that brain edema is unlikely
to be the cause. Brain edema in experimental models such as
this would not be expected to be transient and of such short
duration. Pfister et al. have demonstrated progressive patho-
physiologic abnormalities after intracistemal injection of pneu-
mococci, with significant increase in brain edema measured at
6 h (36). Altematively, it is possible that the increase in ICP
occurred because of increased CSF volume, either through in-
creased CSF production or decreased resorption secondary to
increased outflow resistance. Faraci and Heistad have shown
that NO may be involved in regulating blood flow to the choroid
plexus (CP), the major site of CSF production (38), and a
preliminary study by that group has shown that intraventricular
injection of TNF increases choroid plexus flow and that the
increase is blocked by NO inhibition (10). It is known that
decreased CP flow is associated with decreased CSF production,
therefore it is possible that increased CP flow might lead to
increased CSF production. However, it is generally accepted
that CSF formation does not increase with increased CP blood
flow (CPBF), based on studies where CSF formation was not
increased after CPBF was increased by hypercapnia, atriopeptin,
and vasoactive intestinal peptide (39-41). CSF outflow resis-
tance is increased in experimental bacterial meningitis in the
rabbit (42); however, this is thought to be due to direct injury
to the arachnoid granulations, and like brain edema, would not
be transient. In this study, the inhibition of ICP elevation by
NO inhibition suggests a vascular mechanism. It is possible that
the increase in ICP in rhuTNF-treated rabbits occurred because
of NO-induced reduction in vascular tone in the intracranial
capacitance vessels, leading to increased intracerebral blood
volume. Increased intracerebral blood volume has been shown
to contribute to intracranial hypertension in other forms of brain
injury (43).

Whereas the changes in oxygen uptake, CSF lactic acidosis
and increased ICP were attenuated by inhibition of NO, changes
in CBF were not. CBF was reduced by 2 h and remained low
throughout the study period following intracistemal injection
of rhuTNF. This is consistent with the finding of Megyeri et al.
who previously showed a dose-dependent reduction in pial ar-
tery diameter following intracistemal injection of rhuTNF in
the rat (44); however, in that study, cortical blood flow was
not measured. The mechanism by which blood flow was reduced
in this study appears to have at least two components. First,
there was a generalized increase in CVR which persisted
throughout the study. In the acute phase, there was also a sym-
metric depression of oxygen uptake and CBF, suggesting that
at that time CBF was reduced secondary both to reduced oxygen
demand and increased CVR. At 4 and 6 h; however, oxygen
uptake was lower but not significantly different from controls.
At those times, increased CVR appears to be the mechanism of
reduced flow. The present study did not address the mechanism
of increased cerebrovascular resistance. Increased CVR was
probably due in part, to decreased PaCO2 in animals given
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rhuTNF; however, the changes in CVR and CBF observed are
greater than would have been predicted from the reduction in
PaCO2, which are - 2% per 1.0 torr change in PaCO2 (45). It
is also possible that rhuTNF induced not only NO, but com-
pounds with vasoconstrictor properties as well. TNF has been
reported to release endothelin-1, a potent vasoconstrictor, from
bovine aortic, renal artery and glomerular capillary endothelial
cells (46) and has been shown to increase plasma ET-1 and
ET-3 after intravenous infusion in the rat (47). The symmetric
reduction in CBF to all regions studied suggests either a uniform
effect on cellular demand or a direct effect on cerebral vascula-
ture.

In summary, after intracistemal injection of rhuTNF in the
rabbit, we found a number of cerebrovascular, physiologic and
cerebrometabolic changes which occur in patients with bacterial
meningitis. These include reduction in cerebral oxygen uptake
and cerebral blood flow, increased intracranial pressure, de-
creased CSF/blood glucose ratio and evidence for increased
anaerobic metabolism associated with cerebrospinal fluid lactic
acidosis. Reduction in cerebral oxygen uptake, intracranial hy-
pertension, reduced blood-brain transport of glucose and CSF
lactic acidosis were blocked by inhibition of nitric oxide syn-
thase, indicating that TNF-induced nitric oxide plays a major
role in these abnormalities. Reduction in cerebral blood flow
appeared to be independent of nitric oxide and was primarily
due to increased cerebrovascular resistance, with an early contri-
bution from decreased cellular demand. In addition to the well-
described pro-inflammatory effects of TNF in the CNS, this
study suggests that TNF-induced release of nitric oxide is an
additional mechanism for the pathogenesis of brain injury by
cytokines in meningitis and other CNS conditions where cyto-
kines are locally produced.
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