
Proc. Nati. Acad. Sci. USA
Vol. 91, pp. 11393-11397, November 1994
Neurobiology

Regional induction of tumor necrosis factor ar expression in the
mouse brain after systemic lipopolysaccharide administration

(ac i iu hyrldtln/tehase respons/cnmventrlar orns/centrl a ic re on)

CHRISTOPHER D. BREDER*, CHRISTOPHER HAZUKA*, TARIQ GHAYURt, CHRISTOPHER KLUG*,
MARGARET HUGININt, KAZUKI YASUDA§¶, MICHAEL TENGII, AND CLIFFORD B. SAPER"***,tt tt
Committees on *Neurobiology and 1lmmunology, Departments of *Molecular Genetics and Cell Biology, *Biochemistry and Molecular Biology, 'Medicine,
and "Neurology and Pharmacolog, and tqhe Brain Research Institute, The University of Chicago, Chicago IL 60637; t~he BASF Bioresearch Corporation,
Cambridge, MA 02139; and t*Detpartment of Neurology and Program in Neuroscience, Beth Israel Hospital and Harvard Medical School, Boston, MA 02215

Communicated by W. Maxwell Cowan, July 11, 1994

ABSTRACT Tumor necrosis factor a (TNF-a) Is a cyto-
kine that Is responsible, In part, for several aspects of the
acute-phase response toIc the genea-
tion of fever. TNF-a has direct effects on ceal nerous
system neurons deep within the yp -MUS that are Invlve
In producing the febrile response, but the blood-brain harrier
prevents circulating TNF-a fom having access to these sites.
We therefore have hypodtized that TNF-amy be Frwodnced
in the brain and used as a In the cerebral
of the acute-phase response. We used in situh a to
determine the ditbution of production of TNF-a mRNA in
the mouse brain after systmaic of lpopolysac-
charide. During the initial phase of fever, hybridization was
observed in perisar cells and neurons in cicmventrlcu-
lar organs, d the cuar organ of the lamina termi-
nalls, median e enc, and area as aswell along the
Ventral surface of the medulla; hybridization Was also promi-
nent over many cell in the menin . During the late phase of
the response, hyb to was observed over neurons in the
pericircumventricular nuclei such as the anteroventral
periventriular and arcuate nuclei ofthe hypothalamus and the
nucleus of the solitary tract. TNF-a produced by a cascade of
neurons within the brain may picipate in the complex
autonomic, neu o metabolic, and behavioral re-
sapnses to infection and nmation.

Tumor necrosis factor a (TNF-a) or cachectin is a cytokine
that is responsible for many of the systemic effects of
infection including septic shock and for the wasting syndrome
cachexia that is often associated with chronic infection and
cancer (1). Systemic infusion of TNF-a results in fever,
nausea, fatigue, and an elevation of plasma glucocorticoids
and catecholamines, all ofwhich are mediated by the central
nervous system (CNS) (2-6). Intracerebral infusion ofTNF-a
increases 8, or slow wave, electroencephalographic activity
and peripheral sympathetic nerve activity and alters feeding
and macronutrient metabolism in a pattern similar to that
observed during systemic infection (7-9). Although circulat-
ing TNF-a does not penetrate the blood-brain barrier in
biologically significant amounts (10, 11), direct application of
TNF-a modulates the firing rate of glucose-responsive and
thermosensitive neurons (12) that are located deep in the
hypothalamus, suggesting that TNF-a may be synthesized in
the brain and used as a mediator in neural pathways involved
in the regulation of the acute-phase response. Furthermore,
systemic injection of bacterial lipopolysaccharide (LPS),
which produces a febrile response, induces an elevation of
TNF-a activity in the cerebrospinal fluid (13), which would
suggest a locus of synthesis within the blood-brain barrier.

We have recently demonstrated a discrete population of
TNF-a-immunoreactive (IR) neurons and widespread distri-
bution of TNF-a-IR nerve fiber pathways in the normal
mouse brain (14). Although the extensive pattern of TNF-
a-IR innervation is typical for a neuronally synthesized
modulator, it is possible that the TNF-a-IR neurons in the
brain may merely take up and store TNF-a, rather than
synthesize it. In addition, it is not known whether the
TNF-a-IR neurons in the brain play a role in the CNS
response to immune challenge.

