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Abstract

Previous studies have shown that interleukin-1 (IL-1) and lipopolysaccharide (LPS) administration
to animals induces behavioral changes, including a reduction in feeding. These effects of IL-1 and
LPS have been shown to be sensitive to inhibitors of cyclooxygenase (COX).

Objectives—To determine the relationships between induction of COX-2 in the brain with
IL-1B- and LPS-induced changes in body temperature, plasma corticosterone and feeding.

Methods—Mice were injected with intraperitoneal doses of IL-1p and LPS that decreased feeding.
The induction of COX-2 was studied immunocytochemically in the brain, in parallel with core body
temperature, the drinking of sweetened milk, and plasma concentrations of corticosterone.

Results—COX-2 immunoreactivity (ir) was sparse in the brains of the untreated mice, but IL-13
and LPS both increased its expression. This COX-2 induction appeared to be confined to blood
vessels, and was not markedly region specific. Induction was evident 30 min after IL-1 or LPS, and
was greater at 90 than at 30 min. COX-2-ir in the parenchyma did not change significantly. Thus
induction of COX-2 occurred in brain endothelia in parallel with the reduction in feeding. This is
consistent with the previously determined sensitivity of IL-1-induced changes in feeding to selective
COX-2 inhibitors, and the responses to IL-1 in COX-2-deficient mice. The time courses of the IL-1-
and LPS-induced increases in plasma corticosterone paralleled those in the reduction in milk
drinking, however, the changes in body temperature appeared later.

Conclusions—Endothelial COX-2 may be involved in IL-1- and LPS-induced decreases in milk
drinking, and possibly in the HPA axis activation. The decreased milk drinking may occur when IL-1
and LPS bind to receptors on brain endothelial cells subsequently inducing COX-2 and the production
of prostanoids which elicit the reductions in milk drinking. Thus the behavioral effects of peripherally
administered IL-1 and LPS appear to be mediated by multiple mechanisms, including endothelial
COX-2, and vagal afferents.
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Introduction

Numerous previous studies have shown that interleukin-1 (IL-1) and lipopolysaccharide (LPS)
administration to rats and mice induces behavioral responses collectively known as sickness
behavior [1,2]. We have exploited the propensity of mice to drink sweetened milk to determine
the mechanisms involved in the reduction in feeding. When presented with sweetened milk for
10-30 min each day, mice typically ingest 2-3 g [3]. Intraperitoneal administration of low
doses of IL-1B (50-500 ng) inhibits the drinking of sweetened milk for around 3 h.
Intraperitoneal administration of low doses of LPS (1-5 pg) inhibit the milk drinking for
somewhat longer. These responses to IL-1 and LPS are sensitive to inhibitors of
cyclooxygenase (COX) enzymes [3-5]. Interestingly, more recent studies have indicated that
both COX isozymes, the constitutive COX-1 and the inducible COX-2, appear to be involved
[6]. The reduction in milk intake induced by IL-1p in COX-2-knockout mice resembled that
in wild-type mice until about 90 min after IL-1. At later times, no reduction in milk drinking
was observed. However, COX-1-knockout mice showed no response to IL-1p for more than
1 h, but subsequently the normal reduction in milk drinking occurred. Complementary studies
with selective COX inhibitors indicated that the selective COX-1-inhibitor, SC560, prevented
the effects of IL-1p only in the first hour, whereas the COX-2-selective inhibitor, celecoxib,
was effective only at later times [6]. Celecoxib also inhibited the response to LPS [7]. These
results suggested that COX-1 was primarily responsible for the early decrease in milk drinking,
whereas COX-2 was responsible for the later phase.

These studies provided no information on the location of the COX enzymes involved.
Therefore, we have now studied the induction of COX-2 in the brains of mice treated with
intraperitoneal doses of IL-1p and LPS using immunohistochemistry. We also monitored the
changes in plasma corticosterone in the same animals. The results confirm that both IL-1 and
LPS at physiologically and behaviorally active doses increase the expression of COX-2 in brain
endothelia, and that the time course of this response parallels the appearance of the COX-2-
sensitive decrease in milk drinking.

