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PALMI, M., M. FROSINI AND G. P. SGARAGLI. Calcium changes in rabbit CSF during endotoxin, IL-18, and PGE,
fever. PHARMACOL BIOCHEM BEHAV 43(4) 1253-1262, 1992. —New Zealand rabbits were chronically incannulated
in the lateral ventricle and cisterna magna to assess the hypothesis that calcium concentration (Ca) of cerebrospinal fluid
(CSF) varies during fevers of diverse origin. In normothermic and febrile animals recovering from surgery, CSF Ca was
positively and significantly correlated to rectal temperature (TR). IV injection of E. coli endotoxin and ICV injection of
human recombinant interleukin 18 (hrIL-18) induced a TR rise of 1.7 + 0.3°C (mean + SEM) and 1.45 + 0.25°C, respec-
tively, accompanied by significant increases in CSF Ca. After endotoxin administration, maximal Ca increases ranged between
0.21 and 0.48 mM above basal values in individual animals (p < 0.01), whereas after administration of hrIL-183 increases
were 0.17 and 0.25 mM (p < 0.05). Acetylsalicylic acid (ASA) countered the fever induced by both endotoxin and hrIL-18
administrations and concomitantly antagonized the Ca increase in CSF. HrIL-18-derived nonapeptide was characteristically
devoid of pyrogenic effect and did not modify CSF Ca. Although ICV injection of prostaglandin E, (PGE,) increased TR by
2.1 + 0.77°C, it failed to have any effect on CSF Ca. Differently from the other Ca enhancers, PGE,, however, increased
CSF protein concentration (protein). These findings suggest that brain calcium metabolism plays a role in fever development

and that prostaglandin involvement is only engaged once changes in CSF calcium concentration have taken place.

CSF calcium Pyrogens Fever

REGULATION of body temperature involves a delicate bal-
ance between the production and loss of heat. The hypothala-
mus regulates the set point at which body temperature is main-
tained.

In fever, this set point is raised, and aspirin-like drugs
bring it back to normal. Fever is caused by various conditions
that have as a common feature the enhanced formation of
cytokines such as interleukin 1 (IL-1) or tumor necrosis factor
(14), which in turn induces the synthesis of prostaglandin
E, (PGE)) in vascular organs of the preoptic hypothalamic
area (10).

Prostaglandins (PGs) act within the hypothalamus to raise
body temperature by processes that are still unclear. Aspirin-
like drugs reduce fevers caused by IL-1 and other cytokine
enhancers but do not reduce fever caused by PGs (17), thus
suggesting that these compounds act by inhibiting PGE, syn-
thesis. Although there is agreement over the nature of fever
mediators, the precise neurochemical mechanisms are not yet
understood. Early experimental evidence of Myers et al. states
that the set point for body temperature in mammals is regu-
lated by the antagonistic action of Ca and Na in the extracellu-
lar fluid within the posterior hypothalamus (22,23).

Evidence of the importance of calcium and sodium in ther-
moregulation was provided by Myers et al., who showed that
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abnormally high concentrations of calcium perfusing the pos-
terior hypothalamus caused prolonged hypothermia in cats,
whereas the absence of calcium evoked a sharp rise in temper-
ature. Further, in other experiments perfusion of the hypo-
thalamus with excess calcium counteracted hyperthermia in
animals during physical exercise (25), whereas in resting mam-
mals the decrease in body temperature was linearly correlated
with the increase in calcium dosage (14). Increased efflux of
“Ca from the diencephalon and other brain regions has also
been observed in monkeys (12), rats, and mice (36) exposed to
low T,.

In a subsequent study, it was shown that during fever elic-
ited by bacterial endotoxin, where cat diencephalic tissue had
been preloaded with either “Ca or Na, there was a sharp
increase in “*Ca efflux in cerebrospinal fluid (CSF) of the third
ventricle, whereas the efflux of ?Na diminished (21).

