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Inhibition of Tumor Necrosis Factor-a Action within the CNS
Markedly Reduces the Plasma Adrenocorticotropin Response to
Peripheral Local Inflammation in Rats
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The present study tested the hypothesis that the cytokine
tumor necrosis factor-a (TNF-q) is an important CNS mediator
of the hypothalamo-pituitary-adrenal (HPA) axis response to
local inflammation in the rat. Recombinant murine TNF-a ad-
ministered directly into the cerebroventricles of normal rats
produced a dose-dependent increase in plasma adrenocorti-
cotropin (ACTH) concentration. Local inflammation induced by
the intramuscular injection of turpentine (50 ul/100 gm body
weight) also produced an increase in plasma ACTH, peaking at
160-200 pg/ml at 7.5 hr after injection (compared with 10-30
pg/ml in controls). Intracerebroventricular pretreatment with
either 5 ul of anti-TNF-« antiserum or 1-50 ug of soluble TNF
receptor construct (thTNFR:Fc) reduced the peak of the ACTH
response to local inflammation by 62-72%. In contrast, intra-
venous treatment with the same doses of anti-TNF-a or rhTN-
FR:Fc had no significant effect on the ACTH response to local

inflammation. Although these data indicated an action of TNF-«
specifically within the brain, no increase in brain TNF-« protein
(measured by bioassay) or mRNA (assessed using either in situ
hybridization histochemical or semi-quantitative RT-PCR pro-
cedures) was demonstrable during the onset or peak of HPA
activation produced by local inflammation. Furthermore, in-
creased passage of TNF-« from blood to brain seems unlikely,
because inflammation did not affect plasma TNF-« biological
activity. Collectively these data demonstrate that TNF-a action
within the brain is critical to the elaboration of the HPA axis
response to local inflammation in the rat, but they indicate that
increases in cerebral TNF-a synthesis are not a necessary
accompaniment.
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Acute or chronic inflammation produces a sequelae of hemato-
logical, neurological, autonomic, and neuroendocrine responses
that are collectively known as the acute phase response (APR).
Critical to the development of the APR are the synthesis, secre-
tion, and action of cytokines, a family of polypeptides originally
described as intercellular mediators within the immune system
(Blalock, 1989; Dinarello and Wolff, 1993; Besedovsky and del
Rey, 1996). Indeed, administration of either interleukin-1 (IL-1),
IL-6, or tumor necrosis factor-a (TNF-«) to normal healthy
laboratory animals or to human volunteers mimics many aspects
of the APR, including activation of the hypothalamo-pituitary-
adrenal (HPA) axis (Turnbull and Rivier, 1995; Besedovsky and
del Rey, 1996).

The influence of recombinant cytokines on HPA activity and
their mechanism(s) of action have been studied extensively. The
primary mechanism by which increased blood or brain cytokine
concentrations elicit activation of the HPA axis is at the level of
hypothalamic corticotropin-releasing factor (CRF) release (Turn-
bull and Rivier, 1995, 1996b). Indeed, IL-1, IL-6, or TNF-«
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increases hypothalamic secretion of CRF in vitro and in vivo, and
passive immunoneutralization of CRF inhibits the elevation in
plasma ACTH concentrations produced by each of these three
cytokines (Berkenbosch et al., 1987; Sapolsky et al., 1987; Uehara
et al., 1987; Naitoh et al., 1988; Tsagarakis et al., 1989; Bernardini
et al., 1990; Navarra et al., 1991; Watanobe et al., 1991; Watanobe
and Takebe, 1992). In contrast, the participation of endogenous
cytokines in inflammation-induced activation of the HPA axis has
been less well studied and largely restricted to the study of ACTH
responses to systemic administration of the bacterial cell wall
product endotoxin [or lipopolysaccharide (LPS)] (Tilders et al.,
1994). Such work has indicated that inhibition of the action of
either TNF-q, IL-1, or IL-6 reduces or prevents the rise in plasma
ACTH levels in response to systemic LPS (Rivier et al., 1989;
Kakucska et al., 1993; Perlstein et al., 1993; Schotanus et al., 1993;
Ebisui et al., 1994); however, the site(s) of production or action of
cytokines that influence HPA activity during inflammation is
unclear.

Tissue undergoing inflammation undoubtedly contains mark-
edly elevated levels of TNF-«, IL-1, and IL-6. The synthesis and
secretion of TNF-a seems to be a proximal event in the cytokine
cascade, because its concentration rises more rapidly than that of
either IL-1 or IL-6, and inhibition of its action during inflamma-
tory events abrogates many of the ensuing responses, including
the production of IL-1 and IL-6 (Fong et al., 1989; Le Contel et
al., 1990; Creasey et al., 1991; DeForge and Remick, 1991; Zanetti
et al., 1992; Cooper et al., 1994a; Givalois et al., 1994). Further-
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more, plasma concentrations of one or more of these cytokines
may also be elevated, depending on the nature, site, intensity, and
duration of the inflammatory insult (Turnbull and Rivier, 1995).

Recent reports of elevated cytokine synthesis within the CNS in
response to peripheral injection of LPS identify an additional
possible mechanism by which cytokines generated in response to
peripheral inflammation may influence the activity of the HPA
axis (Schobitz et al., 1994; Hopkins and Rothwell, 1995; Turnbull
and Rivier, 1995; Besedovsky and del Rey, 1996). This is a
particularly attractive hypothesis, because the activation of the
HPA axis in response to either recombinant cytokines or inflam-
matory insults depends on the synthesis and secretion of hypotha-
lamic CRF. Cytokine expression within the CNS has been re-
ported in astrocytes, microglia, neurons, brain endothelial cells,
and ependymal cells (Schobitz et al., 1994; Hopkins and Rothwell,
1995). Consistent with a neuromodulatory role for IL-1, IL-6, and
TNF-a within the CNS, their receptors have discrete neuroana-
tomical distributions (Schobitz et al., 1994; Hopkins and Roth-
well, 1995; Turnbull and Rivier, 1995; Besedovsky and del Rey,
1996; Rothwell et al., 1996). As in the periphery, a CNS cytokine
cascade seems likely (Romero et al., 1993; Norris et al., 1994).

The present study sought to determine the role of cytokines
within the brain in the mediation of the HPA axis response to a
peripheral, discrete tissue inflammation in the rat (Turnbull et al.,
1994; Turnbull and Rivier, 1996a). Because of the proximal nature
of TNF-« in the generation of cytokines and subsequent re-
sponses, our study focused on this cytokine.