In this study, we address these issues by examining the
expression ofTNF-amRNA in the intact normal mouse brain
to determine the possible sources of TNF-a within the CNS
and their response to the systemic administration ofLPS. To
determine the pattern of cells expressing TNF-a, we have
used in situ hybridization with a complementary RNA probe
transcribed from the murine TNF-a cDNA encoding amino
acids 1-120 (15). In addition, we have investigated the
identity of the mRNA species in the brain that hybridized
with this probe by Northern blot analysis, RNase protection
assay, and reverse transcriptase-polymerase chain reaction
(RT-PCR).

MATERIALS AND METHODS
LPS Treatment. Forty BALB/c mice (Sprague Dawley)

were injected intrperitoneally with 50 yg of Salmonella
typhimurium LPS (lot RIR-305; Ribi Immunochem) in 200 A1
of pyrogen-free saline (PFS) and 5 mice were sacrificed at
each time point of 1.5, 3, 6, 9, 12, 15, 18, or 24 h after
injection. Ten control mice received an injection of PFS.
Probe P aion. The mouse TNF-a probe was prepared

using the PCR to amplify 353 bases of the mouse TNF-a
cDNA. The upstream oligonucleotide (5'-CCCAAGCTTAG-
ATCATCTTCTCAAAATTCG) was designed with a HindUI
sequence and the downstream oligonucleotide (5'-CCCG-
GATCCCAGGTATATGGGCTCATACCA) was designed
with a BamHI site to facilitate subcloning into the vector
pGEM-3Z(+) (Promega). These markers flank the third intron
of the TNF-a gene and, hence, allow the distinction of
amplified genomic DNA (which should include the intron)
fom reverse-transcribed mRNA (which should not and is,
therefore, only 353 bp long). Antisense probes were prepared
as described (16).
In Sou Hybrid . In situ hybridization was performed

as described (16). Sections were analyzed by both bright-field
and dark-field microscopy; neuroanatomical terminology is
as in ref. 14.

Abbreviations: LPS, lipopolysaccharide; OVLT, vascular organ of
the lamina terminalis; TNF-a, tumor necrosis factor a; CNS, central
nervous system; IR, immunoreactive; TS-M, thioglycolate-stimulated
macrophage; RT, reverse transcriptase.
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Control Studies. The specificity of in situ hybridization was
determined by comparing the results of hybridization with
antisense and sense probes to adjacent tissue sections.
Northern blot analysis was also performed on mouse brain
RNA by using the inserts from the same DNA constructs
used for in situ hybridization.
RNA Isolation. RNA was prepared with standard tech-

niques (17) from whole brain homogenates and polyadenyl-
ylatedRNA was purified with a Poly(A) Quik kit (Stratagene)
from the control and 1.5-, 6- and 18-h time points. Total RNA
was isolated from thioglycolate-stimulated macrophages (TS-
Ms) from C3H/HeN mice and used as controls in each RNA
analysis.
Northern Blot Analysis. Northern blot analysis of polyad-

enylylated RNA (3.5 pg) from the control, 1.5-h, 6-h, and
18-h time points was performed as described (16).
Ribonuclease Protection Assay. The mouse TNF-a cDNA

template used for RNase protection assay was prepared in
the same manner as that used for in situ hybridization (16).
RNase protection assay was performed by the method of
Miller et al. (18). The TNF-a probe (50,000 cpm) was added
to 3.5 pug of polyadenylated RNA from control, 1.5-h, 6-h,
and 18-h time points and total TS-Ms. Yeast tRNA was
included as an RNase digestion control. To control for
equivalent recovery of protected product, an actin RNase
protection assay was done using a Sac I-linearized plasmid
pAct-BB that was transcribed to generate a 154-base RNA
probe that protected a 64-nt actin fragment. Gels were fixed,
dried, and exposed to autoradiographic film for 30 min (actin
and TS-M RNA) or 5 days.
RT-PCR. The cDNA from 200 ng of polyadenylylated

