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Prostaglandin production selectively in brain endothelial cells
is both necessary and sufficient for eliciting fever
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Fever is known to be elicited by prostaglandin E, acting on the brain, but its origin has
remained disputed. We show in mice that selective deletion of prostaglandin synthesis in
brain endothelial cells, but not in neural cells or myeloid cells, abolished fever induced by
intravenous administration of lipopolysaccharide and that selective rescue of prostaglandin
synthesis in brain endothelial cells reinstated fever. These data demonstrate that prostaglan-
din production in brain endothelial cells is both necessary and sufficient for eliciting fever.
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Pharmacologic inhibition or genetic deletion of the PGE,-synthesizing enzymes
cyclooxygenase-2 (COX-2) and microsomal prostaglandin synthase-1 (mPGES-1) abol-
ish immune-evoked fever (1, 2). Because both COX-2 and mPGES-1 have been shown
to be induced in brain endothelial cells by systemic immune challenge (3), and because
cell-specific deletion of these enzymes in the endothelial cells attenuates the febrile
response (4), it has been hypothesized that fever is dependent on PGE, produced by
brain endothelial cells (5).

However, while the available data indicate that PGE, produced in the brain endo-
thelium participates in the febrile response to systemic immune challenge, they do not
show whether such production is sufficient for the generation of fever or whether other
sources are also required. Upon peripheral immune stimulation, PGE, production is
induced in several organs, such as liver and lung, and thus produced PGE, has been
suggested to be involved in, and even critical for, certain aspects of the febrile response
(6). Furthermore, prostaglandin activation of peripheral nerves, including the vagus
nerve, has also been implicated in the febrile response (7).

Here we examined whether fever could be elicited when induced prostaglandin pro-
duction was restricted to brain endothelial cells. We first examined the febrile response
to i.v. injection of lipopolysaccharide (LPS) in wild-type (WT) mice and in mice sub-
jected to pharmacologic blockage or cell-specific deletions of COX-2, the latter gener-
ated by crossing mice with conditional deletion of COX-2 with mice expressing Cre
recombinase under specific promotors, including the thyroxine transporter Sleolcl,
resulting in recombination selectively in brain endothelial cells (8); Nestin, recombin-
ing in neural cells; and LysM, recombining in myeloid cells. While the response of
these mouse models to intraperitoneal injection of LPS previously has been reported
(4), we here employed an i.v. administration route via an indwelling jugular catheter.
This procedure enables performing injection without handling the animals, hence
avoiding the handling stress that otherwise interferes with and obscures the immune-
induced body temperature changes (9). We chose to inject LPS, which elicits a complex
inflammatory response, including the endogenous release of proinflammatory cytokines
such as interleukin (IL)-1f, IL-6, and TNF. While IL-1 is implicated in many fevers
(10), its i.v. administration was not feasible in the present experiments because of its
very rapid elimination in plasma (11); in our hands such administration accordingly
yielded no or little fever.

Results and Discussion

As seen in Fig. 1, i.v. injection of LPS to WT mice (30 pg/kg) resulted in a three-phasic
fever (best illustrated in Fig. 1B), with a first temperature peak at around 20 to 30 min
after injection; followed by a hypothermic response, a rapid temperature recovery (second
phase); and finally a third phase beginning at about 2 to 3 h after injection.

When WT mice were given a systemic injection of the selective COX-2 inhibitor
parecoxib (Dynastat; Pfizer) prior to the LPS injection, all febrile phases were abolished
(Fig. 1A4). In mice with deletion of the Cox-2 gene (Pzgs2) specifically in brain endothe-
lial cells, generated with a tamoxifen-inducible Cre recombinase system, both the
second and third phases were abolished; however, the first phase of fever remained
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Body temperature responses following pharmacologic inhibition or cell-specific deletions of prostaglandin synthesis. (A) The selective COX-2 inhibitor pare-

coxib (10 mg/kg i.p.) was given 1 h before i.v. injection of LPS (30 pg/kg at time-point zero). *P < 0.05; **P < 0.01; **P < 0.001 for LPS + vehicle vs. LPS + parecoxib
(two-way ANOVA for 0 to 300 min: F5,13 = 5.418, P < 0.05). (B) Selective deletion of the Ptgs2 gene in brain endothelial cells. *P < 0.05; **P < 0.01; **P < 0.001 for WT
LPS vs. Cre LPS (two-way ANOVA for 60 to 420 min: F,31 = 12.36, P = 0.0001). (C) Selective deletion of the Ptges gene in brain endothelial cells. *P < 0.05; **P < 0.01;
**P < 0.001 for Cre LPS vs. WT LPS (two-way ANOVA for 0 to 420 min: F,30 = 20.52, P < 0.0001). Solid lines represent mean and dotted lines SEM.

