Lo L

P

1\

AR AN

Ceramide mediates the rapid phase of febrile

response to IL-13
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IL-1B was identified after a long search for the endogenous
pyrogen. It acts by inducing synthesis of prostaglandin E;, which
mediates the late phase of IL-1B-induced fever. Here we show by
radiotelemetry that the early phase of the fever response to IL-13
is mediated by ceramide. Hypothalamic application of the cell-
penetrating C2-ceramide mimics the rapid phase of the IL-1B-
induced fever. Inhibition of ceramide synthesis blocks the rapid
phase of fever but does not affect the slower prostaglandin
E>-dependent phase, which is blocked by indomethacin or by null
mutation of the EP3 prostanoid receptor. Electrophysiological
experiments on preoptic area/anterior hypothalamic neurons
show that C2-ceramide, but not dihydroceramide, mimics the rapid
hyperpolarizing effects of IL-18 on the activity of warm-sensitive
hypothalamic neurons. IL-13-mediated hyperpolarization is
blocked by PP2, the selective inhibitor of the protein tyrosine
kinase Src, which is known to be activated by ceramide. These in
vivo and in vitro data suggest that ceramide fulfills the criteria for
an endogenous pyrogen.
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multitude of microbial and inorganic substances of widely
varying origin and chemical composition are able to cause
fever, a regulated rise in core body temperature (CBT) (1, 2).
Root and Wolff (3) have pointed out that the uniformity of the
fever response to all of these pyrogens, with respect to peak
temperature and duration, suggests there may be an endogenous
common mediator, an endogenous pyrogen. A long search has
identified IL-1 as the endogenous pyrogen that mediates the
common action of a broad variety of exogenous substances (4).
Another line of investigation for the endogenous pyrogens was
based on the pharmacological identification of antipyretic sub-
stances such as salicylates more than a century ago. Because this
class of antipyretic agents are effective in reducing fever of
almost any cause, it was implied there must exist an endogenous
pyrogen whose synthesis and/or effects are blocked by salicy-
lates. Experiments with purified and later with recombinant
IL-1B showed that indeed the fever response to LPS, an exog-
enous pyrogen from Gram-negative bacteria wall, was mimicked
by IL-1B (reviewed in ref. 1) and blocked by salicylates (5). The
identification of prostaglandin (PG) E, (PGE2) as another
endogenous pyrogen and the recognition of the role of salicy-
lates and aspirin-like antiinflammatory drugs as inhibitors of PG
biosynthesis have produced a working hypothesis for the fever
response to Gram-negative bacteria: Bacterial cell wall —LPS —
IL-1B — cyclooxygenase (COX)2 — PGE2 — fever response.
This cascade also provided an explanation for the antipyretic
effects of PG synthesis inhibitors. Subsequent studies using null
mutated mice strains for prostanoid receptor subtypes, as well as
selective drugs for prostanoid receptors, identified the EP3
prostanoid receptor (EP3R) and EP1R receptors as mediators of
the pyrogenic effects of PGE2 (6-9). This scheme has been
useful in explaining all but the first rapid rise of CBT initiated
within the first 15-40 min after IL-13 administration, although
the biphasic nature of the LPS and IL-1B-mediated fever has
been described (10, 11). The fast rise in hypothalamic temper-
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ature as well as CBT in response to IL-18 is not consistent with
the transcription-dependent action of IL-13, which requires the
NF-kB-dependent induction of the synthesis of COX2 and the
subsequent production of PGH and PGE2.

We show here that, in the preoptic area (POA)/anterior
hypothalamus (AH), IL-1p signaling through a rapid nontran-
scription-dependent enzymatic pathway, including the type 1
IL-1 receptor (IL-1R1)-mediated activation of the Neutral
sphingomyelinase (N-Smase) is involved in the rapid rise of
fever. We demonstrate that the product of N-Smase, ceramide,
may be the second messenger mediating the effects on the
activity of POA/AH warm-sensitive neurons. Our results suggest
that the IL-18 effects on hypothalamic neurons involve the
activity of protein tyrosine kinase Src. Furthermore, we show
that inhibition of N-Smase blocks the rapid first phase of fever
but does not affect the slower PGE2-dependent fever peak.
Conversely, the inhibitors of PGE2 synthesis or the null mutation
of EP3R do not affect the rapid first phase of IL-1B-induced
fever but significantly attenuate the slower phase of the fever
response to IL-1p.

