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Role of Microglial-Derived Tumor Necrosis Factor in Mediating
CD14 Transcription and Nuclear Factor k B Activity in the

Brain during Endotoxemia

Sylvain Nadeau and Serge Rivest
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Anatomy and Physiology, Laval University, Québec, Canada G1V 4G2

Systemic injection of the endotoxin lipopolysaccharide (LPS)
upregulates the gene encoding CD14 early in the circumven-
tricular organs (CVOs) and later in the brain parenchyma. The
present study tested the hypothesis that the parenchymal pro-
duction of the proinflammatory cytokine tumor necrosis factor «
(TNF-) by microglial cells is responsible for triggering CD14
transcription in an autocrine/paracrine loop-like manner. In a
first set of experiments, Sprague Dawley rats were killed 1, 3, 6,
and 12 hr after an intracerebroventricular administration of
recombinant rat TNF-a or vehicle solution. Second, anti-rat
TNF-a-neutralizing antibody or vehicle solution was adminis-
trated into the lateral ventricle 10 hr before an intraperitoneal
injection of LPS. Central administration of the cytokine caused
a strong induction of IkBa, TNF-«, and CD14 mRNA in paren-
chymal microglial cells. The hybridization signal for these tran-
scripts was localized to the edge of the ventricles and the site
of infusion. The time-related expression of each mRNA sug-
gested that TNF-a has the ability to trigger its own production

followed by the transcription of the LPS receptor; the signal for
IkBa, TNF-«, and CD14 peaked at 1, 3, and 6 hr, respectively.
The genes encoding TNF-a and mCD14 were also induced in
the CVOs and within microglial cells across the brain paren-
chyma in response to intraperitoneal LPS administration. This
induction in parenchymal cells of the brain was prevented in
animals that received the anti-TNF-antisera intracerebroven-
tricularly 10 hr before the systemic treatment with the endo-
toxin. The present data provide the evidence that microglial-
derived TNF-a is responsible for the production of the LPS
receptor CD14 during endotoxemia. This autocrine/paracrine
stimulatory loop may be of great importance in controlling the
inflammatory events that take place in the CNS during innate
immune response as well as under pathological conditions.
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The clinical manifestations of endotoxemia are characterized by
hyperventilation, hypercoagulation, pain, fever, cachexia, tachy-
cardia, hypotension, somnolence, change in oxygen consumption,
and multiple organ failure (Sweet and Hume, 1996). Most of these
symptoms can be mimicked by the stimulation of host monocytes
or macrophages in presence of the endotoxin lipopolysaccharide
(LPS) (Haziot et al., 1996) or prevented with anti-CD14 antibody
(Wright et al., 1990, 1991; Dentener et al., 1993). The endotoxin
is released by the outer membrane of the gram-negative bacteria
during sepsis and is detected by cells of myeloid origin, which
bear the LPS receptor CD14 at their membrane surfaces (Pugin
etal., 1994). CD14 is considered as the key player in the induction
of the septic shock provoked by gram-negative bacteria.

Two forms of the CD14 receptor can be found. The first one is
present at the surface of myeloid cells (mCD14) and acts as a
glycosylphosphatidylinositol (GPI)-anchored membrane glyco-
protein. The other form is soluble in the serum (sCD14) and lacks
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the GPI properties, although it can bind LPS to activate cells
devoid of mCD14, such as endothelial, epithelial cells and vascu-
lar smooth muscle cells (Andersson et al., 1992). It is not well
known how cell activation is triggered after binding between the
endotoxin and the GPI-anchored mCD14, although there is now
evidence that activation of tyrosine kinase leads to transduction
signal and cytokine gene transcription through nuclear factor
kappa B (NF-«B). The recent characterization of human ho-
mologs of Toll, especially the Toll-like receptor 4, may be the
missing link for the transduction events leading to NF-«B activity
in response to the LPS-mCD14 interaction (for review, see
Ulevitch, 1999; Wright, 1999). NF-«B is normally present in the
cytoplasm, forming an inactive complex with an inhibitor known
as IkBa, which must be phosphorylated and degraded to allow
NF-«B nuclear translocation and transcriptional activation of
target genes (Baeuerle and Baltimore, 1996; Baeuerle, 1998;
Delhase et al., 1999). After its degradation, IkBa is rapidly
resynthesized to act as an endogenous inhibitory signal for
NF-«B, and monitoring IkBa mRNA expression is a powerful
tool to investigate the activity of the transcription factor within
the CNS during immune stimuli.

We have recently reported that circulating LPS causes a rapid
expression of CD14 mRNA within the circumventricular organs
(CVOs), brain regions that contain a rich vascular plexus with
specialized arrangements of the blood vessels (Lacroix et al.,
1998). The tight junctions normally present between the endo-
thelial cells are shifted in part to the ventricular surface and partly
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Table 1. Treatment, dose, and number of rats used in each condition

Time (hr)

1 3 6 12
Treatment Veh/treated Veh/treated Veh/treated Veh/treated
rf'TNF-q, i.c.v. (150 ng/10 ul for 2 min) 3/5 3/5 3/5 3/5
LPS, ip. (2.5 mg/kg, b.w.) 3/4 3/4 3/4 3/3
r'TNF-q, iv. (4.1 pg/kg, b.w.) 3/4 3/4 3/4 -

Time (hr)
2 6

Veh, i.c.v. (5 ul for 2 min)/Veh, i.p. (300 wl) 3 3
Veh, i.c.v. (5 ul for 2 min)/LPS, i.p. (1.5 mg/kg, b.w.) 5 5
Ab, i.c.v. (2 ug/5 pl for 2 min)/Veh, i.p. (300 ul) 5 5
Ab, i.cv. (2 pg/5 pl for 2 min)/LPS, i.p. (1.5 mg/kg, b.w.) 5 5
Goat IgG (5 ul for 2 min)/Veh, ip. (300 ul) 2 2
Goat IgG (5 ul for 2 min)/LPS, i.p. (1.5 mg/kg, b.w.) 2 2

r'TNF-a: catalog #510 RT, lot number AGMO017071, R & D Systems (Minneapolis, MN); LPS, bacterial endotoxin from Escherichia coli, serotype 055:B5, Sigma (St. Louis,
MO) L-2880, lot number 114H4022; Veh, sterile pyrogen-free saline; Ab, anti-rTNF-a neutralizing antibody, catalog #AF-510-NA, lot number X1028051, R & D Systems;

Goat IgG: normal goat serum, catalog #S-1000, Vector Laboratories Burlingame, CA.

to the boundary between the CVOs and the adjacent structures
explaining the diffusion of large molecules into the perivascular
region (Oldfield and Mckinley, 1995). Parenchymal cells located
in the anatomical boundaries of the CVOs exhibited a delayed
response, which was followed by a positive signal for CD14
transcript in microglia across the brain parenchyma (Lacroix et
al., 1998). These results strongly suggest that the endotoxin first
reaches organs devoid of the blood-brain barrier (BBB) to induce
the transcription of its own receptor and thereafter increased
CD14 biosynthesis within parenchymal structures surrounding
the CVOs and then the entire brain of severely challenged ani-
mals. Brain CD14 expression is likely to be a key step in the
transcription of proinflammatory cytokines (Quan et al., 1997;
Vallieres and Rivest, 1997; Nadeau and Rivest, 1999) first within
accessible structures from the blood and thereafter through scat-
tered parenchymal cells during severe sepsis.