MATERIALS AND METHODS

Reagents. Anti-TNF-a antiserum was produced by immunization of rab-
bits with recombinant murine TNF-« and was kindly donated by Dr. S. L.
Kunkel (Department of Pathology, University of Michigan). This anti-
serum recognizes both recombinant and natural murine TNF-a and
displays high cross-reactivity with rat TNF-«, but it does not cross-react
with recombinant IL-1a or IL-1B (Chensue et al., 1988; and our own
data) or block lymphotoxin (TNF-B) (Long et al., 1990). Furthermore, it
binds and neutralizes the biological effects of rat TNF-a, both in vitro and
in vivo (Chensue et al., 1988; Colletti et al., 1990; Long et al., 1990;
Remick et al., 1990), and large systemic doses (0.3—-1.0 ml of neat serum)
to rats inhibit pulmonary edema produced by hepatic ischemia/reperfu-
sion injury (Colletti et al., 1990), elevations in plasma IL-6 and fever in
response to local inflammation (Cooper et al., 1994a), and they exacer-
bate LPS-induced fever (Long et al., 1990). In the present study, rats were
passively immunized with either 5 ul of neat or 500 ul of 1:100 anti-
TNF-qa, with similar volumes of neat or diluted normal rabbit serum
(NRS) (Colorado Serum, Denver, CO) used as control injections.

A dimeric soluble TNF receptor (p80) was prepared by linkage of the
c¢DNA encoding the soluble (extracellular) portion of p80 with a DNA
fragment encoding the Fc region of human IgG1 (Mohler et al., 1993).
The resulting soluble receptor construct (thTNFR:Fc) has been demon-
strated to inhibit the actions of TNF-« both in vivo and in vitro (Peppel
et al., 1991; Mohler et al., 1993; Wooley et al., 1993) and was kindly
provided by Dr. M. B. Widmer (Immunex, Seattle, WA). rhTNFR:Fc was
diluted in sterile PBS containing 0.1% BSA.

Recombinant murine (rm) TNF-a [code: 88/532 (First International
Standard)] was obtained from the National Institute for Biological Stan-
dards and Control (NIBSC, South Mimms, UK) and used as a standard
in the analysis of TNF-a bioactivity. rmTNF-« (activity = 7 X 107 IU/mg
protein) obtained from R & D Systems (Minneapolis, MN) was used for
in vivo experiments. LPS (Escherichia coli serotype 026:B6; code L3755,
lot 20H4025) was purchased from Sigma (St. Louis, MO) and dissolved
in PBS.

Animals. Male Sprague Dawley rats (initial body weight 170240 gm)
were purchased from Harlan Sprague Dawley Laboratories (Indianapolis,
IN) and housed in animal facilities (ambient temperature 22°C) adjacent
to experimental rooms. They were maintained on a 12 hr light/dark cycle
(lights on at 6 A.M.) and provided rat chow (Harlan-Teklad, Madison,
WI) and water ad libitum. All procedures described were approved by
The Salk Institute Animal Use and Care Committee.
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Surgical preparation and intracerebroventricular treatment. Rats were
equipped with intravenous catheters 48 hr before experimentation, as
described previously (Turnbull and Rivier, 1996a). In a number of the
experiments, animals received injections directly into the cerebroven-
tricles via indwelling guide cannulae, which were implanted 7-9 d before
intravenous cannulation, as described (Turnbull and Rivier, 1996c). In-
tracerebroventricular treatments (5 ul) were administered via a connect-
ing injection needle (Plastics One), which extended 1 mm beyond the tip
of the guide cannula, and injections were performed over a period of 60
sec. Passive immunoneutralization of cerebral TNF-a by intracerebro-
ventricular infusion of 5 ul anti-TNF-« antiserum was performed the day
before (i.e., 16 hr before) induction of local inflammation, a pretreatment
regime that results in extensive tissue penetration of antibodies (Thomas
et al., 1991; Doyle et al., 1992; Van der Zee et al., 1992, 1995) and avoids
possible stress-induced hormone secretion caused by the intracerebral
injection of immune serum. Soluble TNF receptor construct was admin-
istered immediately before induction of inflammation, as reported by
others (Fan et al.,, 1996; Galasso et al., 1996). After completion of
experiments, animals were killed, and 5 ul of india ink was injected via
the intracerebroventricular assembly. Only data from animals that
showed a distribution of ink throughout the ventricular system (i.e., third,
fourth, and lateral ventricles and cerebral aqueduct) were included in
subsequent analyses.

Induction of local inflammation and electrofootshocks. Sterile local
inflammation was induced in the hindlimb by intramuscular injection of
50 ul of turpentine/100 gm body weight into the left thigh muscles
(Turnbull et al., 1994; Turnbull and Rivier, 1996a). This produced a
pronounced swelling of the limb that was evident ~3—-4 hr after injection.
Control animals received a similar injection of 0.9% sterile saline, which
produced no visible degree of swelling.

Electrofootshocks were applied to conscious, unrestrained rats using a
footshock chamber of dimensions 30 cm wide X 26 cm deep X 26 cm
high. One shock of 1 mA amplitude and 1 sec duration was applied every
3 min for a total of 45 min.

Sample collection and preparation. Blood samples were collected from
undisturbed rats as described previously (Turnbull and Rivier, 1996a).
For experiments in which repeated measurements were made, a maxi-
mum of 0.4 ml blood/sample was drawn on up to four occasions. Each
time a blood sample was drawn, 0.2-0.3 ml of sterile, heparinized saline
was injected to replace the volume of fluid lost. This paradigm permits at
least five consecutive blood samples to be withdrawn without overt effects
on HPA activity (Turnbull and Rivier, 1996a,c). Furthermore, the plasma
ACTH response to turpentine is similar in rats sampled via intravenous
cannulae and in surgically naive rats sampled from trunk blood after
decapitation (Turnbull and Rivier, 1996a). After collection, each blood
sample was divided into two chilled tubes: one containing EDTA (for
measurement of ACTH) and the other containing preservative-free,
sterile heparin (for measurement of TNF-a). Samples were centrifuged,
and plasma was aliquoted and stored at —20°C (for ACTH) or —70°C (for
TNF-a).

Determination of TNF-a bioactivity in specific, dissected brain regions
was performed using the supernatants of tissue homogenates obtained by
mincing and homogenizing (20 strokes of a dounce) brain tissue in assay
medium, excluding fetal bovine serum (200 wl/hypothalamus, 250 ul/
hippocampus, and 2 ml/cerebral cortex). Homogenates were spun at
16,000 g on a bench-top microfuge for 15 min, and the supernatant was
decanted and stored at —70°C until assay. Total protein content of the
supernatants was determined by a Bio-Rad protein assay (Bio-Rad Lab-
oratories, Richmond, CA), based on the micro-Lowry method.

ACTH assay. Plasma ACTH concentrations were determined using a
two-site immunoradiometric assay (Allegro, Nichols Institute, San Juan
Capistrano, CA), as described previously (Rivier and Shen, 1994). Assay
sensitivity was 5 pg/ml, and coefficients of variation at concentrations of
32 and 307 pg/ml were 1.9% and 2.4% within, and 18.2% and 15.7%
between assays, respectively.