RNA derived from whole-brain homogenates from animals at
the unstimulated, 1.5-h, 6h, and 18-h time points or from
TS-Ms was prepared by reverse transcription primed with
random hexamers using the GeneAmpRNA PCR kit (Perkin-
Elmer/Cetus) according to manufacturer's instructions. One
complete series of RNA was amplified using Taq DNA
polymerase without the RT as a control. The cDNA was
amplified using the 5' oligonucleotide encoding nt 404-426
(GAGTGACAAGCCTGTAGCCCAC) and the 3' oligonucle-
otide complimentary to nt 687-708 (CTCAGCCCCCT-
CAGGGGTGTC) of the mouse TNF-a cDNA. PCR condi-
tions were as follows for 45 cycles; denaturation, 95°C, 1 min;
annealing and extension, 65°C, 2 min. After PCR amplifica-
tion, the reaction mixture was extracted with CHC13 and 20
A1 of each reaction mixture and 500 ng of pGEM DNA
markers (Promega) were electrophoresed on a 1.5% agarose
gel. The gel was stained with ethidium bromide and an Rf
curve was generated using the DNA size markers to deter-
mine the size of the PCR product.

RESULTS
In Situ Hybridization. The principle cell types labeled in

these hybridization studies were perivascular cells and neu-
rons (Fig. 1). These cells were identified on the basis of the
morphology of thionin-stained cell bodies underlying the
clusters of silver grains. The somata of perivascular cells
were thin and ellipsoid and they seemed to be wrapped
around blood vessels. It was not possible with the resolution
of our staining technique to identify these cells further,
although their distribution and morphology are consistent
with perivascular microglia described by Hickey and col-
leagues (19, 20). Neurons were identified based on their
relative size (>10 ,um) and the neuronal morphology of
thionin-stained cell bodies. No labeling was observed in
material hybridized with the sense-strand complementary
RNA.

In unstimulated mice, we observed only a small number of
clusters ofautoradiographic silver grains representing TNF-a
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FIG. 1. TNF-a expression in the mouse brain 1.5 h after systemic
LPS administration. (A) A bright-field photomicrograph of hybrid-
ization in the region surrounding the anteroventral tip of the third
ventricle. At this time, we observed expression in perivascular cells
(small arrows) in circumventricular organs such as the vascular organ
of the lamina terminalis (OVLT). We also observed expression by
neurons (arge arrows) in the OVLT and in the surrounding portions
of the anteroventral periventricular nucleus (AVPV) at this time
point. (B) A bright-field photomicrograph ofTNF-a expression in the
area postrema (AP), a circumventricular organ at the caudal end of
the fourth ventricle. Dense levels of hybridization were observed
over neurons (large arrows) and perivascular cells (small arrows) at
this time point. (C) A dark-field photomicrogrsph ofTNF-a expres-
sion in the ventrolateral medulla (VLM). Hybridization over cells in
the meninges (arrowheads) was only observed at 1.5 h. Intense
clusters of hybridization were often observed over cells associated
with larger penetrating vessels in the parenchyma of the brain (small
arrows). Neurons (larger arrows) along the ventral surface of the
medulla also expressed TNF-a. A few cells from this population were
observed at each time point after systemic LPS and in the unstim-
ulated controls. (Bars: A and B, 30 ,um; C, 100 pm).

mRNA hybridization over perikarya in regions where we
have observed TNF-a-like IR neurons (14), including the
periventricular preoptic and suprachiasmatic nuclei in the
hypothalamus and in the preoptic portion of the bed nucleus
of the stria terminalis and the ventrolateral medulla. In
comparison, we observed robust hybridization in the brains
of mice after systemic LPS administration. At 1.5 h after
LPS, intense hybridization was present in the OVLT, a
circumventricular organ at the anteroventral tip of the third
ventricle (Figs. 1A and 2B). In the body of the OVLT,
hybridization was located over thin ellipsoid-shaped cells
that wrapped around the vasculature. Very intense hybrid-
ization was also observed over medium-sized (12-15 pm)
round neurons in the ventral portion of the OVLT and in the
surrounding anteroventral periventricular nucleus. A similar
pattern of expression was noted in the median eminence, a
circumventricular organ constituting the floor of the third
ventricle (Fig. 3D). Most of the hybridization was present
over perivascular cells in the median eminence, although a
few neurons in the internal lamina also expressed TNF-a.
Intense hybridization was also observed over neurons and
perivascular cells in the area postrema, a circumventricular
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FIo. 2. Effect of systemic administration of endotoxin on the
expression of TNF-a in the region surrounding the anteroventral
third ventricle shown in dark-field photomicrographs. (A) No hy-