Like systemic phagocytes (Fearns et al., 1995), CD14 synthesis
in parenchymal cells of the brain may be dependent on the
production of proinflammatory cytokines. Of interest is the data
that systemic injection of the bacterial endotoxin induced strong
expression of CD14 (Lacroix et al., 1998) mRNA in a pattern that
was closely related to the induction of tumor necrosis factor «
(TNF-a) (Nadeau and Rivest, 1999) transcript with a rapid and
delayed response. Although there is a large body of evidence that
CD14 is necessary for the role of LPS on the induction of
cytokine transcription from different myeloid cells, the possibility
remains that the cytokine itself acts as an autocrine and paracrine
factor to upregulate the LPS receptor. The binding of TNF to its
type I receptor (p55) leads to the activation and translocation of
p50/65 NF-«B into the nucleus (Beg et al., 1993), an event that
has been reported to modulate CD14 expression. Indeed, TNF-a
is able to induce a transient increase in plasma CD14 levels with
a peak at 68 hr, and this elevation in levels of CD14 antigen was
shown to be accompanied by increased levels of CD14 mRNA in
lung, liver, and kidney (Fearns and Loskutoff, 1997). Pretreat-
ment of mice with an anti-TNF-« antibody significantly prevented
LPS-induced mCD14 transcription (Fearns and Loskutoff, 1997;
Fearns and Ulevitch, 1998). Whether such mechanism is indeed
taking place in the brain has yet to be investigated, but it is

possible to believe that the cytokine is one of the paracrine factor
that contributes to activate adjacent cells within the parenchymal
brain.

The purpose of the present study was therefore to investigate
the role of microglial-derived TNF in the regulation of CD14 in
the brain during endotoxemia. To ascertain that TNF is capable
of triggering its own production and CD14 transcription in spe-
cific cellular populations of the brain, animals received a single
bolus of recombinant rat TNF-a (rf'TNF-a) and were killed at
different times thereafter. A second experiment consisted of
neutralizing the biological activity of the cytokine in infusing an
anti-rat TNF-« antibody in the lateral ventricle 10 hr before the
systemic challenge with the endotoxin LPS. The results confirmed
the hypothesis that TNF-a has the ability to trigger I«kBa,
TNF-a, and CD14 transcripts in microglia across the brain pa-
renchyma, and the endogenous release of the proinflammatory
molecule is responsible for the paracrine autostimulation of the
phagocytic population of cells in the brain during blood sepsis.

MATERIALS AND METHODS

Animals. Adult male Sprague Dawley rats (Charles River Canada, St.
Constant, Quebec, Canada; ~265-300 gm) were acclimated to standard
laboratory conditions (14:10 light/dark cycle; lights on at 6:00 A.M. and
off at 8:00 P.M.) with ad libitum access to rat chow and water. Each rat
was only used once for experimentation, and all protocols were approved
by the Laval University’s Animal Welfare Committee. A total of 116 rats
were assigned to different protocols divided among the treatment and
route of administration as described in Table 1.

Intracerebroventricular infusions. Animals receiving intracerebroven-
tricular injections were anesthetized with an intraperitoneal injection of
a mixture [1 ml/kg body weight (b.w.)] of ketamine hydrochloride (91
mg/kg) and xylazine (9 mg/kg). The right lateral ventricle was reached
stereotaxically (David Kopf Instruments, Tujunga, CA) using the Paxi-
nos and Watson’s atlas (1986). With the incisor bar placed at 3.3 mm
below the interaural line (horizontal zero), the coordinates from bregma
for the guide cannula were —0.6 mm anteroposterior, —1.4 mm lateral,
and —2.8 mm dorsoventral. A 22 gauge stainless steel guide cannula was
implanted close to the right lateral ventricle and secured with screws and
cranioplastic cement (cranioplastic powder, Plastic One, Roanoke, VA;
repair material, Dentsply International, York, PA). The rats were then
housed individually for a 7 d recuperation period. During the first 3 d
after the surgery, rats received once daily an subcutaneous injection of 8
ml of Ringer’s lactate (Abbott Laboratories, Saint-Laurent, Quebec,
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Canada; catalog #7953(150), lot #48-142-NA at 37°C) and 150 ul of
ketoprofen (Rhone Mérieux Canada, Victoriaville, Quebec, Canada; lot
#M02008).

On the day of the experiment (~8:30 A.M.), an internal cannula (28
gauge, 1 mm projection beyond the tip of the guide cannula) was
connected to the guide cannula. Thereafter, either 10 ul of rrTNF-« or
10 wl of vehicle solution (pyrogen-free sterile distilled water) was in-
jected into the right lateral ventricle over 2 min by means of a microin-
jection pump (model A-99; Razel Scientific Instruments, Stanford, CN).
The animals were conscious and freely moving at all times throughout
the procedure and killed 1, 3, 6, and 12 hr after the intracerebroventric-
ular administration.

In another group of animals, anti-r'TNF-a-neutralizing antibody (2
ng/5 wl/rat; catalog #AF-510-NA, lot #X1028051; R & D Systems,
Minneapolis, MN) or normal goat serum (5 ul/rat; catalog #S-1000;
Vector Laboratories, Burlingame, CA) was injected into the lateral
ventricle 10 hr before an intraperitoneal injection of either LPS (1.5
mg/kg, b.w.) or the vehicle solution (300 ul of sterile pyrogen-free
saline). This dose was selected to induce mCD14 and TN F-« expression
in microglial cells across the brain parenchyma (Lacroix et al., 1998;
Nadeau and Rivest, 1999). The animals were conscious and freely mov-
ing at all times throughout the intracerebroventricular injections.