Pharmacological experiments also confirm the role of cal-
cium on spontaneous and evoked thermoregulatory response.
Direct intracerebral injections of a calcium channel inhibitor
such as verapamil can differentially alter temperature in cats
depending upon the locus of injection. Thus, hypothermia
was elicited from the anterior hypothalamus and hyperthermia
from the posterior hypothalamus (5,29). The authors of this
article showed that ICV infusion of verapamil, nifedipine,
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and cinnarizine evoked hyperthermia in rabbits, whereas Bay
K-8644, a dihydropyridine calcium channel agonist, elicited a
dose-related hypothermic response (28).

In light of recent knowledge regarding the pathways and
sequences of fever genesis, our present study tests the hypothe-
sis that calcium concentration in CSF varies during fevers of
different origins.

METHOD

Chemicals and Animals

Acetylsalicylic acid (ASA) was purchased from Farmitalia-
Carlo Erba, Analytical Division (Milano, Italy). E. coli endo-
toxin was obtained from Difco Laboratories (Detroit, MI).
PGE, was obtained from Sigma Chemical Co. (St. Louis,
MO). Calcium test reagent [a solid mixture of orthocresolph-
talein complexone (OCPC), 8-hydroxyquinoline-5-sulfonic
acid, and Tris buffer], hrIL-18 (specific activity 1.0 x 10 U/
mg protein), and hrIL-18-derived nonapeptide HCl corre-
sponding to the 163-171 portion of the entire molecule were
obtained from Sclavo S.p.A. (Siena, Italy). Lipopolysaccha-
ride (I.PS) contamination of hrIL-18 and IL-183-derived nona-
peptide was respectively < 1.2 pg/ug and <0.02 pg/ug as
measured by the limulus amebocyte lysate chromogenic assay
(Centro Ricerche Sclavo, Siena, Italy). “Pyrogen-free” water
was obtained from sterile water prepared for clinical use after
filtration through a column (10 cm height; 1 cm, i.d.) packed
with detoxigel (Pierce Chemical Co., Rockford, IL). Stock
solutions of hrIL-18 and hrIL-18-derived nonapeptide, pre-
pared by dissolving the compounds in double-distilled pyro-
gen-free water, were distributed in small volumes into micro-
tubes and stored in liquid nitrogen. Each solution was thawed
only once prior to use and diluted appropriately.

ASA was dissolved in previously sterilized 0.1 N NaOH so
that final pH was 7.0. PGs were dissolved directly prior to use
ina1:1 (v/v) mixture of ethanol : H,O.

Adult, male New Zealand albino rabbits weighing 2.0-2.5
kg were supplied with food and water ad lib and individually
caged at a 7, of 15-20°C with natural night and day cycles.

Implantation of Outflow and Inflow Cannulae

Modifying a cerebroventricular perfusion procedure de-
scribed by Barkai et al. (3), a cannula guide was chronically
implanted into the cisterna magna to allow for withdrawal of
CSF. Under sodium pentobarbitone (Nembutal) anesthesia
(30 mg/kg body weight IV), a cannula guide was placed by
means of a stereotaxic apparatus (Stoelting Instruments, Chi-
cago, IL) 1-1.5 mm posterior to lambda by using a simple
“planilabe” device to establish the horizontal zeroplane (8).
Modifications concerned the incannulating device: The can-
nula guide was adapted from an 18-ga disposable hypodermic
needle cut off 16 mm from the base to accommodate a 50-mm
long, 22-ga outflow cannula with a side orifice about 0.5 mm
above the rounded tip. A polystyrene bur, 10 mm long and
3.5 mm in diameter, was threaded on the outside and tight
fitted around the outflow needle about 34 mm above the side
orifice. The hub of the guide cannula, made of a polystyrene
bur, was drilled out and threaded so that the outflow cannula
could be screwed into the guide and precisely calibrated to
different depths. The free flow of CSF revealed that the can-
nula had entered the cisterna magna. For ICV drug adminis-
tration, an inflow cannula guide was inserted stereotaxically
into a lateral cerebral ventricle according to the coordinates
described by Sawyer and coworkers (32).
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Collection of CSF Samples

Samples of CSF drawn from the cisterna magna through
a polyethylene tube connected to a peristaltic pump (LKB,
Bromma, Sweden) at a constant flow rate of 5 ul/min were
collected into 3-ml plastic tubes in 25-min fractions (125 ul)
by a Redirac 2112 collector (LKB, Bromma, Sweden).