was observed in this region in the brains of mice infused

with PFS. (B) In contrast, intense hybridization was seen over small
cells that were associated with the vasculature (small arrows) and
over neurons (large arrows) of the OVLT 1.5 h after systemic LPS
administration. A few neurons in the anteroventral periventricular
nucleus (AVPV) and median preoptic nucleus (MnPO) also ex-
pressed TNF-a mRNA at this time point. (C) At 6 h after LPS
treatment, only a few neurons were labeled in the AVPV. (D) A
second wave ofexpression ofTNF-a mRNA was seen in neurons in
the AVPV and MnPO (arrows) but not in the OVLT at 18 h after
systemic LPS. ot, Optic tract. (Bar = 100 pm).

organ at the caudal end ofthe fourth ventricle, and over afew
neurons in the subpostremal zone and the parvicellular and
commissural parts of the nucleus of the solitary tract (Figs.
1B and 3C). A few neuronal cell bodies along the ventrolat-
eral surface of the medulla demonstrated intense hybridiza-
tion, as did perivascular cells associated with the penetrating
arteries in this region (Fig. 1C). TNF-a expression was also
observed over cells in the meninges at 1.5 h (Fig. 1C) but not
at later times. These thin cells were uniformly oriented
parallel to the surface of the brain.
By 3 h after LPS, the pattern of TNF-a expression was

similar, but the intensity of expression in the circumventric-
ular organs had decreased. At 6 h after LPS, a moderate level
of hybridization was observed over neurons in the antero-
ventral periventricular nucleus (Fig. 2C) and internal lamina
of the median eminence (Fig. 3F). This expression was
increased at 9 and 12 h after LPS and small numbers of
intensely labeled neurons were also seen in the arcuate
nucleus and lateral hypothalamic area. Moderate labeling
was also located over neurons in the commissural, medial,
and parvicellular subnuclei ofthe nucleus ofthe solitary tract
but labeling was relatively sparse in the area postrema 6 h
after LPS (Fig. 3E). The density of hybridization in the

FiG. 3. Effect of systemic LPS on the expression ofTNF-ain the
dorsal vagal complex (A, C, E, and G) and in the mediobasal
hypothalamus (B, D, F, and H) shown in dark-ield photomicro-
graphs. Dashed lines mark the boundaries of the third ventricle (3v)
and ventral surface ofthe diencephalon. (A andB)No expression was
observed in the dorsal vagal complex or mediobasal hypothalamus in
the unstimulated mouse. (C and D) At 1.5 h after LPS, dense clusters
of hybridization were observed (C) over neurons and perivascular
cells in the area postrema (AP) and cells in the meninges (arrows) on
the dorsal surface of this circumventricular organ. (D) Intense
hybridization was also seen over perivascular cells and afew neurons
in the internal lamina (il) of the median eminence (Me) at this time
point. (E and F) At 6 h after LPS, a few clusters of silver grains were
observed over neurons in the pericircumventricular nuclei. (E) In the
dorsal vagal complex, hybridization was primarily observed over
neurons in the subpostremal zone (sp) and in the commissural (c) and
parvicellular subnuclei of the nucleus of the solitary tract. (F) In the
mediobasal hypothalamus, we observed expression over only a few
neurons in the arcuate nucleus of the-hypothalamus. (G and H) At
18 h after LPS, the densest levels of hybridization were observed.
(G) Dense clusters were noted over neurons in the AP, subpostremal
zone, and in the commissural, dorsomedial (d), parvicellular, and
medial (m) subnuclei of the nucleus of the solitary tract. A few
clusters of silver grains were also observed over neurons in the dorsal
motor vagal nucleus. (H) Hybridization was observed over neurons
in the internal lamina of the median eminence and in the arcuate
nucleus of the hypothalamus (ARH). (Bars: A-D, 100 Mm; E-H, 75
Mim.) 10, Dorsal motor vagal nucleus; NTS, nucleus of the solitary
tract; cc, central canal; el, external lamina of the median eminence.