Intravenous injection of rrTNF-o. Animals receiving intravenous injec-
tions were implanted with sterile cannulas containing sterile pyrogen-
free heparin-saline (5.0 U/ml). Catheters were made from a piece of
SILASTIC tubing [SILASTIC medical grade tubing, inner diameter
(i.d.) 0.020 inch, outer diameter (o0.d.) 0.037 inch; Dow Corning, Mid-
land, MI] connected to an Intramedic polyethylene tubing (PE-50; i.d.
0.023 inch, o.d. 0.038 inch; Caly Adams, Parsippany, NJ). Outlets of
cannulas were placed at the level of the neck, and rats were housed
individually for a recuperation period of ~5 d. On the day of the
experiment (~8:30 A.M.), the outlet portion of the catheter was fixed to
a truncated 27 gauge needle that was attached to a PE-50 tubing. These
connectors were then fixed to a 1 ml syringe, and rats were housed
individually in a quiet room for at least 2 hr before the intravenous
injections. Recombinant rat TNF-« (4.1 ug/kg, b.w.; catalog #510 RT,
lot #AGM017071; R & D Systems) or the vehicle solution (300 ul of
sterile pyrogen-free saline) was injected through the right jugular vein.
The animals were killed 1, 3, and 6 hr after the intravenous injection of
rI'TNF-a.

Rats were deeply anesthetized with an intravenous (100 ul) or intra-
peritoneal (500 ul) injection of a mixture of ketamine hydrochloride and
xylazine, then rapidly perfused transcardially with 0.9% saline, followed
by 4% paraformaldehyde in 100 mm borax buffer, pH 9.5, at 4°C. The
brains were removed from the skull, post-fixed for 1-4 d, and placed in
10% sucrose in a solution of 4% paraformaldehyde—borax buffer over-
night at 4°C. For the combination of immunocytochemistry (especially
for OX-42-immunoreactive cells) to in situ hybridization, rats were
perfused with saline followed by 4% paraformaldehyde in 0.1 M sodium
phosphate, pH 7.2. Brains were removed from the skull, post-fixed for 2
hr, and then placed in 20% sucrose diluted in 4% paraformaldehyde—
sodium phosphate buffer for 12-15 hr. The brains were mounted onto a
sliding microtome (SM2000R; Leica Instruments GmbH, Nussloch, Ger-
many), frozen with dry ice, and cut into 30 um coronal sections from the
olfactory bulb to the caudal medulla. The slices were collected in a cold
cryoprotectant solution (0.05 M sodium phosphate buffer, pH 7.3, 30%
ethylene glycol, 20% glycerol) and stored at —20°C.

Single in situ hybridization. Hybridization histochemical localization of
CD14, TNF-q, and IkBa mRNA was performed on every sixth section of
the whole rostrocaudal extent of each brain using *S-labeled cRNA
probes. All solutions were treated with diethylpyrocarbonate (DEPC)
and sterilized to prevent RNA degradation. Tissue sections mounted
onto poly-L-lysine-coated slides were desiccated overnight under vacuum,
fixed in 4% paraformaldehyde for 30 min, and digested with proteinase
K (10 pug/mlin 0.1 M Tris HCI, pH 8.0, and 50 mm EDTA, pH 8.0, at 37°C
for 25 min). Thereafter, the brain sections were rinsed in sterile DEPC
water followed by a solution of 0.1 M triethanolamine (TEA), pH 8.0,
acetylated in 0.25% acetic anhydride in 0.1 M TEA, and dehydrated
through graded concentrations of alcohol (50, 70, 95, and 100%). After
vacuum drying for a minimum of 2 hr, 90 ul of hybridization mixture
(107 cpm/ml) was spotted on each slide, sealed under a coverslip, and
incubated at 60°C overnight (~15-20 hr) in a slide warmer. Coverslips
were then removed, and the slides were rinsed in 4X SSC at room
temperature. Sections were digested by RNase A (20 ug/ml, 37°C, 30
min), rinsed in descending concentrations of SSC (2, 1X, 0.5X SSC),
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washed in 0.1X SSC for 30 min at 60°C (1X SSC: 0.15 M NaCl and 15 mm
trisodium citrate buffer, pH 7.0) and dehydrated through graded concen-
trations of alcohol. After being dried for 2 hr under vacuum, the sections
were exposed at 4°C to x-ray films (Biomax; Eastman Kodak, Rochester,
NY) for 1-3 d. The slides were thereafter defatted in xylene, dipped in
NTB2 nuclear emulsion (Kodak; diluted 1:1 with distilled water), ex-
posed for 7 d (IkBa transcript) or 14 d (CD14 and TNF-« transcript),
developed in D19 developer (Kodak) for 3.5 min at 14-15°C, washed 15
sec in water, and fixed in rapid fixer (Kodak) for 5 min. Tissues were then
rinsed in running distilled water for 1-2 hr, counterstained with thionin
(0.25%), dehydrated through graded concentrations of alcohol, cleared in
xylene, and coverslipped with distrene plasticizer xylene (DPX) mount-
ing medium.

cRNA probe synthesis and preparation. The pBluescript SK plasmids
containing the full-length coding sequence of the rat CD14 cDNA
(kindly provided by Dr. Doug Feinstein; Cornell University Medical
College, New York, NY; Lacroix et al., 1998), rat TNF-a cDNA
(Nadeau and Rivest, 1999), or the mouse IkBa cDNA (kindly provided
by Dr. Alain Israél, Institut Pasteur, Paris, France; Laflamme and Rivest,
1999) were linearized with Sacl and Kpnl (CD14), EcoRI and BamHI
(TNF-w), or BamHI and HindIll (IkBa) for the antisense and sense
riboprobes, respectively. Radioactive cRNA copies were synthesized by
incubation of 250 ng of linearized plasmid in (in mm): 6 MgCl,, 40 Tris,
pH 7.9, 2 spermidine, 10 NaCl, 10 dithiothreitol, and 0.2 ATP/GTP/CTP,
and 200 uCi of a-**S-UTP (DuPont NEN, Boston, MA; #NEG 039H),
40 U of RNAsin (Promega, Madison, WI), and 20 U of either T7 (CD14
and IkBa antisense probe, TN F-a sense probe) or T3 (TNF-« antisense
probe, CD14 and IkBa sense probe) RNA polymerase for 60 min at 37°C.
Unincorporated nucleotides were removed using ammonium-acetate
method; 100 ul of DNase solution (1 ul of DNase, 5 ul of 5 mg/ml tRNA,
94 ul of 10 mm Tris—10 mm MgCl,) was added, and 10 min later, a
phenol-chloroform extraction was performed. The cRNA was precipi-
tated with 80 ul of 5 M ammonium acetate and 500 ul of 100% ethanol
for 20 min on dry ice. The pellet was washed with 500 ul of 70% ethanol,
dried, and resuspended in 100 pl of 10 mm Tris/l mm EDTA. A
concentration of 107 cpm probe was mixed into 1 ml of hybridization
solution [500 ul of formamide, 60 ul of 5 M NaCl, 10 ul of 1 M Tris, pH
8.0, 2 ul of 0.5 M EDTA, pH 8.0, 50 ul of 20X Denhardt’s solution, 200
ul of 50% dextran sulfate, 50 ul of 10 mg/ml tRNA, and 10 ul of 1 M
DTT, (118 ul of DEPC water — volume of probe used)]. This solution
was mixed and heated for 5 min at 65°C before being spotted on slides.