intact (Fig. 1B), whereas mice with deletion of the gene encod-
ing mPGES-1 (Ptges), which converts the COX-2 product
PGH, into PGE,, selectively in brain endothelial cells abolished
all phases of fever (Fig. 1C). Mice with deletion of COX-2 spe-
cifically in neural cells or in myeloid cells showed the same
temperature response to i.v. LPS as did WT mice.

We next constructed a mouse line with a JoxP-flanked
transcriptional blocker upstream of the Prgs2 ATG site
(Fig. 2A)—resulting in disrupted COX-2 expression—and
crossed mice from this line (StopfloxPrgs2) with mice
expressing tamoxifen-inducible Cre recombinase under the
Sleolcl promoter (Sleolcl-CreERT2), which is active almost
exclusively in brain endothelial cells (8) (for details, see S/
Appendix). Using immunofluorescent detection of tdTo-
mato, which is expressed in tandem with Prgs2 after rescue
(Fig. 2A4), we found strong LPS-induced expression selec-
tively in small- to medium-sized vessels (10 to 20 pm in
diameter) throughout the brain (Fig. 2B). Dual labeling for
tdTomato and lipocalin-2, which is strongly induced in
brain endothelial cells upon peripheral immune challenge
(12), showed that the tdTomato-expressing vessels also
expressed lipocalin-2. However, lipocalin-2 was also
expressed in larger vessels not expressing tdTomato (Fig.
2C). Dual labeling for tdTomato and cell-specific markers
confirmed that the SlkolcI-CreERT2-induced recombination
occurred selectively in brain endothelial cells (Fig. 2 D-F).

Consistent with the above findings, immune-induced COX-
2 immunoreactivity, which colocalized with tdTomato, was
seen perinuclearly in endothelial-like cells in small- to medium-
sized blood vessels of LPS-injected StopfloxPrgs2 Slcolcl-
CreERT?2 mice (Fig. 2G). gPCR showed COX-2 induction in
the hypothalamus of Stopflox Prgs2 SlcolcI-CreERT?2 mice, like
what was found in WT mice. However, both the basal levels of
COX-2 messenger RNA (mRNA), as well as the LPS-induced
COX-2 levels, were lower in the StopfloxPrgs2 Slcolcl-
CreERT2 mice than in the WT mice (Fig. 2H), as would be
expected since recombination did occur only in a subset of all
immune-activated endothelial cells. StopfloxPrgs2 mice without
Cre (KO) showed very low levels of COX-2 mRNA, as
expected. No significant recombination was found in lung or
liver from the StopfloxPrgs2 Sleolcl-CreERT2 mice, with
mRNA levels of COX-2 being about 19, of those in WT mice
(lung) or undetectable (liver), and no induced levels of PGE,
metabolites were found in plasma, as measured 20 min
after iv. injection of LPS, in contrast to what was seen in

WT mice (WT, 810 + 148 [SEM] pg/mL; StopfloxPrgs2
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Sleolc1-CreERT2, 401 + 58 pg/mL; KO, 410 + 21 pg/mlL;
naive, 356 + 58 pg/mL).

Intravenous injection of LPS in StopfloxPrgs2 Slcolcl-
CreERT?2 mice (Fig. 2J) resulted in a first phase of fever, as in
WT mice. While there was no elevation of the body tempera-
ture during the second phase, the body temperature did not
drop in contrast to what was seen in KO mice but was main-
tained at the same level as in mice injected with saline. During
the third phase there was an elevated body temperature in the
LPS-injected StopfloxPrgs2 Slcolcl-CreERT2 mice compared
to what was seen in the saline-treated mice.