Results

Injection of IL-1B into the preoptic area of the AH causes a rapid
fever response in wild-type mice (Fig. 1 A and C). This fever
response is followed by radiotelemetric devices implanted into
the peritoneum and thermoprobes implanted into the preoptic
area, respectively. For location of the cannula and termistor, see
Fig. 1D. Changes in brain temperature and CBT follow each
other closely (Fig. 1C). The response to IL-18 consists of two
phases: a rapid rise of hypothalamic temperature and CBT
peaking at 30—60 min and a long-lasting phase that continues at
peak fever temperature (=~38.5°C) over the next 3 h (Fig. 14).
The amplitude of the fever response is dose-dependent in the
IL-18 dose range of 15 ng/kg to 15 ug/kg.

Ceramide is a soluble product of N-Smase that can be rapidly
activated by IL-1B acting at IL-1R1 (ref. 12; see also Fig. 4).
Injection of C2-ceramide (the cell-penetrating analog of cer-
amide) at doses ranging from 5 to 80 pg/kg into the AH caused
a dose-dependent rapid rise in the temperature of both the
preoptic area and CBT (Fig. 1B). The slope of the rise of the
temperature in response to C2-ceramide was almost identical to
that produced by IL-18 (Fig. 1 A and B). The amplitude of the
C2-ceramide-mediated fever never reaches that of IL-1B-
induced fever, although supramaximal doses of both C2-
ceramide and IL-1B were used, but clearly C2-ceramide-
mediated fever accounts for ~80% of the amplitude of the
IL-1B-caused fever. The C2-ceramide-mediated fever response
declined after 60 min (Fig. 1B). The intrahypothalamic applica-
tion of the inhibitor of the N-Smase, spiroepoxide (10 uM),
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Fig. 1. Dose-response curve for IL-13 and C2-ceramide on CBT after microinjection in the AH. (A) Dose-response curve for IL-18-induced fever. CBT increased
significantly at 60 min in IL-1p3 treated at 1, 5 and 15 ng/kg compared with IL-18 15 ng/kg and 150 ng/kg or vehicle (*, P < 0.05; data are averaged at 20-min
intervals). (B) Dose-response curve for C2-ceramide-induced fever. CBT increased significantly at 40 min in C2-ceramide treated at doses 10, 20, 40, and 80 ug/kg
(*, P<0.05, compared with vehicle). (C) Simultaneous recording of temperature in the POA and CBT comparing C2-ceramide 40 ug/kg, IL-18 15 ug/kg, and vehicle
control. C2-ceramide-induced rise in CBT peaks at 40 min, whereas the maximum rise in CBT caused by IL-13 peaks at 60 min. The effect of C2-ceramide declines
after 60 min, reaching the baseline at ~2 h, whereas the IL-1B-induced rise in CBT at 60 min remains at a constant level for the following 3 h, after which it declines
but is significantly above the baseline (8-12 h) after injection. (A-C) All data points are from six animals each. (D) Location of cannulae aiming the AH and track

of the thermisor to the POA; see arrows. Slices correspond to anterior-posterior coordinates from Bregma, —0.46 for AH and 0.38 for POA.