Combination of immunocytochemistry with in situ hybridization. Immu-
nocytochemistry was combined with the in situ hybridization histochem-
istry protocol to determine the type of cells that express CD14, 1kBa,
and TNF-a mRNA transcript in the rat brain after intracerebroventric-
ular administration of TNF-a. The anti-rat CD11b/c monoclonal anti-
body (OX-42; Cedarlane Laboratories, Hornby, Ontario, Canada; cata-
log #CL042B, lot #4241) and the mouse anti-glial GFAP monoclonal
antibody (Chemicon, Temecula, CA; catalog #M AB360, lot #19020465)
were used to stain microglia and astrocytes, respectively. Every sixth
brain section was processed by using the avidin-biotin bridge method
with peroxidase as a substrate. Briefly, slices were washed in sterile
DEPC-treated 50 mm potassium PBS (KPBS) and incubated 2 hr at room
temperature with anti-CD11b/c or anti-GFAP antibody diluted in sterile
KPBS plus 0.4% Triton X-100 plus 1% bovine serum albumin (fraction
V; Sigma, St. Louis, MO) plus 0.25% heparin sodium salt USP (ICN
Biomedicals, Aurora, OH). Monoclonal anti-CD11b/c or anti-GFAP
antibodies were diluted at 1:1500 or 1:2500, respectively. After incuba-
tion with the primary antibody, brain slices were rinsed in sterile KPBS
and incubated with a mixture of KPBS plus 0.4% Triton X-100 plus 1%
BSA plus 0.25% heparin plus biotinylated secondary antibody (anti-
mouse IgG; catalog #BA-2001; Vector Laboratories, 1:1500) for 60 min.
Sections were then rinsed with KPBS and incubated at room temperature
for 60 min with an avidin-biotin—peroxidase complex (Vectastain ABC
Elite kit; Vector Laboratories). After several rinses in sterile KPBS, the
brain slices were reacted in a mixture containing sterile KPBS, the
chromagen 3,3’-diaminobenzidine tetrahydrochloride (DAB; 0.05%),
and 0.003% hydrogen peroxide (H,O,).

Thereafter, tissues were rinsed in sterile KPBS, immediately mounted
onto gelatin and poly-L-lysine-coated slides, desiccated under vacuum for
30 min, fixed in 4% paraformaldehyde, pH 7.2, for 30 min, and digested
by proteinase K (10 pg/ml in 100 mm Tris HCI, pH 8.0, and 50 mm
EDTA, pH 8.0) at 37°C for 25 min. Prehybridization, hybridization, and
posthybridization steps were performed according to the above descrip-
tion with the difference of dehydration (alcohol 50, 70, 95, 100%), which
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CD14 mRNA

Control Veh i.c.v TNF-a i.c.v.

L

Figure 1. Expression of the gene encoding the LPS receptor CD14 across the brain of rats that received an intracerebroventricular infusion of
recombinant rat tumor necrosis factor a (rrTNF-a). These rostrocaudal sections (30 wm) depict positive signal on x-ray films (Biomax) in the brain of
an intact animal (Control) and 6 hr after the intracerebroventricular administration of either vehicle (Veh) or the proinflammatory cytokine. 4 P, Area
postrema; chp, choroid plexus; epc, ependymal cells; Hip, hippocampus; ME, median eminence; OV LT, organum vasculosum of the lamina terminalis;
SFO, subfornical organ.
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Figure 2. Time-related induction of IkBa, TNF-a, and CD14 mRNA
after intracerebroventricular rr'TNF-o administration. The OD was mea-
sured in the same areas (isocortex, septum, ependymal lining of the lateral
ventricle, paraventricular nucleus, geniculate nucleus, periaqueductal
gray, locus coeruleus, and the ventrolateral medulla) for each transcript.
The areas were digitized and subjected to densitometric analysis using a
logarithmic specter of standardized OD adapted from Bioimage Visage
110s (Millipore), yielding measurements of mean density per area (re-
ferred here to as OD). For more information on image analysis, see
Materials and Methods. Results represent means = SEM for five animals
per group. *Significantly different (p < 0.05) from their corresponding
vehicle-treated groups.

was shortened to avoid decoloration of immunoreactive cells (brown
staining). After being dried for 2 hr under the vacuum, sections were
exposed at 4°C to x-ray film (Kodak) for 17 hr, defatted in xylene, and
dipped in NTB2 nuclear emulsion (Kodak; diluted 1:1 with distilled
water). Slides were exposed for 10 d (IkBa) or 21 d (CD14, TNF-a),
developed in D19 developer (Kodak) for 3.5 min at 15°C, and fixed in
rapid fixer (Kodak) for 5 min. Tissues were then rinsed in running
distilled water for 1-2 hr, rapidly dehydrated through graded concentra-
tions of alcohol, cleared in xylene, and coverslipped with DPX. The
presence of the different transcripts was detected by the agglomeration of
silver grains in perikarya, whereas GFAP or OX-42 immunoreactivity
within the cell cytoplasm and ramifications was indicated by brown
homogeneous coloration.

Quantitative analysis. Quantitative analysis of hybridization signal for
the IkBa, TNF-a, and CD14 mRNA signal was performed on x-ray films
over numerous regions ipsilateral to the site of injection. The selected
structures were the isocortex (layers 1-4), septum, ependymal lining of
the right lateral ventricle (infusion site), paraventricular nucleus, genic-
ulate nucleus, periaqueductal gray, locus coeruleus, and the ventrolateral
medulla. These regions were chosen to facilitate the analysis among
animals, although the hybridization signal was not limited to specific
nuclei but through the parenchymal elements surrounding the cerebrov-
entricular system (see Results). Transmittance values (referred here as
optical density) of the hybridization signals was measured under a
Northern Light Desktop Illuminator (Imaging Research) using a Sony
(Tokyo, Japan) camera video system attached to a Micro-Nikkor 55 mm
Vivitar extension tube set for Nikon lens and coupled to a Macintosh
computer (Power Macintosh 7100/66) and NIH Image software, version
1.59/ppc (written by W. Rasband at the United States National Institutes
of Health and available from the Internet by anonymous ftp from zip-
py.nih.gov). Optical density (OD) values for each pixel were calculated
using a known standard of intensity and distance measurements from a
logarithmic specter adapted from Bioimage Visage 110s (Millipore, Ann
Arbor, MI). Sections from intracerebroventricular vehicle- and TNF-
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challenged animals were digitized and subjected to densitometric analy-
sis, yielding measurements of mean density per area. The OD of each
region was then corrected for the average background signal by subtract-
ing the OD of areas without positive signal located in the contralateral
site. All measurements were performed in triplicate. Data are reported as
mean OD values (£ SEM), and statistical analysis was performed by
ANOVA for each transcript, followed by a Bonferroni-Dunn test pro-
cedure as post hoc comparisons with Statview software (version 4.01,
Macintosh). Factors were identified as follows: intracerebral treatment,
which was composed of two levels (i.c.v. vehicle and i.c.v. r'TNF-a) and
time after injection that comprised 4 levels (1, 3, 6, and 12 hr).