Materials and Methods

Animals

Materials

Separate batches of CD-1 albino, VF male mice were obtained from Charles River (R16 colony
Raleigh-Durham facility) and upon arrival housed in an animal colony room maintained at 22
+ 2°C and with 12-hour light-dark cycle with lights on at 7 AM. They were kept in plastic
cages with wood shavings as bedding in groups of 5 for at least 1 week and were then placed
in individual cages. Mice were given free access to water and Purina chow pellets. The animals
were 4—7 weeks old and weighed between 30 and 40 g at the beginning of the experiments.
All experiments were conducted between 8 AM and 1 PM and in accordance with the NIH
Guide on the care and use of animals for research, and an in-house protocol approved by the
Louisiana State University Health Sciences Center-Shreveport Animal Care and Use
Committee.

Recombinant mouse IL-1p (mIL-1B) was purchased from R&D Systems (Minneapolis, Minn.,
USA) and Escherichia coli LPS was from Sigma (St. Louis, Mo., USA; LPS; L3755, serotype
026:B6). mIL-1p (100 ng/mouse) and LPS (1 ug/mouse) were dissolved in a sterile pyrogen-
free 0.9% solution of sodium chloride such that the total dose for each mouse was contained

in 0.1 ml which was injected intraperitoneally. Control animals were injected with sterile saline.
COX-2 goat anti-mouse antibody was obtained from Santa Cruz Biotechnology, Santa Cruz,
Calif., USA.
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Short-term milk drinking was assessed in non-fasted mice at the beginning of the light phase.
Intake of sweetened condensed milk diluted with three parts of water was assessed as described
previously [3]. Briefly, mice were habituated for at least 3 days to drink milk from 20-ml glass
bottles fitted with metal spouts. The weighed bottles were placed in the cages for 10 min, then
removed and reweighed. On the experimental day, sweetened milk was presented immediately,
and 15, 30, 60, 90, 120, 180, and 240 min after injection of IL-1f or LPS. In the animal room,
each mouse was removed from its cage, according to a time schedule, gently weighed, given
an intraperitoneal injection of saline, IL-1p or LPS, and returned to its home cage. Thus, the
injections were given at different times and all animals in the room were given milk at the same
time.

Measurement of Core Body Temperature

Mice were anesthetized using Innovar Plus (3 mg fentanyl, 210 mg droperidol and 150 mg
midazolam dissolved in 174 ml of water) at a dose of 10 ul/g body weight intraperitoneally.
The mouse was placed on its back, a short incision (1 cm long) was made in its abdomen and
a telethermometer (Minimitter model VM-FHA, MiniMitter, Bend, Oreg., USA) was placed
into its abdominal cavity. The Minimitters were coated using paraffin/Elvax® from EI Du Pont
de Nemours (Wilmington, Del., USA), and disinfected with Zephiran chloride (1:1,000). The
abdominal muscles and the skin were then sutured with surgical silk and topical antibiotic
(Neosporin) applied to counter infection. The colony room was maintained at an ambient
temperature of 22 + 2°C. Body temperature was monitored remotely, without touching or
disturbing the animals, every 20 min for 1 h before IL-1 and LPS injection, and for 10 h
afterwards.