Fractions were refrigerated at 4°C and analyzed the same
day as the experimental session. The rate of CSF withdrawal
was well below 9.6 + 0.9 (SD) ul/min, the value reported for
CSF formation in conscious, restrained rabbits (3).

ICV Injections

HrIL-13, hrIL-13-derived nonapeptide, and PGE, were ad-
ministered ICV in 10 ul volume by an Agla micrometer syringe
(Burroughs Wellcome and Co., London, UK).

Temperature Recording

Conscious rabbits were individually housed in a thermo-
stated chamber (Soc. K.W., Siena, Italy) and restrained in
stainless steel cages. 7, was set at 20°C.

Core temperature was measured every 5 min by a Thermo-
couple thermometer (Columbus Instruments) inserted 10 cm
in the rectum and connected to a personal computer with an
isothermex (Columbus Instruments) program. Temperature
was monitored for at least 1 h before the experimental session.

Chemical Assays

Calcium and protein assay. Calcium in CSF was deter-
mined colorimetrically at 573 nm by the method of Stern and
Lewis (35) using a “calcium test reagent” specific for Ca ion,
as no other cations have been shown to cross react (13,31).
The method uses OCPC as Ca ion complexing agent and 8-
hydroxyquinoline-5-sulfonic acid to eliminate Mg ion interfer-
ence. By this method, the low existing CSF bound calcium
(15%) is converted into ionic form so that calcium determined
by this procedure represents the total calcium concentration.
To evaluate experimental reproducibility and accuracy of the
method, the interassay deviation and percent recovery were
calculated respectively. Methodological sensitivity was calcu-
lated by the molar extinction coefficient of calcium with the
dye in the reaction conditions described above.

The interassay deviations ranged between 2.3 and 4.3%
(n = 250). Average recovery was 96.67 + 0.966% (n = 52)
while molar extinction coefficient was 1.9 - 10 - M~ 'em™".

Protein in CSF was determined by the coomassie blue bind-
ing method (7).

Statistical Analysis

Values are expressed as means + SEM. The significance
of differences between pre- and posttreatment data was ana-
lyzed by analysis of variance (ANOVA).

Linear regression analysis was used in plotting the single
values of each parameter (i.e., Ca, protein, and rectal temper-
ature) against the others. A p value less than 0.05 was consid-
ered significant.

Control Experiments

Reference values for CSF Ca, protein, and TR were col-
lected in the first 100 min of each experimental session. To
avoid any possible effects of the physical manipulation itself,
a control group of six animals was kept at neutral T, and
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liquor withdrawn for a period of 6 h without showing any
statistically significant differences.

RESULTS

CSF Calcium and Protein Concentration in Animals
Recovering From Surgery and Kept at Neutral T,

Animals submitted to surgery 2-3 days before, exhibited a
wide range of TR, from normothermia to fever (38.4-
40.9°C). Calcium concentration in CSF (average of five frac-
tions) varied between 1.01 and 1.70 mM. Protein concentra-
tion in CSF (average of five fractions) oscillated between 28.6
and 94.7 mg/100 ml. The relationship between these parame-
ters is shown in Fig. 1. CSF Ca was found to be linearly and
positively correlated to TR in a highly statistically significant
way (p < 0.01). On the contrary, CSF protein was not signifi-
cantly correlated to TR or Ca.
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CSF Calcium and Protein Concentration and TR After IV
Injection of E. coli Endotoxin

Four rabbits were injected IV with two successive doses of
E. coli endotoxin (0.15 ug/kg body weight, in 1 ml sterile
saline) 2.5 h apart. As shown in Fig. 2, TR rose shortly after
the endotoxin injection and increased regularly from 39.1 +
0.4°C to 40.8 + 0.2°C, at which point the second dose was
given. This was followed by a modest decrease in TR that
leveled off to 40.6 + 0.1°C for a period of 2 h. TR values
after endotoxin treatment were significantly higher (p < 0.01)
than basal values.