Analysis of TNF-a bioactivity. Biological activity of TNF-a was deter-
mined by comparing the cytotoxicity of samples to 1.929 cells with that of
the rmTNF-« international standard (code: 88/532). L929 cells were
cultured (7.5% C0O,92.5% 0,, 37°C, 100% humidity) in RPMI-1640
media (Cellgro, Herndon, VA) containing 5% fetal bovine serum (Gem-
ini BioProducts, Calabasas, CA), 2 mM L-glutamine (Sigma), 50 um
2-B-mercaptoethanol (Sigma), and 50 U penicillin and 50 pg streptomy-
cin/ml (Sigma) in 15-cm-diameter tissue culture dishes (Becton Dickin-
son, Cockeysville, MD). Confluent cells were removed using ~15 ml of
trypsin EDTA solution (IX, Sigma) and gentle agitation. Cells were
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washed and resuspended in media containing 0.5 pg/ml mitomycin C
(Sigma). One hundred microliters of cells were then plated in standard
96-well microtiter plates (Costar Corporation, Cambridge, MA) at a
concentration of 2 X 10° cells/ml, and cultured overnight. Cells were then
incubated with serially diluted (1:2 to 1:3) standard or samples for ~24
hr. Media was removed from the cells by inverting the plates, and cell
survival was determined colorimetrically using the tetrazolium salt MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (Sigma)].
One hundred microliters of MTT (1 mg/ml in PBS) were added to each
well, and the plates were wrapped in foil and incubated at 37°C. After 4
hr, the tetrazolium salt precipitate was dissolved by adding 150 ul of 0.04
M HCI-2-propanol to each well. After an overnight incubation (room
temperature) in the dark, the plates were read on a microplate reader
(MR700, Dynatech Laboratories, Chantilly, VA) at 570 nm test wave-
length and 640 nm reference wavelength. Concentrations of unknown
samples were determined by measuring the displacement of their dilution
curves from the standard, expressed as international units. All samples
were assayed in either duplicate or triplicate (on separate plates), and
each plate contained an internal control (plasma from an animal injected
with 1 mg/kg LPS, which had previously been diluted 1:100). All samples
from a single experiment were determined in the same assay, with the
detection limits of the assay varying between 1 and 70 IU/ml.

In situ hybridization histochemistry. Animals were anesthetized deeply
with an intraperitoneal injection of 35% chloral hydrate and perfused via
the ascending aorta with saline followed by cold 4% paraformaldehyde in
0.1 M borate buffer, pH 9.5. Brains were post-fixed for 3—4 hr and then
transferred to 10% sucrose/4% paraformaldehyde/0.1 M borate buffer
overnight at 4°C. Frozen 30 um sections were cut by a Histoslide mic-
rotome, collected in cryoprotectant (0.05 M sodium phosphate buffer,
30% ethylene glycol, 20% glycerol), and stored at —20°C until histochem-
ical analysis.

Before hybridization, tissue sections were mounted onto gelatin and
poly-L-lysine-coated slides, air-dried, and stored under a vacuum over-
night. The slides were washed initially in a PBS/0.1% Brij 35 detergent
buffer, pH 7.4. They then were treated with 5 ug/ml of proteinase K (EM
Science, Gibbstown, NJ) in 0.1 m Tris, pH 8.0, 50 mm EDTA/0.1% Brij
for 20 min at 37°C. The tissue was fixed for 5 min in 4% paraformalde-
hyde/diethylpyrocarbonate, acetylated with 0.25% acetic anhydride in 0.1
M triethanolamine/0.1% Brij, pH 8.0, for 10 min, soaked in methanol for
5 min, and air-dried. The slides were treated in prehybridization mixture
(50% formamide, 2X SSC, 1 mm EDTA, 1 mMm Tris, pH 7.3, 1X Den-
hardt’s solution, 0.1 mg/ml yeast tRNA, 5% dextran sulfate) for 30 min at
37°C and then air-dried for ~5 min, before hybridization.

TNF-a and IL-1B riboprobes were produced and quantitated using
digoxigenin (dig) nucleic acid production and detection kits (Boehringer
Mannheim, Indianapolis, IN), as described (Meltzer et al., 1997). To
produce probe templates, an aliquot of first-strand amplification was
added to a PCR reaction containing sense or antisense primers with a
T7 RNA polymerase sequence. Primers for TNF-a (5'-TAATACG-
ACTCACTATAGGGAGATACTGAACTTCGGGGTGATTGGTCC,
3’ - TAATACGACTCACTATAGGGAGACAGCCTTGTCCCTTGA-
AGAGAACC) and IL-B (5'-TAATACGACTCACTATAGGGAGA-
CCTTGTGCAAGTGTCTGAAGCAG, 3'-TAATACGACTCACTA-
TAGGGAGACTTCAAAGATGAAGGAAAAGAAGGTGC)  were
custom-designed and obtained from Biocan (Mississauga, Ontario,
Canada). PCR product was then in vitro-transcribed using T7 RNA
polymerase with dig-uridine triphosphate present. Dig-labeled TNF-«
or IL-1B riboprobe (1 ng/ml) in prehybridization mixture was applied
to each slide and then coverslipped. The slides were incubated at 95°C
for 5 min and then allowed to hybridize overnight at 50°C.

The coverslips were removed by gentle soaking in 2X SSC/0.1% Brij
and then treated with 20 mg/ml RNase A (Sigma) in the 2X SSC/0.1%
Brij buffer for 30 min at 37°C. The slides were washed consecutively in 1X
SSC/0.1% Brij, 0.1X SSC/0.1% Brij, and 2X SSC/Brij buffer, washed in a
10 mM sodium phosphate/0.1% Brij buffer, and then blocked for 1 hr in
a 1% Boehringer block solution dissolved in 0.1 M maleic acid, 0.15 M
NaCl/0.1% Brij. The slides were air-dried for ~5 min and then incubated
with a sheep anti-dig alkaline phosphatase-conjugated antibody (1:250;
Boehringer Mannheim) under coverslips overnight at 4°C.

The following morning, the coverslips were removed by gentle soaking
in the 10 mM sodium phosphate/Brij buffer. The slides were air-dried for
~5 min and then developed in the detection solution (10% polyvinyl
alcohol, 1 mmM levamisole, 0.46 mM NBT, 0.43 mM 5-bromo-4-chloro-3-
indoyl phosphate in 50 mm MgCl,/100 mM Tris in 100 mm NaCl, pH 9.3).
The slides were coverslipped and incubated overnight at 30°C.
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The color reaction was stopped when the desired intensity was reached
by soaking the coverslips off using 10 mm Tris, pH 8.0/1 mMm EDTA buffer.
The sections were coverslipped in glycerol gel (50% glycerol, 7.5%
gelatin, 0.1% sodium azide in water) and examined microscopically.

Semi-quantitative RT-PCR (SQ-PCR). The expression of mRNA for
TNF-e, IL-13, and IL-6 in specific brain regions, as well as the pituitary
and blood pellets from control animals and rats subjected to local inflam-
mation, was analyzed by SQ-PCR. Hypothalami, hippocampus, and ce-
rebral cortex were dissected rapidly, and whole pituitary was removed
quickly after decapitation. These samples were frozen in liquid nitrogen
and stored at —70°C until analysis. Trunk blood was collected, and blood
cell pellets were obtained by centrifugation at 4°C for 10 min and stored
at —70°C.