abolished almost completely the rapid phase (Fig. 24), having no
effect on the later and slower phase of the fever response to
IL-1B. Administration of the PG synthesis inhibitor indometh-
acin 5 mg/kg i.p. injection had no effect on the early rapid rise
of CBT (Fig. 2B), whereas it almost completely inhibited the
slower and longer-lasting phase of the fever response to IL-1B.
Similarly, the rapid rise in CBT in response to IL-1 is unaffected
by the null mutation of the prostanoid receptor EP3R, mediating
much of the pyrogenic effects of IL-1 in the hypothalamus (9),
whereas the same null mutation attenuates the later (60-min-
postinjection) phase of the fever response to IL-18 (Fig. 2C).
It has been postulated that one major mechanism by which
pyrogens act to raise the CBT is through the inhibition of the
warm-sensitive neurons in the POA/AH that are involved in the
regulation of the control of CBT (13). Indeed, multiple studies
show that IL-1p, both in vivo and in vitro, can rapidly inhibit the
spontaneous firing of warm-sensitive neurons (14, 15), which,
together with cold-sensitive and heat-insensitive POA/AH neu-
rons, are thought to regulate the body temperature set point (13).
Because the cell-penetrating C2-ceramide mimicked the effects
of IL-1B in vivo, we compared the effects of IL-18 and C2-
ceramide on the activity and thermosensitivity of cultured
warm-sensitive POA/AH neurons, characterized earlier in detail
(16, 17). Bath application of IL-18 or C2-ceramide, in the
presence of the PG synthesis inhibitor indomethacin (10 uM),
resulted in hyperpolarization and decreased the firing rate of
these neurons (effects that developed within 1-2 min) (Fig. 3C).
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The amplitude of the hyperpolarization averaged 6.3 = 2.4 mV
(n =7) for IL-1B and 7.7 = 4.1 mV (n = 5) for C2-ceramide. In
the presence of IL-1p3 or C2-ceramide, the firing rate of the
neurons was less sensitive to increases in temperature. Their
thermosensitivity decreased significantly: from 0.9 = 0.1 spikes
per s7°C~1 to 0.2 + 0.4 spikes per s™!1°C~! (n = 7) and from
0.9 = 0.2 spikes per s~'°C~1t0 0.3 = 0.2 spikes per s~ 1°C~! (n =
5) for IL-1B and C2-ceramide, respectively (paired ¢ test, P <
0.01). In contrast, dihydroceramide, a membrane-impermeable
ceramide analog, did not hyperpolarize the POA/AH neurons
and did not change their thermosensitivity (n = 9). Because the
actions of ceramide may be mediated by activation of the protein
tyrosine kinase Src, as suggested by studies in other cell types
(18), we have examined whether the selective Src inhibitor PP2
(10 uM) affected the response to IL-15. We found that prein-
cubation of POA/AH neurons with this inhibitor for 20 min
abolished the effects of the cytokine (Fig. 3D, n = 15).

Discussion

The search for endogenous pyrogen has led to the identification
of IL-1 (1), a pluripotent proinflammatory cytokine that, after
binding to the IL-1R1, a Toll receptor family member, can
induce via an NF-«pB-dependent mechanism the transcription of
many genes, including that of IL-6, TNF-«, inducible NO
synthase, and COX2, to name a few. These genes code for
proteins that are also endogenous pyrogens, like TNF-« or, as in
the case of COX2, for an enzyme that catalyzes a key step in the
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Fig. 2. Inhibition of the different phases of fever response by intrahypotha-
lamic application of N-Smase inhibitor, spiroepoxide, or i.p.-administered
indomethacin. Pretreatment (pt) was followed by second treatment (2nd) (see
arrows). (A) N-Smase inhibitor 10 uM pretreatment inhibited partially the
effect of IL-18 at 40 and 60 min; F(3, 16) = 13.887; *, P < 0.01, vehicle + IL-18
vs. vehicle + vehicle, N-Smase inhibitor 10 uM + IL-18 15 ng/kg, and N-Smase
inhibitor 10 uM + vehicle. After 60 min, the vehicle + IL-18 and N-Smase
inhibitor 10 uM + IL-1B 15 pg/kg differ with vehicle + vehicle and N-Smase in-
hibitor 10 uM + vehicle groups; F(3, 16) = 38.741, P < 0.01. (B) Pretreatment
with indomethacin does not have an effect on the early phase of the IL-18
increase on CBT at 40 min (see +, F(3, 16) = 18.541, P < 0.05, vehicle + IL-18
vs. indomethacin + vehicle, vehicle + vehicle) but interferes with the devel-
opment of the fever response after 60 min (F(3, 16) = 21.342; ¥, P < 0.01). (C)
The rapid rise in CBT in response to IL-18 is unaffected by the null mutation of
the prostanoid receptor type 3; EP3R (paired t test, +, P < 0.05 at 60 min and
*, P < 0.01 at 80 min, vehicle vs. IL-18 150 ng/kg).