Fever was accompanied by a significant increase (p <
0.05) in CSF Ca that peaked after 1.25-2.5 h with 0.1-0.35
mM increases above basal values. The average increase of Ca
was 0.15 + 0.03 mM and was reached 1.7 h after the first
injection. After the second injection, Ca further rose with
overall increases ranging between 0.21 and 0.48 mM (p <
0.01). The maximal increase of Ca was reached 0.42 h after
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FIG. 1. Correlation between rectal temperature (TR), calcium concentration (Ca), and protein concentration in post surgical cerebrospinal
fluid (CSF) of rabbits kept at 20°C T, for 2 h. Each CSF Ca + protein curve point represents the individual’s mean value from 5 CSF
fractions collected at 25-min intervals and analyzed in quadruplicate. The TR value represents the average of five measurements 25 min
apart. Each parameter was plotted against all others. (A). CSF Ca from 45 animals against TR, (B) and (C). Protein from 27 animals against
TR and CSF Ca. The regression lines were fitted by the least-square deviation method; r is the correlation coefficient and D the significance

of r.
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FIG. 2. Effect of E. coli endotoxin on rectal temperature (TR), cerebrospinal fluid (CSF) calcium concentra-
tion (Ca), and protein concentration of rabbits kept at 20°C T,. Two equivalent doses of endotoxin (0.15 ug/
kg body weight) were administered IV 2.5 h apart. Arrows show injection times. Ca and protein values were
determined in quadruplicate and represented as the mean of four animals. Bars and dotted lines indicate
SEM. Individual basal and treatment values were gathered into three groups and compared for statistical
significance by analysis of variance. A value of p < 0.05 was considered significant. Group A, pretreatment;
group B, first treatment; group C, second treatment.

treatment and averaged 0.21 + 0.04 mM and was stable for the
next 1.7 h. Assoon as TR declined, CSF Ca fell to basal values.

CSF protein, on the contrary, did not vary significantly
during the whole experimental session.

Effect of ASA on E. coli Endotoxin-Induced Changes
in TR and CSF Calcium Concentration

Three rabbits were injected IV with ASA at a dose of 80
mg/kg body weight, sufficient to counter the pyrogenic effect

of E. coli endotoxin (35). Two consecutive doses of ASA
were given 1.7 h apart. The injection of E. coli endotoxin
(0.15 pg/kg body weight in 1 ml sterile saline) followed the
second ASA administration. As shown in Fig. 3, the first ASA
injection had no effect on TR, CSF Ca, and protein. The
complete ASA treatment, however, almost totally neutralized
the effects of the endotoxin both on TR and CSF Ca. TR,
in fact, significantly increased only by 0.5 + 0.1°C, while
CSF Ca did not change. CSF protein showed no significant
changes.
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FIG. 3. Effect of acetylsalicylic acid (ASA) on rectal temperature (TR) and
cerebrospinal fluid (CSF) calcium concentration (Ca) variations induced by E.
coli endotoxin. Two equivalent ASA doses (80 mg/kg body weight) were in-
jected IV 1.7 h apart. E. coli endotoxin was injected IV (0.15 ug/kg body
weight) immediately after the second ASA injection. Values are given as means
of three animals. Bars and dotted lines indicate SEM. Arrows show injection.

For other details, see Fig. 2.

CSF Calcium and Protein Concentration and TR After ICV
Injection of hrIL-18 or hrIL-183-Derived Nonapeptide

Five rabbits were treated ICV with a single dose (25 ng) of
hriL-18. As shown in Fig. 4, shortly after injection TR rose
progressively and significantly (p < 0.01) above basal values,
leveling off to 1.45 + 0.25°C. This effect was accompanied
by a consistent increase of CSF Ca by amounts comprised
between 0.17 and 0.25 mM (p < 0.05). This increase averaged
0.14 + 0.02 mM and was reached 25 min after treatment.
On the contrary, CSF protein did not change significantly.
hr-1L-18-Derived nonapeptide when injected ICV at the dose
of 25 ng modified neither TR nor CSF Ca nor protein (data
not shown).