Immunohistochemistry

Mice were perfused with paraformaldehyde 30 or 90 min after injection of saline, mIL-1p or
LPS. “‘Quiet’” animals did not receive any injections and were sacrificed immediately after
removing them from their home cages. For the immunohistochemical studies, mice were
overdosed with pentobarbital (65 mg/kg, i.p.). Five minutes later they were perfused with
gravity fed saline (bottles 100 cm above the animal) followed by 4% freshly prepared
paraformaldehyde. The thoracic cavity was opened and a blunt needle inserted into the left
ventricle. The inferior vena cava was cut, and about 100 pl of blood withdrawn into a syringe
(for determination of plasma corticosterone) and the saline allowed to flow through the mouse.
After about 15 min, a valve was switched so that paraformaldehyde flowed through the carcass
for 15 min. The brains were removed, and postfixed in 4% paraformaldehyde for 4 h. They
were then transferred to a 30% sucrose solution and stored at 4°C overnight. The brains were
then frozen at —80°C and later cut into 10-um sections on a cryostat.

Brain sections were air-dried and fixed in a mixture containing 75% acetone and 25% alcohol
for 5 min. Glucose oxidase and sodium azide were used to reduce background interference.
Sections were then incubated with goat anti-COX-2 (1:200, Santa Cruz Biotechnology)
overnight at 4°C. The primary antibody was detected by incubation with a biotinylated
secondary antibody (donkey anti-goat, 1:200). Staining was then visualized with the
conventional avidin-biotin immunoperoxidase method [8]. A pilot study and three separate
experiments were performed with similar results.

Quantification of COX-2-Labeled Blood Vessels

To quantify COX-2 staining, coronal sections at the level of bregma + 0.38 mm were examined.
Matching sections from different animals were collected at the exact same coronal level of the
brain. This was verified by staining an adjacent section. The number of stained blood vessels
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was counted in a rectangular area in the cortex (ventral: from 1 to 2 mm, and lateral: from —0.8
to 0.8 mm), and in a rectangular area of the hypothalamus including the ventral medial preoptic
area (ventral: from 4.8 to 5.8 mm, and lateral: from —0.8 to 0.8 mm). The coordinates were
determined according to the mouse brain atlas of Franklin and Paxinos [9].

Corticosterone Assay

Blood was collected in 1.5-ml Eppendorf tubes containing EDTA and centrifuged, and plasma
corticosterone concentration was determined in duplicate using a radioimmunoassay (ICN
Biomedicals, Costa Mesa, Calif., USA) as described by the manufacturer.

Statistical Analysis

Results

Data were analyzed with two-way analysis of variance (ANOVA). Treatment and time were
the main factors. Pairwise comparisons were performed using the least significant difference
test. Results are reported as means + SEM.

Effects of IL-18 and LPS on Milk Intake

In individually housed animals, intraperitoneal administration of mIL-1f (fig. 1) or LPS (fig.
2) decreased the 10-min milk intake in non-fasted mice. IL-1p depressed milk intake as early
15 min after its administration. This effect of IL-1f lasted for at least 120 min, but 180 min
after the injection it was no longer statistically significant. ANOVA revealed statistically
significant effects of IL-1 (Fy 199 = 136, p < 0.001), time (F7,199 = 6.95, p < 0.001), and a
significant treatment x time interaction (F7 199 = 5.34, p < 0.001).

LPS began to depress drinking about 30 min after its administration (fig. 2). The nadir occurred
at about 2 h, and there was some recovery by the 4th h. ANOVA revealed statistically
significant effects of LPS (F1 g1 = 31, p<0.001), time (F7 g1 = 4.94, p <0.001), and a significant
treatment x time interaction (F7 g1 = 4.92, p < 0.001).

In many previous experiments, both IL-1 and LPS treatments caused slight reductions in body
weight measured the following day. In the experiment of figure 1, IL-1p resulted in a mean
loss of 0.4 g, that did not attain statistical significance. LPS induced a slightly larger decrease
(1.1 g) that was statistically significant (t = 3.21, p < 0.01).

Effects of IL-1B and LPS on Body Temperature

Core body temperature was measured using telemetry in freely moving and undisturbed mice.
The changes following intraperitoneal administration of IL-1p and LPS are presented in figure
3. In comparison with saline, IL-1f induced an initial decrease in body temperature for the first
2 hafter IL-1 (F1 72 = 20, p < 0.001) followed by an increase in the following 2.5 h (Fy 49 =
27, p <0.001). Across the entire experiment (temperature measurements at 21 time points),
there was a significant treatment x time interaction (Fpg 168 = 2.48, p < 0.001).