The number of hybridized IkBa, TNF-a, and CD14 cells was per-
formed on nuclear emulsion-dipped slides with an Olympus Optical
System (BX-50, B,,,,) coupled to a Macintosh computer (Power PC
7100/66) and Image software (version 1.59, non-FPU; W. Rasband,
National Institutes of Health). Positive cells were counted in three
different areas (1.0 mm?) of the caudoputamen under dark-field illumi-
nation at a magnification of 10X. The three transcripts were strongly
induced in this region in response to circulating LPS, and the number of
cells per square millimeter was the selected dependent variable for an
objective analysis among animals. Data are reported as mean values of
cells/1.0 mm? (= SEM) for experimental and control animals. Statistical
analysis was performed by ANOVA followed by a Bonferroni—-Dunn test
procedure as post hoc comparisons with the Statview program. Six
different groups were included in the analysis; intracerebroventricular
vehicle and intraperitoneal vehicle solution, intracerebroventricular ve-
hicle and intraperitoneal LPS, intracerebroventricular anti-TNF and
intraperitoneal vehicle solution, intracerebroventricular anti-TNF and
intraperitoneal LPS, intracerebroventricular goat IgG and intraperito-
neal vehicle solution, and intracerebroventricular goat IgG and intraperi-
toneal LPS.

RESULTS

TNF-a-induced cerebral gene expression

Figure 1 depicts representative examples of hydridization signal
on x-ray films for CD14 mRNA in the brain of control (unma-
nipulated), intracerebroventricular vehicle and intracerebroven-
tricular TN F-a-injected rats. The brain of the naive rat exhibited
a low to moderate expression of CD14 transcript in various
structures including the leptomeninges, choroid plexus (chp), and
the CVOs, vascular organ of the lamina terminalis (OVLT),
subfornical organ (SFO), median eminence (ME), and area pos-
trema (AP) (Fig. 1, left column). A strong but localized hybrid-
ization signal for the LPS receptor was found in cells lining the
cortical tract (placement of the guide cannula) and the ependymal
cells of the lateral (site of injection) and the third ventricle (Fig.
1, middle column). This localized mCD14 message contrasts with
the profound induction of the transcript across the brain paren-
chyma in response to intracerebroventricular TNF-« infusion
(Fig. 1, right column). Indeed, the cytokine triggered CD14 tran-
scription in regions ipsilateral to the site of injection, i.e., the right
caudoputamen, cerebral cortex, hippocampal and septal forma-
tion, and parenchymal elements around the third ventricle, be-
neath the leptomeninges, and near the central canal and the
fourth ventricle. The expression profile seemed to follow the
diffusion pattern of the intracerebroventricularly injected TN F-«
solution, although we have no direct evidence of such phenome-
non (see Discussion). The intensity of the hydridization signal in
regions in circumference to the ventricle system gradually in-
creased to reach a maximal level at 6 hr after TNF infusion (Fig.
2). A slight decrease was detected 6 hr later, although numerous
positive CD14 cells were still found throughout the parenchymal
brain 12 hr after the single intracerebroventricular TNF-« bolus.
Hybridized tissues with sense probe did not exhibit detectable
signal in any of the regions that displayed positive message with
antisense CD14 probe (data not shown).

Injection of the proinflammatory cytokine into the lateral ven-



Nadeau and Rivest « CD14 Expression in the Rat Brain by TNF-a J. Neurosci., May 1, 2000, 20(9):3456-3468 3461

IkBa mRNA TNF-o mRNA
Veh i.c.v. TNF-a i.c.v. Veh i.c.v. TNF-a i.c.v.

Figure 3. Representative examples of the influence of intracerebroventricular administration of rr'TNF-« on IkBa and TNF-a gene expression in the
rat brain. These rostrocaudal sections (30 wm) depict the hybridization signal on x-ray films (Biomax) from animals killed 1 (IkBa mRNA) or 3 (TNF-«
mRNA) hr after intracerebroventricular TNF-« infusion. For abbreviations, see legend for Figure 1.
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Figure 4. Comparative pattern of IkBa-, TNF-a-, and CD14-expressing cells in different areas of the rat brain in response to centrally injected TN F-c.
These dark-field photomicrographs of nuclear emulsion-dipped sections show scattered small positive cells in the brain of rats killed 1 (IkBa), 3 (TNF-a),
or 6 (CD14) hr after the intracerebroventricular infusion of the proinflammatory cytokine. These times correspond to the maximal expression levels of
each transcript after the intracerebroventricular infusion. 4, Leptomeninges and isocortex; B, ependymal lining cells and areas around the lateral
ventricle; C, region of the third ventricle; D, central canal; E, the ventrolateral medulla. The schemes of the right column were taken from the atlas of

Swanson (1992). Magnification, 10X.

tricle caused a rapid transcriptional activation of the gene encod-
ing IkBa and TNF-« in regions near the ventricles (Fig. 2). A low
to moderate signal for IkBa mRNA was observed in the lepto-
meninges, chp, hippocampus, OVLT, ME, SFO, AP, supraoptic
nucleus (SON), and the paraventricular nucleus (PVN) of
vehicle-administered rats (Fig. 3, left column). The signal in-
creased in these structures and over the regions neighboring the
ventricle walls, the leptomeninges, and the central canal after
intracerebroventricular r'TNF-«a administration (Fig. 3). The
IkBa mRNA signal was particularly intense along the periven-
tricular zone of the third ventricle. Although TNF-« transcript
was not detected in the brain of naive rats (data not shown), few
positive cells were found along the cerebral tract as well as the
walls of the lateral and third ventricle (Fig. 3). Central TNF-«
infusion caused a robust transcriptional activation of its own gene
in regions adjacent to the ventricles and the isocortex underneath
the leptomeninges at time 1-6 hr. The IkBa hydridization label-
ing reached its maximal level 1 hr after the intracerebroventric-
ular rf'TNF-a administration and gradually returned to basal

levels 12 hr later, whereas TNF-a mRNA signal peaked at 3 hr
and decreased slowly thereafter (Fig. 2).