regions adjacent to the areapostrema increased progressively
at 9 and 12 h after LPs, whereas the hybridization signal from
the area postrema had decreased further by the end of this
period.
The most intense TNF-a expression in the mouse brain was

noted 15 and 18 h after systemic LPS. Dense silver grain
clusters were seen over neurons in the arcuate nucleus ofthe
hypothalamus and in the internal lamina of the median emi-
nence (Fig. 3H). In two of the five mice at 18 h, this group of
labeled neurons extended laterally into the dorsomedial por-
tion of the ventromedial nucleus of the hypothalamus. Nu-
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merous clusters ofsilver grains were observed over neurons in
the area postrema and the parvicellular, dorsomedial, com-
missural, and medial parts of the nucleus ofthe solitary tract.
A few clusters were seen over neurons in the ventrolateral
subnucleus of the nucleus of the solitary tract, dorsal motor
vagal nucleus, and ventral portion of the hypoglossal nucleus
(Fig. 3G). Hybridizatonwas also observedoverafewneurons
in the anteroventral periventricular nucleus (Fig. 2D) and, in
two cases out of five, over the OVLT at this time point.
RNA Anlyds. Several methods were used to characterize

the hybridized transcript in the mouse brain. We were unable
to detect a cross-reactive species in Northern blot analysis
using polyadenylylated RNA from the brains of normal or
LPS-stimulated mice, presumably reflecting alow abundance
of this mRNA species. We therefore performed a RT-PCR
analysis of polyadenylylated RNA from brains of mice at
each of the time points used in our study. The PCR product
we generated was o300 bp long, corresponding to the ex-
pected size for the segment of TNF-a mRNA bracketed by
our primers. As our primers flanked the third intron of the
TNF-a gene, this result eliminateddthe possibility that we
might have cloned genomic DNA. Furthermore, control PCR
in the absence of prior reverse transcription produced no
DNA bands. The PCR product obtained from brain migrated
at the same location on gel electrophoresis as the mRNA
band from TS-Ms (Fig. 4B). In addition, to determine
whether the brain mRNA was identical to that for macro-
phage TNF-a, we performed an RNase protection assay. A
single protection fiagment, identical in size to that identified
in TS-M RNA, was visualized in each ofthe lanes containing
brain RNA (Fig. 4A).

DISCUSSION
Our data indicate that there is a cascade ofTNF-a expression
in the brain during the acute-phase response to infection.
During the initial response to LPS, perivascular cells and
neurons in the circumventricular organs produce TNF-a.
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Fio. 4. (A Upper) RNase protection assay using the probe with
which in situ hybridization was performed. Protection fiagments
from polyadenylylated brain RNA from unstimulated mice (lane 1)
and frommice 1.5 hQane 2), 6 h (ane 3), and 18 h (ane 4) after LPS.
Samples were electrophoresed on a 6% polyacrylamide gel and
visualized after a 5-day exposure to autoradiographic film. Lane 5

contains the TS-M protection fragment visualized after a 30-min
exposure. Numbers on the right side mark the position of DNA size
markers in bases. Note that only a single mRNA, identical with
macrophage TNF-a mRNA, was observed in the brain. (A Lower)
Actin RNase reference fiagments, a control demonstrating that the
protection assay procedure also left the actin mRNA intact. (B)
RT-PCR analysis of the transcripts amplified from 200 ng of RNA
from the brains of mice that were not stimulated (lane 5) and 1.5 h
(lane 4), 6 h (lane 3), and 18 h after LPS (lane 2) vs. TS-MRNA (lane
1). DNA size markers in bases are in lane 6. Note that our primers
identified in brain a single mRNA that was identical in length to
macrophage TNF-a mRNA.

Interestingly, this rapid initial peak ofTNF-amRNA expres-
sion follows the same time course as the elevation ofTNF-a
activity in the plasma after systemic LPS administration in
the rat (21). It would be of considerable interest to determine
whether these cells are directly responsive toLPS orwhether
some other intermediate mediator stimulates this expression.
The TNF-a produced in the circumventricular organs may