LPS also induced significant increases in body temperature in the 2nd h after the injection. The
effect was time dependent (Fy 5o = 8.23, p < 0.001) and dissipated by 6 h after LPS. ANOVA
indicated statistically significant effects of LPS (Fq 210 = 49, p < 0.001), and a significant
treatment x time interaction (Fyg 210 = 2.20, p < 0.01). The initial rise in temperature observed
in both groups in this experiment appeared to be associated with the stress of injection. In our
experiments, such an effect appears to be associated with the initial body temperature of the
mice, and is not specifically associated with IL-1p or LPS treatments.
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Effects of IL-1B and LPS on Plasma Corticosterone

Administration of mIL-1p increased the concentrations of corticosterone in blood plasma at
30 and 90 min (fig. 4). The effect of IL-1p was statistically significant (F1 5 = 143, p <0.001)
and increased with time (IL-1 x time interaction: F1 o5 = 16.0, p < 0.001). When LPS was
injected, the results were similar, although this response appeared somewhat more slowly than
that to IL-1, such that the increase in plasma corticosterone was statistically significant only
at 90 min (LPS: Fq 25 = 19.1, p < 0.001; time x LPS interaction: F 5 = 5.69, p < 0.05).

Effects of IL-1B and LPS on the Expression of COX-2

A low expression of COX-2 was observed in the quiet and saline-injected animals (fig. 5a, b).
Limited constitutive expression of COX-2 was observed in neurons, as reported previously
(data not shown). COX-2 was induced in the blood vessels of the hypothalamus after either
IL-1B or LPS injection (fig. 5¢c—f). A similar COX-2 induction was observed in the blood vessels
of the cortex (data not shown).

Quantitative analysis showed that significant increases in COX-2ir in blood vessels occurred
30 and 90 min after either IL-1f3 or LPS injection. The strongest induction was seen 90 min
after IL-1p or LPS. In the cortex (fig. 6a), the effect of IL-1 was statistically significant 30 and
90 min after injection (F1 3 = 71, p < 0.001). A statistically significant interaction between
IL-1B and time (F1 23 = 5.69, p < 0.05) was also observed. LPS also induced a significant
increase in the number of COX-2-positive blood vessels at 90 min, but not 30 min after injection
(F1,19=21.7, p < 0.001). The interaction between LPS and time did not reach statistical
significance (F1 19 = 3.14). In the hypothalamus (fig. 6b), administration of IL-1 significantly
increased COX-2 expression (F1 23 = 37, p < 0.001) 30 and 90 min after injection. There was
a significant interaction between IL-1p and time (Fy 23 = 5.15, p < 0.05). LPS significantly
increased the number of COX-2-positive blood vessels at 90 min, but not at 30 min after the
injection (F1 21 = 22.2, p < 0.001). There was a significant interaction between LPS and time
(F1,21 =6.66, p <0.001).

Discussion

The present results show that intraperitoneal injection of IL-1 or LPS induces COX-2 in blood
vessels in the mouse brain. This was evident in the immunocytochemical images of the brain
tissue treated with antibody selective for COX-2 (fig. 5), and in the quantitative data for both
hypothalamus and cortex (fig. 6). The induction of COX-2 was not markedly regionally
selective. However, COX-2 induction appeared to be confined to cells in the blood vessels,
because no changes were detected in the limited expression of COX-ir in the brain parenchyma.
Saline-treated animals showed a small increase in COX-2ir relative to quiet animals, but this
effect was not statistically significant (fig. 6). The effects of IL-1p were statistically significant
30 and 90 min after intraperitoneal administration, whereas the responses to LPS were
statistically significant only at 90 min. This induction of COX-2 in the brain blood vessels by
IL-1p and LPS is consistent with previous results [10-14], and has been shown to occur
primarily in perivascular cells [14]. The present results indicate that the induction of COX-2
occurs with the same time course as the reduction in sweetened milk intake and the increase
in plasma corticosterone observed with injections of the same doses of IL-1p and LPS (fig 1,
2, 4).