Despite the different time-related induction of IkBa, CD14,
and TNF-« by intracerebroventricular injection with the proin-
flammatory cytokine, the pattern of expression of the three tran-
scripts was quite comparable in the regions adjacent to the site of
injection, the periventricular zone of the third ventricle and
underneath the leptomeninges. However, the intensity of the
signal and the spread of positive cells differed among genes. The
Figure 4 shows examples of IkBa, TNF-a, and CD14-expressing
cells in various regions of the brain at 1, 3, and 6 hr after TNF-«
injection, respectively. Blood vessels and ependymal cells of the
ventricle walls exhibited positive signal for IkBa and CD14, but
not TNF-a. TNF-a- and IkBa-expressing cells were present in a
restricted surface lining the periventricular area, whereas a more
diffused distribution of the mRNA encoding the LPS receptor
was observed in response to the central TNF challenge (Fig. 4C).
It is of interest to note the well-defined lining distribution of
TNF-a-positive cells in circumference to the ventricles and
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Figure 5. Central injection of TNF-« caused upregulation of the mRNA encoding IkBa, TNF-«, and CD14 in the parenchymal microglia. The anti-rat
0X-42 (CD11b/c) and the mouse anti-glial GFAP monoclonal antibodies were used to stain microglia and astrocytes, respectively. Note that numerous
microglia contain positive hybridization signal for the three transcripts, whereas no convincing mRNA signal was found over the astrocytes. Filled black
arrowheads, Double-labeled cells (OX-42/IkBa mRNA, top left; OX-42/TNF-a mRNA, fop middle; OX-42/CD14 mRNA, top right); open arrowheads,
single OX-42-IR (top) and GFAP-IR (bottom panels) cells; white arrowheads, single mRNA-expressing cells. Magnification, 150X.

around the medulla at ~0.3 mm beneath the meningeal formation
(Fig. 4C-E). Adjacent sections hybridized with IkBa and TNF-«
sense probes did not exhibit any positive signal (data not shown).

Dual-labeling data

To determine the phenotype of IkBa-, TNF-a-, and CD14-
expressing cells in the brain of intracerebroventricular TN F-a-
infused rats, immunocytochemistry was combined with in situ
hybridization histochemistry together on the same coronal sec-
tions. Antisera against OX-42 and GFAP was used to stain
microglia and astrocytes, respectively. Positive hybridization sig-
nal for the three transcripts was detected in numerous OX-42-IR
cells in the brain of TNF-injected rats (Fig. 5, top panels, filled
arrowheads), but not all microglial cells displayed agglomeration
of silver grains (open arrowheads). In contrast, astrocytes failed to
show positive signal for the mRNA encoding either IkBa, TNF-q,
or CD14 (Fig. 5, bottom panels). Indeed, hybridized cells (white
arrowheads) did not overlap with GFAP immunoreactivity at all
the postinjection times evaluated in this study (black open arrow-
heads, bottom panels).

CD14 expression during endotoxemia and in response
to circulating TNF-«

Figure 6 depicts representative expression of CD14 transcript in
the AP and surrounding areas after a single intraperitoneal
administration of the endotoxin LPS or intravenous rrTNF-«
injection. As mentioned, a low to moderate hybridization signal
was found in the AP under basal conditions (left column). The
labeling for mCD14 mRNA increased gradually to reach a max-
imum level of intensity 6 hr after the intraperitoneal LPS bolus.
At that time, numerous scattered small CD14-expressing cells
were detected across the brain parenchyma of endotoxin-treated
rats (Fig. 6, bottom, middle column). These cells are of myeloid
origin because they were immunoreactive to the rat complement
receptor type 3 (Lacroix et al., 1998). Intravenous rrTNF-«
injection also caused an increase in the expression of the LPS

receptor in the CVOs, but not within parenchymal elements of
the brain (Fig. 6, right column). These results indicate that cen-
trally produced TNF-a only may be responsible for triggering
CD14 transcription in microglial cells of the brain parenchyma
during blood endotoxemia.

Neutralization of centrally produced TNF-«

To confirm such mechanism, the biological activity of TN F-a was
neutralized by the intracerebroventricular administration of an
anti-rTNF-« antibody 10 hr before the systemic treatment with
the endotoxin. Figure 7 shows the effect of anti-rTNF-a-
neutralizing antibody on LPS-induced IkBa, TNF-«, and CD14
expression in rat cerebral tissues. The signal for these genes was
low to undetectable in the parenchymal brain of vehicle-injected
rats, but the endotoxin caused a strong increase in the cerebral
capillaries (IkBa mRNA) and across the brain (IkBe, TNF-a,
and CD14 transcripts) at 6 hr after injection (Fig. 7, second row).
The intracerebroventricular administration of anti-rTNF-a-
neutralizing antibody 10 hr before an intraperitoneal injection of
the vehicle solution had no effect on these transcripts (Fig. 7, third
row), but it significantly prevented LPS-induced transcription of
IkBa, TNF-«, and CD14 mRNA (Fig. 7, bottom panels). The
influence of the anti-TNF in interrupting IkBa expression was
however only partial and localized to parenchymal cells, because
the cerebral blood vessels still exhibited strong hybridization
signal in response to circulating LPS (Fig. 7, bottom left). Scat-
tered small positive IkBa cells were still present in the brain of
rats that received both intracerebroventricular anti-TNF and
intraperitoneal LPS administration. Pretreatment with the anti-
TNF also failed to prevent LPS-induced genetic expression of the
proinflammatory molecules in the CVOs, chp, and the leptome-
ninges, although it was effective in blocking completely CD14 and
TNF biosynthesis by parenchymal microglial cells. Indeed, the
number of CD14 and TNF-a cells was comparable in rats that
received an intraperitoneal vehicle administration and those pre-
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Figure 6. Time-related expression of CD14 mRNA in the AP and its adjacent regions in response to a single intraperitoneal injection of the endotoxin
LPS or intravenous rrTNF-a administration. These dark-field photomicrographs show the constitutive expression of the LPS receptor in the
circumventricular organ and the robust induction in the parenchymal elements by the endotoxin. Although intravenous injection of recombinant rat
TNF-a increased the relative CD14 mRNA levels in the AP, this treatment failed to activate the LPS receptor in the parenchymal brain.

Magnification, 10X.

treated with the anti-TNF and challenged with the endotoxin
(Fig. 8).