RNA extraction was performed using the TRIzol reagent (Life Tech-
nologies, Gaithersburg, MD). Tissues were homogenized in 1 ml TRIzol/
50-100 mg of tissue with a Polytron homogenizer for 10 sec at maximal
speed. Chloroform was added at 1:5 of the initial volume of TRIzol.
Samples were incubated at room temperature for 15 min and then
centrifuged at 12,000 g for 10 min at 4°C. After precipitation of the upper
aqueous phase with isopropanol for 45 min, the pellet was washed with
75% ethanol, dried briefly, and dissolved in RNase-free water. The purity
and amounts of the RNA obtained were checked by measuring the optical
density at 260 and 280 nm.

Total RNAs were reverse-transcribed using a commercial kit (Super-
script I RT kit, Life Technologies). Three micrograms of total RNA were
incubated at 70°C for 10 min with 1 ul of oligo dT12-18 (0.5 pg/ul) and
water to a final volume of 12 ul, and subsequently kept on ice for 1 min.
Four microliters of 5X synthesis buffer (100 mm Tris-HCI, pH 8.4, 250
mM KCl, 12.5 mm MgCl,, 0.5 mg/ml BSA), 1 ul of 10 mM dNTP mix, 2 ul
of 0.1 M DTT, and 1 ul of Superscript II reverse transcriptase were added
to the mixture and incubated at room temperature for 10 min. The tubes
were transferred to 42°C for 60 min. The reaction was terminated by
incubating the samples at 70°C for 15 min.

IL-1B, IL-6, and TNF-a cDNAs were quantified from 200 ng of
reverse-transcribed RNA by co-amplification with 100 fg of a multispe-
cific internal control (pRat6) by PCR, as described previously (Bouaboula
et al., 1992; Pitossi et al., 1997). pRat6 carries priming sites for several rat
cytokines and house-keeping genes, including IL-18, IL-6, TNF-«, and
B-microglobulin (Pitossi and Besedovsky, 1996). The sequences of the
primers used were as follows: for IL-18, sense: TCCATGAGCTTTGTA-
CAAGG, and antisense: GGTGCTGATGTA CCAGTTGG; for IL-6,
sense: TGTTCTCAGGGAGATCCTGG, and antisense: TCCAGGTA-
GAAACGGAACTC; for TNF-a, sense: AAATGGGCTCCCTCT-
CATCA, and antisense: AGCCTTGTCCCTTGAAGAGA; for p2-
microglobulin, sense: ATCTTTCTGGTGCTTGTCTC, and antisense:
AGTGTGAGCCAGGATGTAGT. The ratio obtained after 30 cycles of
amplification between the amounts of cDNA and pRat6 represents the
relative abundance of a distinct cDNA in a sample. 8-2 microglobulin
concentration in each reverse-transcribed sample was determined to
check the reverse-transcribed efficiency and the accuracy of the determi-
nation of the RNA concentration. For this purpose, 1/60 of each reverse-
transcribed product was spiked with 0.100 pg of pRat6 and amplified for
30 cycles in the presence of 0.2 ul 3*P-a dCTP and B-2 microglobulin
specific primers. In addition, an amount of RNA, similar to that of brain
samples, from the spleen of either control rats or rats treated 2 hr earlier
with LPS (2 mg/kg, i.p.) was used as a positive control.

Data presentation and statistical analyses. The data are presented as
mean * SEM, and the number of subjects in each experimental group is
indicated in the figure legends. Statistical analyses of repeated ACTH
measurements was performed using ANOVA with repeated measures,
followed by least squared means difference analysis as a post hoc test, as
appropriate. All other statistical analyses were performed using an un-
paired Student’s ¢ test. A two-tailed probability of <5% (i.e. p < 0.05) was
considered statistically significant.

RESULTS

Intracerebroventricular rmTNF-« elevates plasma
ACTH concentrations

Immediately before the intracerebroventricular injection of either
vehicle (PBS containing 0.01% BSA) or rm TNF-« (1.75-28 X 10°
IU), there were no significant differences in plasma ACTH con-
centrations (15-78 pg/ml) between the different groups studied.
After intracerebroventricular injection of only the vehicle (at 12
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Figure 1. Effect of rm TNF-a (1.75-28 % 10? IU) infused intracerebro-

ventricularly into the lateral cerebroventricles on plasma ACTH con-
centrations in rats. Statistical analyses showed that there was a significant
overall interaction between treatments (F(;5) = 3.28; p = 0.045), and
that both 7 X 10° IU (p = 0.032) and 28 X 10° IU (p = 0.007) doses
produced significant elevations in plasma ACTH concentrations (least
squared means). n = 5-7 subjects per experimental group.

P.M.), plasma ACTH values remained constant for 60 min but
rose slightly between 120 and 240 min (to a maximum of 70 * 7
pg/ml). Figure 1 shows that intracerebroventricular injection of
rm TNF-« significantly affected plasma ACTH concentrations
(F3,18) = 3.288; p < 0.05), with the elevations produced by 7 X
10° and 28 X 10 TU doses achieving statistical significance (p <
0.05, least squared means). The increase in plasma ACTH values
produced by intracerebroventricular TNF-« was rapid (within 30
min), dose-dependent (30 min: 1.75 X 10° IU, 180 * 68 pg/ml;
7 X 10° IU, 284 =+ 56 pg/ml; 28 X 10° IU, 445 + 162 pg/ml), and
prolonged (duration 3—4 hr).

Inhibition of TNF-a action within the brain diminishes
the rise in plasma ACTH concentrations due to local
inflammation produced by turpentine but not produced
by electrofootshock

Turpentine or saline was injected intramuscularly at 8 A.M. As
reported previously (Turnbull and Rivier, 1996a), plasma ACTH
concentrations in saline-injected animals rose from 5-10 pg/ml at
11 AM. to 35-70 pg/ml at 5 P.M,, as lights-out approached (6
P.M.). Plasma ACTH concentrations in rats injected intramuscu-
larly with saline were unaffected by treatment either intracere-
broventricularly or intravenously with either anti-TNF-« or rhT-
NFR:Fc (Figs. 2-4).

A significant elevation in plasma ACTH concentrations was
observed in all groups of rats subjected to local inflammation
induced by the intramuscular injection of turpentine (p < 0.001 in
each experiment; ANOVA with repeated measures) (Figs. 2-4).
As in our earlier study (Turnbull and Rivier, 1996a), plasma
ACTH concentrations were only slightly elevated 3 hr after tur-
pentine injection (45-50 pg/ml vs 5-10 pg/ml in saline-injected
controls) (Fig. 2). Thereafter, plasma ACTH concentrations rose
to a peak at 7.5 hr. The plasma ACTH response to turpentine was
unaffected by the control treatments with serum, as indicated by
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Figure 2. Effect of pretreatment 16 hr before with either (4) 5 ul of neat
anti-TNF-« intracerebroventricularly or (B) 500 ul of 1:100 anti-TNF-«
intravenously on the ACTH response to local inflammation induced by 50
wl turpentine/100 gm body weight intramuscularly. Control treatments
were intracerebroventricular or intravenous normal rabbit serum (NRS)
plus intramuscular saline. Statistical analysis showed that turpentine in-
jection and intracerebroventricular treatment with anti-TNF-o signifi-
cantly interacted (F(; 35y = 16.65; p < 0.001; ANOVA with repeated
measures), whereas turpentine and intravenous anti-TNF-« did not sig-
nificantly interact (F(;;,, = 1.57; p = 0.214; ANOVA with repeated
measures). n = 9-20 subjects per experimental group.

the similar peak ACTH responses in animals pretreated with NRS
intracerebroventricularly (200 * 23 pg/ml), NRS intravenously
(203 = 19 pg/ml), PBS intracerebroventricularly (162 * 20 pg/
ml), and PBS intravenously (195 = 29 pg/ml).