biosynthesis of PGE2, another endogenous pyrogen. Because
the pyrogenic action of these mediators requires transcription,
translation, posttranslational modifications, subsequent release
of the mediators, and binding to their cognate receptors, these
mediators cannot account for the rapidly rising phase of the
febrile response occurring within minutes, which is seen when
IL-18 is applied directly in the POA/AH (Figs. 1-3). The
biphasic nature of the fever responses to LPS (11) and IL-1 (10,
19), which present a rapid rise followed by a second peak, has
been described. Whereas PGE2 synthesis inhibitors block the
long-lasting fever, the nature of the pyrogen responsible for the
first phase of the response remained unknown. It should be
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Fig. 3. IL-1B and C2-ceramide decrease the firing rate and reduce the
thermosensitivity of warm-sensitive POA/AH neurons. (A) Current-clamp re-
cordings showing the response of a warm-sensitive neuron to a temperature
increase from 37 to 40.3°Cbefore (Upper) and after application of 0.3 nM IL-13
(Lower). IL-1B hyperpolarized the neuron by ~6 mV and reduced its thermo-
sensitivity from 0.9 spikes per s~'°C~" to 0.1 spikes per s~'°C~". (B) Current-
clamp recordings showing the response of a warm-sensitive neuron to a
temperature increase from 36.8 to 39.7°C before (Upper) and after (Lower)
application of 10 uM C2-ceramide. C2-ceramide hyperpolarized the neuron by
~4 mV and reduced its thermosensitivity from 1.1 spikes per s~1°C~' to 0.2
spikes pers~1°C~1. (C) Time course of the IL-18 (0.3 nM) hyperpolarization. (D)
Preincubation of the neurons with the selective Src inhibitor PP2 (10 uM) for
20 min prevents the effect of IL-18.

emphasized that the kinetics and amplitude of febrile response
canvary between species and with age and gender (19). Thus, the
rabbit is very sensitive to pyrogens and has a very rapid response,
which may reflect a somewhat different PG metabolism than
those of rat or human. In the latter, the induction of COX2 is an
important event that generates larger amounts of PGE2 than
those produced by the constitutively expressed COX1.

It should also be noted that not all transcription-mediated
events are slow; IL-1B8- and LPS-mediated synthesis of some
cytokines in lymphocytes and macrophages can be very rapid and
can occur within 15 min (20, 21). Nevertheless, in the case of the
IL-1R1-MyD88-dependent NF-«B-mediated induction of COX2
(22) and subsequent production of PGE2 in the brain, there is
a lag (23), thus the rapid rising phase of the IL-1B-induced fever
could have a mediator other than PGE2. We have shown earlier
that in central neurons, IL-18 can activate the N-Smase via the

Sanchez-Alavez et al.
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Fig. 4. Schematic model of the fast and slow phases of IL-13-induced fever.
The fast response (0-30 min) to IL-1B8 to a large extent is mediated by
ceramide. The covalent modification of ion channels by ceramide-activated
Src could be responsible for the fast neuronal effect of the cytokine. The slow
phase of the IL-1B-induced fever depends on NF-«kB-mediated transcription of
COX2 and production PGE2 that activates prostanoid receptors on neurons.
Indomethacin, a COX1/2 inhibitor, blocks PGE2 synthesis; spiroepoxide, an
N-Smase inhibitor, inhibits the production of ceramide; and PP2, a selective
inhibitor of Src, inhibits protein tyrosine phosphorylation by Src.