Effect of ASA on hrIL-18-Induced Changes
in TR and CSF Calcium Concentrations

Five rabbits were injected IV with two consecutive doses
of ASA (80 mg/kg body weight, in a 3 ml volume) 0.8 h
apart. The second ASA administration was followed by ICV
injection of hrIL-18 (25 ng). As shown in Fig. 5, ASA antago-
nized the pyrogenic effect of hrIL-18 so that animals re-
sponded with a mean increase in TR of only 0.4 + 0.12°C
(not statistically significant). Basal values of CSF Ca did not

change significantly after either first ASA injection or IL-13
treatment. However, interestingly enough, two animals pre-
sented a decrease of 0.18-0.2 mM in CSF Ca and one of them
showed a fall in TR of 1°C. CSF protein did not change
significantly. Percent variations of CSF Ca and protein over
respective baselines were calculated per each fraction follow-
ing hrIL-18 injection and group comparisons made against
ASA + hrIL-18-treated animals. ANOVA showed that CSF
Ca levels of hrIL-13-treated animals were significantly higher
(p < 0.001) than those primed with ASA. The same signifi-
cant difference was found in TR scores. Protein did not vary
significantly.

CSF Calcium and Protein Concentrations
and TR After ICV Injection of PGE,

Three animals were injected ICV with a single dose of
PGE, (25 pg). As shown in Fig. 6, TR started to increase
immediately and after injection averaged 1.2 + 0.77°C with-
out significant variations in CSF Ca. CSF protein, however,
increased significantly (p < 0.01) by 44 + 9.8% with respect
to basal values. CSF protein values remained unchanged when
CSF samples had been centrifuged at 2,000 X g for 15 min.
The PGE, well-documented vasodilating action and its effect
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FIG. 4. Effect of human recombinant interleukin 18 (hrIL-18) on rectal tem-
perature (TR), cerebrospinal fluid (CSF) calcium concentration (Ca) and pro-
tein concentration of rabbits kept 20°C T,. hrIL-18 was administered ICV at
a dose of 25 ng at the time arrowed. Values are given as means of five animals.

Bars indicate SEM. For other details, see Fig. 2.

as potentiators of microvascular permeability induced by leu-
kotrienes may have resulted in leakage of brain blood capillar-
ies or ependymal cells lining CSF spaces, thus accounting for
the increased levels of proteins observed.

DISCUSSION

The blood-brain barrier permits relatively constant levels
of calcium within the brain and CSF to be maintained, even
during conditions of plasma hyper- and hypocalcemia (4,

19,20). These conditions of ionic balance may, however,
abruptly be perturbed during fever states.

The data reported in this article show that when the normo-
thermic conditions of animals were altered, as in postsurgical
fever or E. coli and IL-1 fever, there was a consistent and
highly significant upward shift of CSF Ca concomitant with
an increase of TR. A previous study failed to correlate changes
in CSF Ca with fever in man (26); however, this study moni-
tored the levels of calcium withdrawn from lumbar fluid, and
Ca changes in CSF adjacent to brain tissues may not have
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been recognized when diluted over the entire cerebrospinal
space.

Our experimental data provide the first direct evidence of
a long-lasting increase in CSF Ca in febrile mammals. Increase
calcium levels are linearly correlated to degree of temperature
gain and are implicated in all fever responses regardless of the
endogenous or exogenous origin of the pyrogen.

Studies on the pathogenesis of fever have established that
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a cytokine, namely, IL-1, is the primary host mediator of
febrile response. Bacterial endotoxin and other fever-inducing
agents are thought to stimulate release of IL-1 from many
tissues, including the brain (9). There is some consensus that
the IL-1 pyrogenic site of action is located primarily in the
preoptic, anterior hypothalamus (PO/AH) because microin-
jections of TL-1 into this area result in fever while delivery
into contiguous hypothalamic tissue have little or no effect on
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FIG. 5. Effect of acetylsalicylic acid (ASA) on rectal temperature (TR) and
calcium concentration (Ca) variations induced by human recombinant interleu-
kin 18 (hrIL-18). Two equivalent ASA doses were injected IV (80 mg/kg body
weight) 0.8 h apart. hrIL-18 was injected ICV (25 ng) 0.4 h after the second
ASA injection. Arrows show the injection time. Values are represented as the
mean of five animals. Bars indicate SEM. For other details, see Fig. 2.
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FIG. 6. Effect of prostaglandin E, (PGE,) on rectal temperature (TR), cerebrospinal fluid
(CSF) calcium concentration (Ca), and protein concentration of rabbits kept at 20°C T.. PGE,
‘was injected ICV at a dose of 25 ug at the time arrowed. Values are given as means of three
animals. Bars indicate SEM. For other details, see Fig. 2.