DISCUSSION

Central injection of the recombinant rat TNF-«a caused a robust
expression of the genes encoding IkBa, TNF-«, and CD14 in
microglial cells of the brain parenchyma. The time-related induc-
tion of these transcripts suggested a potential role of NF-kB in
mediating TNF-induced transcriptional activation of the LPS
receptor. Systemic injection with the endotoxin LPS provoked a
similar microglial activation that was prevented in inhibiting the
biological activity of the proinflammatory cytokine in the CNS.
Together these data provide the evidence that centrally produced
TNF-«a plays an essential autocrine/paracrine role in triggering
parenchymal microglial cells during severe endotoxemia. These
events may be determinant for orchestrating the neuroinflamma-
tory responses that take place in a well coordinated manner to
activate the resident phagocytic population of cells in the brain.
The physiological outcomes of this innate immune response of
the CNS are likely to include a rapid elimination of LPS particles

via an increased opsonic activity of the transmembrane CD14
receptor to prevent potential detrimental consequences on neu-
ronal elements during blood sepsis.

As previously reported, systemic LPS injection induced
mCD14 expression first within structures devoid of BBB and
thereafter throughout the brain parenchyma of animals that re-
ceived high doses of LPS (Lacroix et al., 1998). Microscopic
analysis of emulsion-dipped slides revealed that CD14-positive
cells spread over the anatomical boundaries of the CVOs in a
migratory-like pattern during the course of the endotoxemia. The
direct action of LPS on myeloid-derived cells expressing mCD14
and present in structures that are accessible from the systemic
circulation may allow a rapid production of proinflammatory
cytokines within these organs. The rapid induction of TNF-«
mRNA in the CVOs by intraperitoneal LPS clearly indicates that
such events take place in specific populations of cells in the brain.
Like CD14, scattered small TN F-expressing cells can be found
across the brain parenchyma in response to LPS, although this
depends on the dose of the endotoxin and the route of adminis-
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Inhibition of centrally produced TNF-« prevents the LPS-induced transcription of IkBa, TNF-«, and CD14 in the brain parenchyma. The

rats received an intracerebroventricular injection of vehicle (Veh; 5 ul for 2 min) or anti-rTNF-a-neutralizing antibody (4b; 2 pg/5 ul for 2 min) 10 hr
before an intraperitoneal injection of either LPS or the vehicle solution. These dark-field photomicrographs of 30 wm coronal sections dipped into NTB2
emulsion depict the numerous scattered positive cells in the caudate putamen of animals that received the intracerebroventricular vehicle solution before
the systemic LPS injection (second row). Very few positive cells were found in parenchymal elements of the CNS of rats pretreated with the anti-TNF
and challenged with the endotoxin 10 hr later (bottom panels). Note that LPS-induced IkBa expression in the cerebral capillaries was not prevented by

the anti-TNF antisera (bottom left). Magnification, 10X.

tration (Nadeau and Rivest, 1999). Indeed, the CVOs displayed
low but positive signal as soon as 1 hr after the LPS challenge and
increased to reach maximal levels at 6 hr, but positive cells
gradually became apparent in the boundary of these organs and
spread over the entire brain from 6 to 24 hr during severe
endotoxemia. However, this phenomenon is only provoked by a
high dose of the bacterial LPS (2.5 mg/kg, i.p.); a lower dose (250
pg/kg, i.p.) caused a more restricted transcriptional activation of
the gene encoding the proinflammatory cytokine within the
CVOs and the adjacent areas (Nadeau and Rivest, 1999). The
same dose injected intravenously is capable of inducing CD14 and
TNF across the brain parenchyma, whereas these transcripts are
quite localized to the CVOs and chp in response to 5 ug of LPS
intravenously (N. Laflamme and S. Rivest, unpublished data).
This clearly indicates that the endotoxin first reaches available

targets devoid of BBB, which in return, depending on the severity
of the challenge, prime adjacent cells within the parenchymal
brain to stimulate TN F-a transcription.

The bacterial endotoxins are among the most powerful agents
known to stimulate circulating monocytes and tissue macro-
phages, which lead to the synthesis and release of a variety of
proinflammatory cytokines (Andersson et al., 1992). The most
important target of macrophage-derived secretory products is the
macrophage itself (Sweet and Hume, 1996). The early production
of TNF may be an essential step in these autocrine and paracrine
loops, because this cytokine is able to induce its own production
by an autocrine stimulation that is followed by the synthesis of
other proinflammatory cytokines, such as IL-18 and IL-6
(Andersson et al., 1992). TNF has also been found to be a major
factor inducing shock, and passive immunization against the
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Figure 8. Number of IkBa-, TNF-a-, and CD14-positive cells in the
caudate putamen of animals pretreated or not with an anti-rTNF-a-
neutralizing antibody before the systemic challenge with the endotoxin
LPS. Rats received an intracerebroventricular injection of vehicle (Veh; 5
wul for 2 min), anti-rTNF-a-neutralizing antibody (4b; 2 pg/5 wl for 2
min), or goat serum as a control IgG (5 pl/2 min) 10 hr before an
intraperitoneal injection of either a vehicle solution or LPS (1.5 mg/kg,
b.w.). Positive cells were counted in three different areas (1.0 mm?) of the
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cytokine can attenuate the appearance of IL-18 and IL-6 (Fong
et al., 1989). Surprisingly however, cytokine production and cir-
culating IL-6 and IL-18 induced by intraperitoneal LPS injection
is intact in TNF-deficient mice (Marino et al., 1997), which
suggests that TNF is certainly not the sole primary event that
leads to production of subsequent cytokines in response to the
endotoxin and other models of inflammation. In the brain, the
cytokine seems to act as a key ligand to activate parenchymal
microglia in a paracrine manner during endotoxemia. It is sug-
gested here that circulating LPS targets its transmembrane re-
ceptor in CVO/chp macrophages and microglia, which may stim-
ulate the NF-«B signaling events and trigger TNF transcription.
The cytokine may in return bind to its cognate p55 receptor and
lead to the formation of the TNF-R1-associated death domain
(TRADD)/TNF receptor-associated factor 2 (TR AF2)/receptor-
interacting protein (RIP) complex, which may activate the NF-«xB
signaling kinases in adjacent microglia. TNF-« is actually one of
the most potent effectors of NF-«B activity through the 55 kDa
TNF type I receptor (Baeuerle and Baltimore, 1996; Baeuerle,
1998). Such events are likely to contribute to the transcriptional
activation of both CD14 and TNF genes in the brain of endotoxin-
treated animals.