IL-1R1, leading to the formation of the soluble mediator cer-
amide (12). The activation of N-Smase is transcription-
independent, fast, and MyD88-dependent. Ceramide production
is thus fast, and its effects on neuronal activity are likely be
mediated by the rapid activation of the protein tyrosine kinase
Src (24, 25) and the Src-mediated modulation of the phosphor-
ylation state and activity of several ion channels (26-29). Indeed,
Fig. 2 shows that the N-Smase inhibitor spiroepoxide slows down
the first rapid phase of fever. Unfortunately, this compound is
rather toxic, limiting its dosing in vivo. Furthermore, studies on
spiroepoxide show that, at higher concentrations than required
for N-Smase inhibition, it acts as partial agonist in the activation
of Src (C. Davis and T.B., unpublished observations). Never-
theless, at the doses used here, it slowed the first phase of the
IL-1B-induced fever. On the other hand, this phase of fever is
faithfully mimicked by C2-ceramide, suggesting that ceramide
production by the IL-1B/IL-1R1-activated N-Smase is respon-
sible for the first phase of the fever to IL-18 (Figs. 1 and 2).
The electrophysiological data are in line with the in vivo
observations on CBT changes, showing that C2-ceramide mimics
the rapid neuronal effects of IL-13 (Fig. 3). Furthermore, in this
experimental setting, we observed no effects of dihydroceramide
(a membrane-impermeable ceramide analog) on neuronal re-
sponses, suggesting that the lipid mediator ceramide acts intra-
cellularly. The proposed action of ceramide in nonneuronal cells
is the activation of several proteins, such as KSR and tyrosine
kinase Src (24, 25). We have shown that the selective Src
inhibitor PP2 inhibits the response to IL-1p, strongly implying a
role of Src activation. It has been shown in many other systems,
where Src is activated by other stimuli, that Src modulates the
phosphorylation state and activity of various ion channels (26—
28). The toxicity of PP2 prevents the in vivo demonstration of Src
involvement in the rapid rise of IL-18/ceramide-mediated fever.
The successful therapeutic intervention to control fever in a
multitude of settings is based on the inhibition of the slower and
longer-lasting PGE2-dependent branch of IL-1 signaling (Fig.
4). The rapid neuronal ceramide-mediated actions of IL-1p,
however, should not be neglected, because these might explain
the fast response to IL-18 in several neuronal contexts such as
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long-term potentiation (LTP) and febrile seizures (30, 31) and
during the first phase of fever response, as shown here. Because
these rapid neuronal effects of IL-18 are independent of PGE2
production and are mediated to a large extent by ceramide, this
sphingolipid could be considered as an endogenous pyrogen.