It has long been discussed where the PGE, synthesis respon-
sible for the generation of fever upon systemic immune
challenge occurs, and while it is generally agreed that brain
endothelial cells play an important role, other sources of PGE,,
such as peripheral and central macrophages, as well as prosta-
glandin- or cytokine-induced neural signaling, have been
suggested (5-7, 13). We here demonstrate that prostaglandin
synthesis by COX-2 expressed by a subset of brain endothelial
cells (i.e., endothelial cells in small- to medium-sized, but not
large blood vessels) is both necessary and sufficient for the gen-
eration of fever upon peripheral immune challenge with LPS.
When COX-2 was selectively deleted in brain endothelial cells,
the febrile response except its first phase was abolished, and
when COX-2 was selectively rescued in brain endothelial cells
of mice otherwise lacking COX-2, fever appeared. Further-
more, the finding from mice with mPGES-1 deletion in
endothelial cells shows that endothelial PGE, production is
necessary for all phases of fever, including the first phase, which
previously has been suggested to depend on other mechanisms,
such as the synthesis of blood-borne PGE, by macrophages in,
e.g., the lung (6). However, as shown here the first phase
occurred also in the absence of COX-2-induced peripheral
PGE, synthesis. While it was dependent on COX-2, as shown
by its disappearance when COX-2 was inhibited with pare-
coxib, and while the selective expression of COX-2 in brain
endothelial cells was sufficient for LPS to evoke the first phase
of fever, COX-2 in brain endothelial cells was not necessary for
that response. Additional sources for the COX-2 product that
subsequently is converted to PGE, by mPGES-1 in the endo-
thelial cells could be perivascular macrophages (14).

Materials and Methods

Detailed descriptions are provided in S/ Appendix. In brief, mice with cell-specific
deletion/expression of prostaglandin-synthesizing enzymes were generated

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122562119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122562119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122562119/-/DCSupplemental

2
<

A

=== Homology arm LoxP site Exon of mouse Ptgs2 . 3*polyA Ithomato |2A

COX-2 mRNA
hypothalamus
.

201

o

Fold change
>

IN IF

WT WT Cre Cre KO
NaCl LPS NaCl LPS LPS

StopfloxPtgs2 Slco1c1-CreERT2
=——WT LPS n=8 =——Cre LPS n=11 =—=KO LPS n=9

38.0+ — vehicle (mixed genotypes) n=13
£ TR e R

937.55 i P
o . ;
g 37.0
[
Q
£36.5-
>
el
@ 36.0+

35.5+ e 7

T T T T T T T T 1
60 0 60 120 180 240 300 360 420 480

Time (min)

Fig. 2. Fever occurs after selective expression of the Ptgs2 gene in brain endothelial cells. (A) The targeted allele in StopfloxPtgs2 mice. (B) tdTomato immu-
nofluorescent blood vessels in LPS-injected StopfloxPtgs2 Slco1c1-CreERT2 mouse. (C) Dual labeling for lipocalin-2 (green) and tdTomato (red) in brain blood
vessels. Lipocalin-2, but not tdTomato, is induced not only in small but also large vessel profiles (asterisks). (D) Dual labeling (yellow pseudocolor) of blood
vessels for tdTomato (red) and the endothelial cell marker CD31 (green). (E and F) Blood vessels expressing tdTomato (red) and profiles immunoreactive for
the perivascular macrophage marker CD206 (green; E), and the pericyte marker CD13 (green; F). The CD206 and CD13-ir profiles are distinct from the
tdTomato-labeled vessel wall. (G) COX-2 immunoreactivity (green) in tdTomato (red)-expressing blood vessel. Yellow pseudocolor shows coexpression of the
two fluorochromes. (Scale bars: B, 250 um; C, 100 pm; and D-G, 20 pm.) (H) qPCR for COX-2 mRNA in the hypothalamus of WT mice, StopfloxPtgs2 Slcolc1-
CreERT2 mice (Cre), and StopfloxPtgs2*'* mice (KO) 3 h after i.v. injection of LPS (30 pg/kg body weight) or vehicle. *P = 0.04 (one-way ANOVA [Kruskal-Wal-
lis] P < 0.0001). (/) Temperature recordings in StopfloxPtgs2 Slcolc1-CreERT2 mice (Cre), StopflothgsZ“'/+ mice (KO), and WT mice, after i.v. injection of LPS
(30 ug/kg body weight) or vehicle. *P < 0.05; **P < 0.01; ***P < 0.001 for Cre LPS vs. vehicle, and *P < 0.05; #**P < 0.01 for Cre LPS vs. KO LPS (two-way
ANOVA for 0 to 420 min: f335 = 15.06, P < 0.0001). Solid lines represent mean and dotted lines SEM.
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