In animals pretreated intracerebroventricularly with 5 ul of
anti-TNF-a 16 hr before, the elevation in plasma ACTH concen-
tration produced by local inflammation induced by turpentine was
reduced markedly (Fig. 2). The plasma ACTH responses to tur-
pentine in intracerebroventricular NRS- and anti-TNF-a-treated
animals were of similar temporal profiles, but the magnitude of
ACTH response in intracerebroventricular anti-TNF-a rats was
approximately two-thirds smaller (Table 1), and there was a
significant interaction between turpentine and intracerebroven-
tricular treatments (F(, 35, = 16.65; p < 0.001; ANOVA with
repeated measures). In contrast, intravenous pretreatment with 5
wl anti-TNF-« in 0.5 ml had no statistically significant impact on
the ACTH response to turpentine (F(, 5oy = 1.57; p = 0.214;
ANOVA with repeated measures) (Fig. 2).
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Table 1. Percentage inhibition of the peak ACTH response to local
inflammation and electrofootshock stress produced by either anti-TNF-
a or rhTNFR:Fc

Intravenous Intracerebro-
route ventricular route
Local inflammation
Immunoneutralization
Anti-TNF-« 25*8 64 = 10***
Soluble receptor construct
1 pg thTNFR:Fc 29 + 19 62 + 6™
10 pug thTNFR:Fc 4+13 65 £ 11**
50 pg thTNFR:Fc 2220 72 = 8*
Footshock stress
Immunoneutralization
Anti-TNF-« Not done -1+ 14™

Values represent the mean + SEM of the % inhibition of the peak ACTH response
to local inflammation induced by either turpentine (7.5 h) or electrofootshock (30
min); 100% response was calculated as the difference between the mean plasma
ACTH concentrations observed in control, unstimulated rats and those in NRS- or
PBS-pretreated turpentine or NRS-pretreated electrofootshock rats, as appropriate.
The ACTH “response” in individual, treated (anti-TNF-a or rhTNFR:Fc) rats was
then similarly calculated, and the % inhibition was determined for each animal. ns,
Not significant; *p < 0.05, **p < 0.01, ***p < 0.001 versus respective intravenous
treatment (unpaired Student’s ¢ test).

As with anti-TNF-« pretreatment, inhibition of TNF-« action by
intracerebroventricular injection of rhTNFR:Fc dramatically re-
duced the ACTH response to local inflammation (Fig. 3). Intrace-
rebroventricular administration of 1-50 ug rhTNFR:Fc immediately
before turpentine produced a significant interaction between intra-
cerebroventricular and turpentine treatments (F3 63, = 5.14; p =
0.003; ANOVA with repeated measures). The extent of inhibition of
the ACTH response at 7.5 hr after turpentine produced by intrace-
rebroventricular thTNFR:Fc was similar at the three doses used
(62-72% reduction) and was equal to that afforded by intracerebro-
ventricular anti-TNF-a (64% reduction) (Table 1). The effects of
intracerebroventricular hTNFR:Fc on the plasma ACTH response
to turpentine, however, seemed to be dose-dependent at 6 and 9 hr,
with lower doses of hTNFR:Fc producing even higher ACTH con-
centrations than those in turpentine-treated controls at 9 hr (PBS:
68 = 7 pg/ml; thTNFR:Fc: 50 pg: 55 = 3 pg/ml; 10 pg: 92 *+ 12
pg/ml; 1 ug: 118 = 27 pg/ml). In contrast to intracerebroventricular
treatment, intravenous treatment with identical doses of rhTNFR:Fc
had no statistically significant effect on the plasma ACTH response
to turpentine (F(; 59, = 0.43; p = 0.730; ANOVA with repeated
measures) (Fig. 4).

Unlike inhibition of TNF-« action within the brain of animals
subjected to local inflammation, intracerebroventricular pretreat-
ment 16 hr before with 5 ul of anti-TNF-a had no significant
impact on the rise in plasma ACTH caused by electrofootshock
(F(1,22y = 0.06; p = 0.815; ANOVA with repeated measures) (Fig.
5). Similar peak plasma ACTH concentrations were observed in
NRS- (668 *= 57 pg/ml) and anti-TNF-a- (673 * 91 pg/ml)
treated rats 30 min after the onset of footshocks.

Plasma TNF-« bioactive protein is not affected
measurably by local inflammation produced

by turpentine

In intravenously cannulated control rats, plasma TNF-a-like bio-
activity was low (below 300 IU/ml) but detectable in four of five
animals (Table 2). Incubation of these same plasma samples with
a 1:100 dilution of NRS slightly increased the magnitude of
TNF-a-like activity detected in each sample. When plasma sam-
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Figure 3. Effect of intracerebroventricular pretreatment with 1-50 ug
rhTNFR:Fc on the ACTH response to local inflammation induced by 50
wl turpentine/100 gm body weight (intramuscular). Control treatments
were PBS (intracerebroventricular) plus saline (intramuscular). The ef-
fects of all three doses were tested in one experiment, but for the sake of
clarity the effects of each dose are illustrated separately and compared
with the one vehicle/saline group and one vehicle/turpentine group
present in this study. Statistical analysis showed that turpentine injection
and intracerebroventricular treatment with hTNFR:Fc significantly inter-
acted (F(3 63, = 5.14; p = 0.003; ANOVA with repeated measures). n =
7-10 subjects per experimental group.

ples were incubated with a 1:100 dilution of anti-TNF-«, however,
all TNF-a-like activity was lost (Table 2), indicating that the
cytotoxicity observed in the plasma of control rats was attributable
to authentic TNF-a.

In a separate series of experiments, plasma TNF-« bioactivity in
rats treated with either saline (intramuscularly), turpentine (in-
tramuscularly), or LPS (intravenously) was compared (Table 3).
Similar plasma TNF-« bioactivity was observed in saline- (153—
319 TU/ml) and turpentine-injected rats (193-312 TU/ml) 0-7 hr
after treatment, but LPS produced a transient (1-2 hr) and
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Figure 4. Effect of intravenous pretreatment with 1-50 ug rhTNFR:Fc on
the ACTH response to local inflammation induced by 50 ul turpentine/100
gm body weight (intramuscular). Control treatments were PBS (intrave-
nous) plus saline (intramuscular). The effects of all three doses were tested
in one experiment, but for the sake of clarity the effects of each dose are
illustrated separately and compared with the one vehicle/saline group and
one vehicle/turpentine group present in this study. Statistical analysis
showed that turpentine injection and intravenous treatment with rhTN-
FR:Fc did not significantly interact (F(5s9) = 0.43; p = 0.730; ANOVA
with repeated measures). n = 8-9 subjects per experimental group.

extremely marked increase (peak 21,324 IU/ml) in plasma TNF-«
bioactivity (Table 3).