In previous studies, we obtained evidence that both COX-1 and COX-2 are involved in the
reduction in sweetened milk intake induced by IL-1p [6]. In those studies, SC560, a selective
inhibitor of COX-1, inhibited the early (i.e. 30-min) response to IL-1p, but not after 1 h.
Moreover, the selective COX-2 inhibitor, celecoxib, had no effect at 30 min, but inhibited milk
ingestion at 90 min. Furthermore, COX-1-knockout mice failed to show any early response to
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IL-1pB, whereas the response was like that in wild-type mice at 90 min. Conversely, COX-2-
knockout mice showed a normal response to IL-1p at 30 min, but there was no response at 90
min [6]. We interpreted these findings to indicate that the constitutive COX-1 was responsible
for the response to IL-1p in the 1st h or so, whereas COX-2 was involved at later times. Why
COX-1 was no longer involved at the later times is not known. The present results suggest that
the appearance of the COX-2-sensitive behavioral responses to IL-1f3 accompanies the
induction of COX-2 in endothelial cells.

The effects of IL-1f and LPS on COX-2 and milk intake were paralleled by increases in plasma
corticosterone (fig. 4), although the effect of LPS was not statistically significant at 30 min,

consistent with our earlier data that it takes LPS longer to stimulate the HPA axis [15,16]. Thus
induction of endothelial COX-2 may also be involved in the HPA responses to IL-1p and LPS.

In comparison with the behavioral and HPA responses, the fever associated with IL-1p and
LPS administration was not clearly apparent until 2-3 h after IL-1 and LPS and was not closely
related to the COX-2 induction (fig. 3). However, this does not preclude a role for COX-2 in
the changes in core body temperature. In fact, Li et al. [17] showed that COX-2-knockout mice
failed to show the late phase of the fever in response to LPS, implicating COX-2. The delay
in the fever may be related to the mechanisms involved in generating this late phase of the
fever.

Because LPS induces the secretion of IL-1p from macrophages and various other cell types
[18], it is possible that the effects of LPS are induced by IL-1f production. However, I1L-1p
does not appear until around 60 min after LPS [18], whereas the reduction in milk intake and
the induction of COX-2 occurs earlier. Laflamme et al. [19] studied the potential role of IL-1
in the LPS-induced induction of COX-2 in brain endothelia, but observed that although IL-1
and LPS both induced endothelial COX-2, the response to LPS in IL-1f-knockout mice was
similar to that of wild-type animals. These results are consistent with our observations that the
IL-1-receptor antagonist had little effect on the LPS-induced activation of the HPA axis [20,
21].

An important possibility is that IL-1p exerts its effects on milk drinking by acting directly on
the IL-1-receptors believed to be present on endothelial cells [12]. The induction of COX-2
would enable the synthesis of prostaglandin H,, which can then be converted to other
prostaglandins, most probably prostaglandin E,, which may be responsible for the reduction
in milk drinking. A similar mechanism may be involved in the HPA response, which follows
a similar time course. This mechanism may also contribute to the febrile response.

Because blood vessels are also known to bear receptors for LPS [22], it is likely that LPS acts
directly on these receptors to activate COX-2 and hence prostaglandin synthesis. Thus LPS
may act directly on LPS receptors, and by inducing IL-1 which then acts on IL-1-receptors to
induce the behavioral and HPA responses, and fever. This would explain the complexity of the
effects of LPS on milk intake and the activation of the HPA axis.