Materials and Methods

Anterior Hypothalamic Microinjection. Murine recombinant IL-13
was from R&D Systems (Minneapolis). C2-ceramide, dihydro-
ceramide, indomethacin, and the N-Smase inhibitor spiroep-
oxide (all from Sigma-Aldrich) were dissolved in anhydrous
DMSO to obtain ceramide/DMSO, indomethacin/DMSO, and
N-Smase inhibitor/DMSO stock. Then, to maintain experimen-
tal conditions, these substances were dissolved with artificial
cerebrospinal fluid (aCSF) to reach a final concentration of 10%
vol/vol DMSO (vehicle). Completion of dissolution of the
ceramide required 20 min of stirring at room temperature. To
maintain experimental conditions, the other lyophilized sub-
stances were reconstituted in pyrogen-free aCSF (145 mM
Na®/2.7mM K*/1.0 mM Mg?*/1.2 mM Ca?*/1.5 mM Cl-, pH
7.2) containing 0.1% vol/vol BSA, aliquoted, and stored at
—20°C. Immediately before use, substances were brought to
appropriate concentrations by adding aCSF and reducing the
final concentration of DMSO at 10%. Each aliquot was used only
once. C57BL/6J male mice, 20-25 g (12-14 weeks old), were
anesthetized with halothane (induction 3-5%, maintenance 0.9
1.5%) and implanted with transmitter devices (TA10TA-F20;
Data Sciences, Arden Hills, MN) into the peritoneal cavity for
CBT measurement. Mice were allowed to recover for 1 week and
then submitted to a second surgery. After anesthesia (induction
3-5%, maintenance 0.9-1.5%), mice were placed into a stereo-
taxic apparatus. The skull was exposed, and holes were drilled to
accommodate stereotaxic placement of a guide cannula aiming
at the AH (anterior—posterior from bregma, 0.3 mm; lateral, 0.3
mm; and ventral, 4.1 mm). Additional groups of mice were
implanted with a thermisor (Physitemp, Clifton, NJ) into the
POA anterior—posterior from bregma, 0.38 mm; lateral, 0.4 mm,;
and ventral, 4.4 mm. Mice were individually housed in a Plexiglas
cage in a room maintained at 30 + 0.25°C on a 12:12 h light—dark
cycle (lights on at 7:00 a.m.) with ad libitum access to food and
water. The cages were positioned onto the receiver plates
(RPC-1; Data Sciences), and mice with thermisor were con-
nected via individual sockets to an electric swivel commutator
(Dragonfly; R&D Systems) and acquisition software (THERMES-
16; Physitemp Instruments). CBT and motor activity (MA) were
recorded for at least 72 h before anterior hypothalamic treat-
ment to ascertain that baseline levels of temperature are stable
and that no ongoing febrile response confounds the results.
During this period, the animals were habituated to the experi-
mental conditions and handled for 10 min every day (10:30—
11:30 a.m.). POA temperature was recorded only during the day
of treatment. On the day of injection, an internal cannula (33 Ga,
1.7-cm length) connected to plastic tubing and a microsyringe (1
wl) was used to deliver the drugs into the AH. A volume of 0.5
wl was injected in a period of 5 min to allow a diffusion of the
drug. For combined treatments, we applied a pretreatment
(10:40 a.m.) followed by a 20-min interval and then by a second
treatment (11:20 a.m.). After this procedure, mice were returned
to the home cage to continue the telemetry recording.

Histology. Mice received an intracardiac perfusion with 4%
paraformaldehyde. The brain was then removed, incubated for
24 h in 4% paraformaldehyde for an additional 24 h in 30%
sucrose at 4°C, and frozen. Tissue sections of 40 or 10 um were
cut after fixation on a freezing-stage microtome. Location of
injection and thermistor electrodes were determined (Fig. 1D).
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Data Analysis. Data were grouped and analyzed in a 20-min
interval. Significance was evaluated by using a paired ¢ test or
ANOVA with repeated measures followed by post hoc Sheffe
tests comparing 20-min intervals.

Neuronal Cultures. Mixed POA/AH cultures (containing neurons
and glia) were established from embryonic day 14 Swiss—
Webster mice. After mechanical dissociation, cells were plated
onto poly-D-lysine-coated coverslips at a density of one to two
POAs per anterior hypothalami per milliliter and allowed to
develop in vitro. Cultures were kept in Minimal Essential Media
with Earle’s salts (Invitrogen) supplemented with 5% (vol/vol)
FBS/5% (vol/vol) horse serum/glucose (20 mM)/glutamine (2
mM). Five days after plating, nonneuronal development was
halted by addition of 10 uM cytosine arabinoside. Thereafter,
cultures were fed every 4 days and used for electrophysiology
experiments between 24 and 45 days in vitro.

Patch-Clamp Recording. Standard tight-seal recordings in current-
clamp mode (I-clamp fast) were performed with an Axopatch
200B amplifier (Molecular Devices). The external recording
solution was 155 mM NaCl /3.5 mM KCI/2 mM CaCl,/1.5
MgSO, mM/10 mM glucose/10 mM Hepes, pH 7.4, 300-305
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