Local inflammation produced by turpentine does not
elicit measurable increases in brain TNF-« bioactivity
or mRNA
Results from the previous two series of experiments indicated that
TNF-a mediates the ACTH response to turpentine-induced local
inflammation by an action within the CNS, and that there is no
apparent rise in TNF-a levels in peripheral blood. This suggests
that the likely site of production of TNF-« that produces the HPA
axis response to local inflammation is within the brain itself.

To determine whether TNF-a protein could be detected in
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Figure 5. Effect of pretreatment 16 hr before with either 5 ul of neat
anti-TNF-a intracerebroventricularly on the ACTH response to electro-
footshock (1 mA, 1 sec duration, 1 shock/3 min). Control treatment was
NRS (intracerebroventricular). Statistical analysis showed that footshock
treatment and intracerebroventricular treatment with anti-TNF-« did not
significantly interact (F(;,,, = 0.06; p = 0.815; ANOVA with repeated
measures). n = 11-13 subjects per experimental group.

Table 2. TNF-a (IU/ml)-like activity in cannulated, untreated (control)
rats

Plasma
Plasma Plasma + anti-TNF-«
Rat alone + NRS (1:100) (1:100)
1 291 356 <38
2 134 193 <38
3 206 243 <45
4 90 180 <63
5 <63 89 <63

Blood samples were collected from individual rats 48 h after insertion of jugular
venous catheters, and plasma samples were incubated with L1929 cells to determine
TNF-a-like activity. Samples were incubated in the assay, either alone or in the
presence of a 1:100 dilution of either normal rabbit serum (NRS) or rabbit anti-
TNF-a. Results are expressed as international units per milliliter (IU/ml).

Table 3. TNF-a (IU/ml)-like activity in the plasma of saline-,
turpentine-, or LPS-treated rats

Time (hr) Saline (i.m.) Turpentine (i.m.) LPS (i.v.)

0 153 = 45 243 + 45 302 + 102
1 239 + 62 298 + 91 21,324 * 8345
2 - 213 + 60 6125 = 1021
3 319 £ 71 193 =35 939 = 129
4 - 300 * 89 -

5 267 £ 32 218 = 56 -

6 - 312+ 82 -

7 299 + 76 278 + 56 -

Rats were injected with either 50 ul/100 gm of either saline or turpentine (i.m.) or 5
pg/kg LPS (i.v.). n = 3-5 per experimental group. i.m., Intramuscular; i.v., intravenous.

brains, TNF-a-like activity in the supernatants of brain homoge-
nates was measured, using methods similar to those that have
previously proved successful for the detection of TNF-«, IL-1, and
IL-6 bioactivity/immunoreactivity (Fontana et al., 1984; Hagan et
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Figure 6. Nonradioactive in situ hybridization histochemical analysis of TNF-a mRNA expression in the hippocampus of rats injected with either vehicle
(left), 3 hr after LPS (100 ng, i.c.v.) (center), or 7.5 hr after 50 ul turpentine/100 gm body weight (right). Top panels at 90X magnification and bottom panels
at 225X magnification. cc, Corpus callosum. These are data from single representative animals of experiments comprising four subjects per experimental
group. No TNF-a mRNA hybridization signal was noted in any other brain regions in any treatment group.

al., 1993; Taupin et al., 1993; Quan et al., 1996; and our own
unpublished data). In initial experiments, individual hypothalami
from control, untreated rats were placed in Eppendorf tubes, and
250 pl of tissue culture media containing 0, 30, or 900 IU of
TNF-a was added. The hypothalami were homogenized as de-
scribed, and supernatants were assayed for TNF-a-like activity.
No TNF-a-like activity was measurable in supernatants of hypo-
thalami homogenized in the absence of recombinant TNF-a.
Recovery of “spiked” TNF-a was 73% at 30 IU/hypothalamus
and 99% at 900 IU/hypothalamus. In additional experiments,
TNF-a bioactivity was undetectable in the supernatants of hypo-
thalamic, hippocampal, and cortical homogenates of control ani-
mals, but was markedly elevated in all three regions after intra-
cerebroventricular injection of 1 ug LPS (Table 4); however,
TNF-a-like activity of supernatants of the homogenates from
these brain regions of rats 5-8 hr after turpentine remained
undetectable (Table 4).

In situ hybridization analysis with dig-labeled TNF-« riboprobes
yielded no consistently detectable signal in any region in the
brains of control rats, using either antisense or sense probes. With
antisense probes, a marked hybridization signal of TNF-a mRNA
was detected in the hippocampal region of rats injected with LPS

(100 ng, i.c.v.) 3 hr earlier (Fig. 6). This signal was not apparent
with sense probes (data not shown). As in control animals, there
was no consistent TNF-a mRNA hybridization signal with either
antisense or sense riboprobes in the brains of rats subjected to
local inflammation by injection of turpentine, either 5 hr (data not
shown) or 7.5 hr earlier (Fig. 6). A similar pattern of no signal in
either control or turpentine-injected animals and a strong hybrid-
ization signal in the hippocampus of rats injected with LPS 3 hr
earlier was observed using IL-18 dig-labeled riboprobes (data not
shown).

SQ-PCR analysis was performed on RNA extracted from sev-
eral brain regions (hypothalamus, hippocampus, and cortex), the
pituitary, and blood cell pellets. To determine the contribution of
contaminating blood cells to the signals obtained in the experi-
mental brain samples, serial 1:10 dilutions of cDNAs from periph-
eral blood of the corresponding experimental animals were am-
plified. The last dilution tested contained cDNA derived from 3
ng of total RNA and represents 10 times any possible contribution
of blood cells to the cytokine signal (Pitossi et al., 1997). This last
dilution showed no detectable blood-borne signal for all cytokines
tested (data not shown). Figure 7 shows a representative ethidium
bromide-stained agarose gel comparing TNF- mRNA in the

Table 4. TNF-« activity (IU/mg protein) in specific brain regions in control, turpentine-, and LPS-treated

rats
LPS (1 pg, i.cv.) LPS (1 pg, i.cv.) Turpentine
Control 1 hr 3 hr 5, 6.5, 8 hr
Hypothalamus Not detectable 63.5 +9.8 23237 Not detectable
(1.7-2.4) (0.2-2.7)
Hippocampus Not detectable 393 = 8.0 79.1 = 23.7 Not detectable
(0.9-1.4) (0.6-4.8)
Cerebral cortex Not detectable 11.0 £ 0.8 255 *25 Not detectable
(1.8-4.0) (0.7-3.4)