In conclusion, the present study shows that intraperitoneal administration of IL-1f and LPS
induces COX-2 in cerebral endothelia. The time courses of these inductions parallel the
reductions in milk ingestion, suggesting that the induced COX-2 is involved in this response.
This conclusion is complemented by data showing that selective COX-2 inhibitors inhibit the
later phases of IL-1p- and LPS-induced reductions in milk drinking, and that the effects of
IL-1B and LPS are absent in COX-2-knockout mice [6]. Thus it is likely that direct action of
IL-1B and LPS on cerebral blood vessels is a major mechanism for this behavioral response.
However, this is probably not the only mechanism by which IL-1p and LPS induce hypophagia.
It may complement other mechanisms involved in the responses of the brain to peripherally
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generated or administered IL-1, such as signaling via the vagus nerve [23-25], and the
appearance of IL-1 within the brain [1,26].
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Fig. 1, 2. Time course of the effects of IL-1p (1) and LPS (2) on milk intake

Mice were injected with saline, mIL-1f (100 ng, i.p.; 1) or LPS (1 pg i.p.; 2) and milk bottles
placed in the cages for 10 min (immediately, and 15, 30, 60, 90, 120, 180, and 240 min after
the injection). * p < 0.05, *** p < 0.001, vs. the saline-injected group. n = 8 (1) and 4-6 (2)

per time point.
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Time course of the effects of IL-1p and LPS on body temperature of mice with implanted
radiotelethermometers (MiniMitters). Mice were injected with saline or IL-13 (100 ng i.p.; @)
or LPS (1 ug i.p.; b) and temperature was recorded at 30-min intervals for 8 h. * p < 0.05 vs.

saline. n = 6.
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Fig. 4. The effects of IL-1p and LPS on plasma corticosterone
Mice were uninjected (quiet) or were injected with saline, mIL-1 (100 ng i.p.) or LPS (1 pg
i.p.) and blood plasma was collected 30 or 90 min after the injections (n = 6). *** p < 0.001

vs. saline.
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Fig. 5. Representative microphotographs showing COX-2ir in the brain

The pictures were taken from sections containing the ventromedial preoptic area. Low
expression of COX-2 was seen in the brains of quiet (a) and saline-injected mice (b). More
labeled blood vessels were seen 30 min after either IL-1f (c) or LPS (d) injection. Significant
expression of COX-2 in blood vessels was seen 90 min after IL-1 () or LPS injection (f).
Arrows indicate labeled blood vessels.

Neuroimmunomodulation. Author manuscript; available in PMC 2007 December 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dunn et al.

Page 13

18 | [ Saline

1 OmlL1p

4 ELPS
w 154
[} i
5
£ ] X%¥
- 124
8 -
re) 1 KKK
2 9] x X
= 1
8 ]
6
rl\l | ﬂ
o
5 J
O 34 ’;,l

0 —
Quiet 30 90
Time after injection (min)
b
18

| * %%
@ 15
b . W N
g J
.8 12 4
RS 1 *KK
= i
9] 9
=
= 1
8 ]
6 |j;
o~ i
>
’ _ lI
O 3

0
Quiet 30 90
Time after injection (min)

Fig. 6.

Quantitative analysis of the number of labeled blood vessels in cortex and hypothalamus from
the experiment depicted in figures 4 and 5. Stained blood vessels on matching coronal brain
sections were counted. The anterior-posterior coordinate of the sections was bregma + 0.38
mm. The number of stained blood vessels was counted in a rectangular area of the cortex
(ventral: from 1 to 2 mm; lateral: from —0.8 to 0.8 mm), and in a rectangular area of the
hypothalamus including the ventral medial preop-tic area (ventral: from 4.8 to 5.8 mm, lateral:
from —0.8 to 0.8 mm). a Data from the cortex. b Data from the hypothalamus from the
experiment shown in figure 5. * p < 0.05, *** p < 0.001, vs. saline.
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