body temperature (30). Fever conditions induced by central
administration of IL-1 were almost indistinguishable from
those induced by intravenous endotoxin, and as we observed
were inhibited by antipyretics (11).

To assess whether IL-1 was involved in the CSF Ca increase
elicited by endotoxin administration, we examined the effect
of ICV hrIL-18 on CSF Ca. Indeed, hrIL-18 promoted a sig-
nificant increase in CSF Ca concurrent with fever production.

This effect is unlikely to be the result of endotoxin contamina-
tion of IL-1 as the compound used was highly purified. In
fact, the LPS content of the hrIL-18 was below 25 fg, much
lower than the minimum pyrogenic threshold for rabbits (2).
The effect of hrIL-18 on CSF Ca induced changes seems
more likely to be related to the pyrogenic properties of the
entire molecule. In fact, the nonpyrogenic 9-residue long syn-
thetic fragment, corresponding to the highly hydrophylic 163-
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171 portion of hrIL-13 (1), was neither an effective pyrogen
even at much higher molar doses than IL-18 nor indeed did it
modify CSF Ca.

The role of IL-1 in boosting CSF Ca receives further sup-
port from studies showing that exposure of a pre-g-like cell
line to human IL-13 induces changes in intracellular Na and
Ca. Exposure led to a marked and prolonged increase in intra-
cellular Na via stimulation of Na*/H" exchange and a tran-
sient fall in total intracellular Ca (34).

There is evidence that IL-1 brings about fever by first in-
ducing PG synthesis (6) and our data confirm that PGE, in-
duces a pyrogenic response, even though it fails to modify
CSF Ca. This might indicate that the increase in PG synthesis
during endotoxin- or hrIL-18-induced fever occurs down-
stream, as a later step in the sequence following calcium efflux
into CSF. Extracellular brain calcium (Ca,) may play a role
in the signal transduction mechanisms evoked therefore by
pyrogens. If PGs are the final mediators of febrile response
(6), it is legitimate to speculate that Ca, acts by modulating
the synthesis of PGs. Current unpublished work by the present
authors bears out this view. Perfusion from cisterna magna to
lateral ventricle with artificial, calcium-free CSF containing
EGTA antagonizes both TR and PGE, increases in rabbit CSF
induced by hrIL-18 injection. A possible enzymatic target for
calcium activity might be the highly calcium-dependent en-
zyme phospolipase A; (PLA,) (16). The secretory, extracellu-
lar 14-KDa group II form of this enzyme has been found
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to accumulate at inflammation sites and plays a role in the
regulation of eicosanoid synthesis (18). Inflammatory cyto-
kines such as IL-1, IL-6, and tumor necrosis factor induce
transcription of the 14-KDa group II PLA, gene in various
cells, while antiinflammatory glucocorticoids have opposite
effects (15,24,33).

Experiments still in progress in the laboratory of the pres-
ent authors have shown that ICV injection of different gluco-
corticoids lowers hrIL-18-induced fever and at the same time
decreases calcium and PGE, levels in CSF (27). Although our
data furnish evidence of the involvement of calcium in the
central mechanisms of thermoregulation, they do not address
the issue of the source of CSF calcium. To date, experimental
findings tend to ascribe a central origin to the increased CSF
Ca. The high plasmatic concentration of calcium (twice that
of CSF) (4,20), however, does not allow one to exclude the
blood as a possible source of calcium. If this were the case,
our model would have to anticipate a role for IL-1 in render-
ing the blood-brain barrier more permeable to calcium.
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