Rats remained either untreated (control) or were injected either intramuscularly with 50 wl/100 gm turpentine or intra-
cerebroventricularly (i.c.v.) with LPS (1 ug/rat). Rats were killed either 1 or 3 hr after LPS or 5, 6.5, or 8 hr after turpentine;
brain regions were dissected and homogenized, and TNF-« activity of the resulting supernatants was determined. Values in
parentheses are the range of detection limits for each sample. n = 3—4 per group.
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Figure 7. Detection of TNF-a transcripts by SQ-PCR. Ethidium
bromide-stained agarose gel showing the different amplicons, which are
indicated by arrows [competitive fragment (c.f.): 480 basepair (bp); TNF-«
amplicon: 248 bp]. Lane I: cortex control; lane 2: cortex after turpentine
treatment (turp); lane 3: hypothalamus control; lane 4: hypothalamus
turp; lane 5: hippocampus control; lane 6: hippocampus turp; lane 7:
pituitary control; lane 8: pituitary turp; lane 9: blood control; lane 70:
blood turp; lane 71: no reverse transcriptase added to the RT-PCR; lane
12: no cDNA added to the PCR; lane 13: spleen control; lane 74: spleen
from rat given LPS (1 mg/kg, i.p.); lane 75: 500 molecules of the (pRat6);
M: 100 bp ladder molecular weight marker.

various experimental samples, and Figure 8 shows mean = SEM
for the ratios of the detection of cytokine mRNA (TNF-q, IL-18,
and IL-6) to that of the internal standard (pRat6). SQ-PCR
indicated detectable levels of TNF-a mRNA in all samples exam-
ined, with the relative abundance compared with internal control
being pituitary > blood > cortex > hypothalamus > hippocam-
pus. Positive control samples from rat spleen showed an 18-fold
increase in TNF-a mRNA levels 2 hr after LPS treatment, com-
pared with controls; however, injection of turpentine 7.5 hr earlier
produced no effect on TNF-a mRNA levels in any of the regions
tested (hypothalamus, hippocampus, cortex, pituitary, or blood)
(Figs. 7, 8). Similarly IL-1B and IL-6 mRNA levels were un-
changed by turpentine treatment (Fig. 8).

DISCUSSION

The present work demonstrates that TNF-a plays a major role
within the CNS in activating the HPA axis during acute local
inflammation in rats. Injection of recombinant TNF-« into the
cerebroventricles of otherwise normal, healthy animals produced
a rapid, marked, and sustained elevation in plasma ACTH con-
centrations. During acute local inflammation, the consequent
elevations in plasma ACTH concentrations were reduced mark-
edly by inhibition of TNF-« action specifically within the brain,
either by intracerebral passive immunoneutralization or by previ-
ous intracerebral treatment with a soluble receptor construct that
binds and inhibits the actions of TNF-a (Peppel et al., 1991;
Mohler et al., 1993; Wooley et al., 1993).

The profound increases in plasma ACTH concentrations pro-
duced by intracerebral TNF-a observed here are in marked con-
trast to previous studies. Sharp et al. (1989) and van der Meer et
al. (1996) reported that human TNF-a administered either into
the lateral cerebroventricle or directly into the median eminence
has no effect on plasma ACTH levels. Conversely, these authors
(Sharp et al., 1989; van de Meer et al., 1996), as well as others
(Bernardini et al., 1990; Besedovsky et al., 1991; Watanobe and
Takebe, 1992; Sharp and Matta, 1993), have reported marked
ACTH secretagogue activity of human TNF-a when administered
intravenously. The apparent difference between the effects of
intracerebral mouse and human TNF-a on plasma ACTH con-
centration may reflect the differing pharmacological profiles of
the two identified TNF receptors, TNF-R1 and TNF-R2. Murine
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Figure 8. Mean * SEM of the relative abundance of cytokine transcript
(TNF-a, top; IL-1B, middle; IL-6, bottom) compared with the competitive
fragment (pRat6). Statistical analyses (unpaired Student’s ¢ test) indicated
no significant differences between control and turpentine-treated rats for
any transcript in any region examined. Samples from spleen indicated
marked increases in cytokine transcripts after treatment with LPS (2 hr
after 1 mg/kg, i.p.), compared with control, untreated rats. TNF-a: control
0.63 = 0.10, LPS 33.47 = 11.09; IL-1p: control 2.89 * 0.44, LPS 52.86 *
12.34; IL-6 0.24 = 0.08, LPS 22.35 * 3.84). n = 3 subjects per experimen-
tal group.

TNF-R1 has high affinity for either mouse or human TNF-q,
whereas at murine TNF-R2 only mouse TNF-« is effective (Lewis
et al., 1991; Heller et al., 1992; Mackay et al., 1994). Should the
same pharmacology be true at rat TNF-« receptors, as has been
suggested (Stefferl et al., 1996), then the increase in plasma
ACTH concentrations induced by intracerebral mouse but not
human TNF-« indicates that TNF-R2 is the major receptor iso-
form involved in cerebral TNF-a modulation of HPA activity.
Our work also clearly indicates an important role of endogenous
cerebral TNF-« in regulating the response of the HPA axis to
local inflammation. Inflammation was induced by the intramus-
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cular injection of turpentine, which produces an initial transient
(1-2 hr after injection) series of physiological responses (elevation
in body temperature, hypermetabolism, activation of the HPA
axis) attributable to nociceptive afferent inputs (Cooper and
Rothwell, 1991; Turnbull et al., 1994; Turnbull and Rivier, 1996a).
This is followed by a full-blown APR that commences at ~3-4 hr,
lasts for at least 24 hr, and is mediated, at least in part, by a
number of cytokines, e.g., IL-1, IL-6, and TNF-« (Oldenburg et
al., 1993; Cooper et al., 1994a; Kopf et al., 1994; Turnbull et al.,
1994; Zheng et al., 1995; Turnbull and Rivier, 1996a). Here we
demonstrate that inhibition of TNF-a action specifically within
the brain markedly reduces the ACTH response that is apparent
3.0-7.5 hr after turpentine administration. In contrast, the ACTH
response to mild electrofootshocks was unaffected by intracere-
broventricular anti-TNF-«, indicating that inhibition of TNF-«
action within the brain does not affect the responsiveness of HPA
axis nonspecifically. Interestingly, the reductions in plasma ACTH
concentration at 7.5 hr after turpentine produced by either anti-
TNF-« or the three different doses of thTNFR:Fc were similar
(62-72% inhibition), suggesting that this is a maximal inhibition
and, by inference, that there is a small component of the ACTH
response that is independent of TNF-« acting within the brain.
Although anti-TNF-a treatment produced inhibition of the
ACTH response to local inflammation at all time points measured
(3-9 hr), the effects of rhTNFR:Fc, particularly at 9 hr, seemed to
be dose-dependent. The slight exacerbation of the ACTH re-
sponse at this time, which was apparent with the smallest dose (1
1g), is consistent with previous reports demonstrating that at low
doses thTNFR:Fc acts as a TNF-« carrier, resulting in enhanced
rather than inhibited responses to TNF-a once its binding capac-
ity has been exceeded (Mohler et al., 1993). Intravenous admin-
istration of similar doses of either antiserum or rhTNFR:Fc had
no significant effect on plasma ACTH levels during local inflam-
mation, although it cannot be excluded that higher doses of either
of these TNF-« inhibitors may have an impact. Indeed peripheral
administration of larger doses (80-fold) of the same anti-TNF-«
antiserum markedly attenuate the fever, hypermetabolism, and
elevations in plasma IL-6 concentration produced by turpentine
(Cooper et al., 1994a). Whether or not complete inhibition of
TNF-a action within the periphery significantly influences the
HPA response to local inflammation, the present work clearly
indicates that TNF-« acting within the CNS is an important,
although probably not the sole, factor in the elaboration of ele-
vated HPA activity caused by local inflammation.