be released and act locally to induce expression of other
cytokines or prostaglandins, or it may be transported axon-
ally by neurons with efferent projections to regions of the
brain involved in the generation offever and other endocrine,
autonomic, and behavioral responses to infection. We pre-
viously identified an extensive population of INF-a-IR ax-
ons in the mouse brain, innervating key sites in the basal
forebrain, brainstem, and spinal cord that are involved in the
CNS response to immune stimulation (14). However, we
found it difficult to stain the cell bodies giving rise to these
projections immunocytochemically. The TNF-a-IR neuronal
cell bodies that we were able to stain after colclicine admin-
istration, in the periventricular hypothlamic and preoptic
areas, the bed nucleus of the stria teminalis, and the ven-
trolateral medulla, demonstrated only modest and inconsis-
tent amounts of hybridization in the current study, and this
signal was not amplified by systemic endotoxin. It is possible
that the colchicine pretreatment used in our earlier study may
have caused TNF-a expression in cells that do not normally
do so. Alternatively, these neurons may express TNFa
continuously at a very low level, whereas cells that express
TNF-a mRNA briskly after LPS treatment might do so only
after immune stimulation. There is precedent for difflerential
regulation of constitutive vs. inducible forms of cyclooxy-
genase (22), another product of LPS stimulation. However,
the two isoforms of cyclooxygenase derive from different
genes, whereas our nuclease protection and RT-PCR exper-
iments indicate that there is only one TNF-a mRNA tran-
script produced in the CNS. Hence, differential control of
TNF-a expression might be accomplished by activation of
different promoters or by a posttranscriptional form of reg-
ulation.
The presence of two distinct populations of CNS neurons

expressing INF-a under different conditions raises the issue
of the neurons of origin of the rather extensive TNF-a-IR
axonal network in the normal mouse brain. It is possible that
many TNF-a-IR terminals may derive from neurons whose
cell bodies in the circumventricular organs and adjacent
nuclei only contain TNF-a mRNA at detectable levels when
stimulated by a systemic immune response. If the resultant
TNF-a protein is rapidly exported to the terminals, it may
never reach levels in the cell body that are detectable with
immunocytochemistry. Hence, the source of TNF-a-IR in-
nervation of different terminal fields in the brain will have to
be established experimentally-e.g., by studies combining in
situ hybridization with retrograde transport.
Although we could visualize in situ hybridization signal

over meningeal and perivascular elements, we could not
establish the cell types involved with any certainty. Hickey
et al. (19, 20) have described a population ofOX-42+ perivas-
cular microglia of similar morphology and localization in the
rat brain. It would be of interest to combine in situ hybrid-
ization and OX-42 immunohistochemistry to determine
whether these are identical populations. Our work supports
the concept that a system of a meningeal and perivascular
cells is capable of responding to inflammation with produc-
tion of cytokine mediators. However, it is unclear whether
the role of these cells is limited to antigen presention during
parenchymal injury or whether they are involved in the
febrile response.
A second or "late-phase" of TNF-a expression begins

about 6 h after LPS administration. TNF-a expression was
particularly prominent in neurons of the pericircumventric-
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ular nuclei, the neuronal cell groups adjacent to the circum-
ventricular organs. This expression was quite pronounced at
9 h after LPS and appeared to be maximal by 18 h. It is
interesting that neurons in these regions may project den-
drites beyond the blood-brain barrier into the circumventric-
ular organs (23, 24). Alternatively, cells that express TNF-a
in the second wave may receive local projections from
neurons in the circumventricular organs that express TNF-a
during the initial central response. The possibility that TNF-a
may induce cells in the circumventricular and pericircum-
ventricular nuclei to express TNF-a is consistent with the
presence of a TNF-a-responsive element in the TNF-a gene
(25).
Many studies on the cerebral components of the acute-

phase response have focused on those events that occur
during the first 3 h after administration of LPS, although
several reports have demonstrated marked effects after 6 h or
even for days after such treatment. There is typically a
second rise of body temperature at about 4 h after systemic
injection of LPS (26). In the rat, intravenous LPS causes a
steady increase in plasma norepinephrine that persists after
6 h (27). In the rabbit, systemic LPS reduces arterial pressure
by 25% between 125 and 500 min after injection (28). Appet-
itive changes may occur over the course of days after
systemic or central administration of TNF-a (29). Interest-
ingly, TNF-a mRNA is expressed at 9-18 h after LPS in the
regions of the dorsal vagal complex that receive gastrointes-
tinal visceral afferent innervation (30), closely paralleling the
time course of serum hypertriglyceridemia in infected rabbits
(31). TNF-a expression by neurons inside the blood-brain
barrier during the late phase of the cerebral response to LPS
may play an important role in the complex long-term auto-
nomic, metabolic, and appetitive adaptations to infection.
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