Central production of TNF-« is a key mechanism controlling
CD14 expression in the brain parenchyma, but not in the CVOs
and chp. The anti-TNF did not significantly change the relative
CD14 mRNA levels in these organs, but prevented quite specifi-
cally the parenchymal expression of the LPS receptor during
endotoxemia. The constitutive expression of CD14 in regions that
can be reached by the bloodstream may allow a rapid production
of TNF that in return acts as the endogenous ligand to activate
adjacent cells of myeloid lineage. An important question however
is what mechanisms control the spreading of the message from
regions close to the CVOs to deep parenchymal elements. As
mentioned, the spreading of CD14- and TNF-a-expressing cells
depends on the severity of the endotoxin challenge (Lacroix et al.,
1998; Nadeau and Rivest, 1999). It is therefore possible that the
paracrine influence of the cytokine remains localized in response
to low circulating levels of LPS, but takes place across the
cerebral tissue during severe endotoxemia. Such effects of TNF in
activating CD14 expression have previously been reported in
different systemic organs and like the present study, pretreatment
of mice with anti-TNF-« antibody significantly prevented LPS-
induced mCD14 transcription in the lung, liver, and kidney
(Fearns and Loskutoff, 1997; Fearns and Ulevitch, 1998).

IL-1B has also been reported to stimulate CD14 expression in
different organs, and anti-IL-1p3 antibody attenuated the induc-
tion of the LPS receptor in response to the endotoxin (Fearns and
Loskutoff, 1997; Fearns and Ulevitch, 1998). IL-18 and TNF-«
are known to have numerous overlapping activities, and inhibit-
ing one cytokine may frequently be associated with redundant
mechanisms because of the presence of the other cytokine (Bau-
mann et al.,, 1993). Although IL-1B8 may have the ability to
stimulate CD14 in the brain microglia, its involvement depends
most likely on the previous production of TNF as the anti-TNF
completely inhibited LPS-induced CD14 transcription. On the

<«

caudoputamen under dark-field illumination at a magnification of 10X.
Data are reported as mean values of cells/1.0 mm? (= SEM) for experi-
mental and control animals killed 6 hr after the intraperitoneal injection
of the endotoxin or its vehicle solution. *Significantly different (p < 0.05)
from their corresponding vehicle-treated groups.
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other hand, IL-18 is the key inflammatory signal in the brain to
stimulate the production of growth factors by astrocytes during
brain trauma, whereas TNF is not essential for such response.
Indeed, we have recently observed a rapid production of numer-
ous proinflammatory molecules in cells lining the lesion site that
was followed by a robust increase in ciliary neurotrophic factor
(CNTF) biosynthesis (Herx et al., 1999). The release of CNTF
was completely inhibited in IL-1B-deficient mice notwithstanding
the ongoing TNF-a production by microglial cells lining the
corticectomy (Herx et al., 1999). Circulating IL-18 has also been
recently shown to be the key mediator of the NF-«kB activity and
COX-2 transcription in cells of the BBB during a systemic model
of inflammation (Laflamme et al., 1999). These data, together
with the present study, support the concept that despite the
recognized overlapping activities of both NF-«B-signaling cyto-
kines in the systemic immune system, IL-18 and TNF-a seem to
have a distinct role in orchestrating the inflammatory events that
take place in the brain.

The possibility that circulating TNF may influence CNS CD14
expression was also investigated, because the cytokine is rapidly
detected into the bloodstream during endotoxemia (Basu et al.,
1997). Intravenous injection of rr'TNF-« caused upregulation of
mCD14 transcript quite selectively in the CVOs and not within
parenchymal cells adjacent to these organs. Therefore, circulating
TNF may not contribute to the robust transcriptional activation
of the LPS receptor in the parenchymal microglia of endotoxin-
challenged rats. The positive autoregulatory loop is therefore not
always associated with a paracrine influence of the cytokine to
trigger CD14 in surrounding cerebral tissues. This unexpected
result provides the evidence that microglial-derived TNF-a only
is responsible to activate the biosynthesis of the LPS receptor in
deep parenchymal cells of the brain in response to high circulat-
ing levels of the bacterial endotoxin.

Microscopic analysis of emulsion-dipped slides revealed some
differences in the pattern of expression for the three transcripts
studied. The intensity of positive signal also decreased in distant
structures from the site of injection, which may be attributed to
the high molecular weight of TN F-« and the slow diffusion of the
cytokine into the CSF, a known phenomenon for intracerebro-
ventricularly injected products (Anderson et al., 1995). It is there-
fore quite surprising that anti-TNF was capable of preventing
CD14 expression across the brain parenchyma during endoto-
xemia. In this particular case however, the neutralizing antibody
was infused 10 hr before the LPS challenge, and the CVOs and
their adjacent areas initiate the response. Because these sensorial
CVOs are the direct extension of the cerebroventricular system
(Oldfield and Mckinley, 1995), the antisera may have access to
these organs and their surrounding structures. Inhibition of the
migratory-like pattern of CD14/TNF production may then pre-
vent the paracrine influence of the cytokine within deep regions
of the brain.

The depth of the hybridization signal in the parenchyma was
different among transcripts; CD14-positive signal was wider than
IkBa and TNF-« transcripts in response to centrally injected
TNF. It is possible that the signaling molecules that control the
transcription of the gene encoding CD14 are highly sensitive to
small quantities of TNF-« in regions that can be difficult to reach
by the cytokine after the intracerebroventricular injection.
TNF-a may also not be the only mediator responsible for the
induction of mCD14, although it may act as the first signal
responsible for the induction of a series of events in cascade
leading to the stimulation of the LPS receptor. This concept is
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further supported by the fact that CD14-positive cells were clearly
more abundant than those expressing either IkBa or TNF-a. The
suppression of mCD14 synthesis by the anti-TNF-neutralizing
antibody indicates that the proinflammatory cytokine has a lead-
ing role in initiating these events during endotoxemia.

The role of CD14 in the CNS is unknown. The constitutive
expression of CD14 in the CVOs and its upregulation in the brain
parenchyma suggest a potential role in protecting the neural
elements against the LPS particles. The macrophages and micro-
glia in the CVOs are strategically well positioned for responding
rapidly to circulating endotoxin or bacteria, whereas parenchymal
microglia are the phagocytic population of cells in the brain in
case of invasion. There is alteration of the BBB during severe
endotoxemia (Mayhan, 1998), which may allow diffusion of mol-
ecules that normally have no access to the parenchymal elements
and be detrimental for neurons. Activation of microglial cells
across the CNS may rapidly eliminate this foreign material,
although a sustained activity of these cells is not suitable because
it may have opposite effects and be associated with neurodegen-
erative disorders (Gonzalez-Scarano and Baltuch, 1999).
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