The present study also sought to determine the site (periphery
or brain) of production of cerebral TNF-« that influenced HPA
activity during local inflammation. We considered two possibili-
ties: (1) that TNF-a was generated in the periphery at the site of
the inflammatory insult and gained access to the CNS via circu-
lation in blood and subsequent transport across the blood—brain
barrier (Gutierrez et al., 1993), and (2) that TNF-a production
within the CNS was elevated during the inflammatory insult, as
has been demonstrated during endotoxemia (Gatti and Bartfai,
1993; Breder et al., 1994; Laye et al., 1994; Liu et al., 1996; Pitossi
et al., 1997).

Numerous studies have demonstrated that TNF-a concentra-
tions are markedly elevated at the site of local inflammation in
rodents (e.g., Ford et al, 1989; Ferrandiz and Foster, 1991;
Karalis et al., 1991; Smith-Oliver et al., 1993; Sekut et al., 1994);
however, the relationship between tissue and circulating levels of
TNF-« is controversial (Franks et al., 1991; Remick, 1991; Tracey
and Cerami, 1992; Sekut et al., 1994). Although we found detect-
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able levels of bioactive TNF-« in the plasma of control intrave-
nously cannulated rats, there was no change in its concentration
during acute local inflammation over the time course that we
showed to be relevant to the cerebral TNF-a-mediated increases
in HPA activity. This is consistent with a number of studies that
have demonstrated marked elevations in inflamed tissue levels of
TNF-« but no alteration in its blood concentration (Ford et al.,
1989; Cooper et al., 1994a; Sekut et al., 1994). Taken together
with the observation of only limited transport of TNF-a from
blood to brain (Gutierrez et al., 1993), these data indicate that the
effects we observed of inhibition of TNF-« action within the CNS
are unlikely to be attributable to inhibition of TNF-« of periph-
eral origin.

In response to the peripheral administration of LPS, the CNS
expresses elevated levels of TNF-a mRNA (Gatti and Bartfai,
1993; Breder et al., 1994; Laye et al., 1994; Liu et al., 1996; Pitossi
et al., 1997), as well as other inflammation-related cytokines such
as IL-1 and IL-6 (Ban et al., 1992; van Dam et al., 1992, 1995;
Gatti and Bartfai, 1993; Muramami et al., 1993; Laye et al., 1994,
1995; Quan et al., 1994; Buttini and Boddeke, 1995; Gabellec et
al., 1995; Pitossi et al., 1997). Thus it has been proposed that the
changes in CNS function (e.g., fever, sickness, behavior, activation
of the HPA axis) during endotoxemia may be attributable to the
influence of cytokines generated within the CNS (Kakucska et al.,
1993; Kilir et al., 1993; Roth et al., 1993; Hopkins and Rothwell,
1995; Laye et al., 1995; Rothwell and Hopkins, 1995). The present
study, however, suggests that previous findings of increased cere-
bral cytokine expression during endotoxemia cannot necessarily
be extended to include all peripheral inflammatory insults. Acute
local inflammation induced by turpentine did not result in detect-
able increases in TNF-« protein in either hypothalamus, hip-
pocampus, or cerebral cortex over the time course of study (5-8
hr after turpentine injection). Furthermore, TNF-a mRNA could
not be detected in any brain region 5 or 7.5 hr after turpentine by
using nonradioactive in situ hybridization procedures. That these
approaches were able to detect elevations in TNF-a synthesis in
brain was demonstrated by the increases observed after cerebral
administration of LPS. Even with use of the exquisitely sensitive
technique of SQ-PCR [which detects as little as 1 molecule of
cytokine mRNA per 10 cells (Pitossi et al., 1997)], no change in
TNF-a mRNA was demonstrable even at the peak of the HPA
axis response to turpentine. Similarly, no changes in either IL-13
mRNA by in situ hybridization or IL-18 or IL-6 mRNAs by
SQ-PCR were apparent. It remains possible that we were unable
to detect small elevations in cerebral cytokine synthesis in very
localized subregions of the CNS. Furthermore, increases in cere-
bral cytokine synthesis may occur at times other than those
adopted in the present study. But since the regions of the brain
(hypothalamus, hippocampus, cortex) and pituitary sampled by
the most sensitive technique (SQ-PCR) are those most implicated
in the regulation of neuroendocrine functions, and many of the
APRs (e.g., fever, hypermetabolism, HPA activation) to local
inflammation induced by turpentine peak at ~8 hr (Cooper and
Rothwell, 1991; Cooper et al., 1994a; Turnbull et al., 1994; Turn-
bull and Rivier, 1996a), we believe it highly unlikely that elevated
cytokine synthesis within the CNS contributes to the ensuing
APRs. In particular, the markedly suppressive effects of inhibition
of TNF-« action within the brain that we demonstrate here seem
not to be caused by elevated TNF-« synthesis within the brain.

The apparent paradox of no change in brain levels of TNF-«
but a key physiological role of TNF-« within the brain in response
to acute inflammation indicates that basal cerebral synthesis of
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TNF-« is sufficient to produce, or at least contribute to, the
elevated HPA activity. Although absolute levels of TNF-« protein
or mRNA were not altered measurably, elevated release of pre-
existing TNF-a from either neurons or more likely from astrocytes
or glial cells might be sufficient to account for the activation of the
HPA axis that is apparent during acute local inflammation. In-
deed, immunocytochemical evidence indicates that TNF-a pro-
tein is distributed discretely in the mouse CNS, particularly in
areas involved in autonomic and endocrine regulation, including
the hypothalamus, amygdala, and bed nucleus of the stria termi-
nalis (Breder et al., 1993). Whether a similar distribution is
apparent in the rat CNS is not known, although clearly the levels
of TNF-« protein are below the detection limits of the method-
ology used in the present work (L929 bioassay of brain homoge-
nates). Alternatively, TNF-a may play a permissive or synergistic
role in the regulation of HPA activity during acute local inflam-
mation. Recent studies demonstrating that neutralization of cyto-
kine action in brain reduces the fever response to prostaglandin
E, (PGE,) (Fernandez-Alonso et al., 1996) suggest a permissive
action of cytokines within the brain in response to PGs. Because
local inflammation induced by turpentine produces marked in-
creases in brain concentrations of PGE, (Cooper et al., 1994b),
and the accompanying HPA axis response is completely reversed
by the cyclo-oxygenase inhibitor ibuprofen (Turnbull and Rivier,
1996a), it seems plausible that TNF-« signaling within the brain is
necessary for the full expression of the HPA-activating effects of
PGE,.
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