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Effect of Bacterial Endotoxin and Interleukin-1 on Hippocampal
Serotonergic Neurotransmission, Behavioral Activity, and Free
Corticosterone Levels: An in vivo Microdialysis Study

Astrid C. E. Linthorst, Cornelia Flachskamm, Peter Miiller-Preuss, Florian Holsboer, and

Johannes M. H. M. Reul

Max Planck Institute of Psychiatry, Clinical Institute, Department of Neuroendocrinology, 80804 Munich, Germany

In this study the effect of immune system stimulation and
intracerebroventricular (i.c.v.) administration of interieukin-
18 (IL-1B8) on hippocampal serotonergic neurotransmis-
sion, behavioral activity, and the hypothalamic-pituitary-
adrenocortical (HPA) axis is described. An in vivo
microdialysis method was used to measure hippocampal
extracellular concentrations of serotonin (5-HT) and its me-
tabolite 5-hydroxyindoleacetic acid (5-HIAA) in conscious,
freely moving rats. In addition, we established a method to
continuously monitor free corticosterone levels in dialy-
sates. Behavioral activity was scored by measuring the
time during which rats were active (locomotion, grooming,
eating, drinking). We found a significant, positive relation-
ship between behavioral activity and hippocampal extra-
cellular concentrations of 5-HT. Intraperitoneal (i.p.) admin-
istration of the bacterial endotoxin lipopolysaccharide
(LPS; 30, 100, and 300 pg/kg body weight) produced an
increase in the extracellular concentrations of 5-HT and
5-HIAA in the hippocampus, which was paralleled by a sig-
nificant decline in behavioral activity and a marked in-
crease in extracellular corticosterone levels. Thus, the
close correlation between hippocampal extracellular 5-HT
levels and behavioral activity observed in control rats was
disrupted in the LPS-treated animals. The effects of i.p.
LPS could be mimicked by i.c.v. application of recombinant
human IL-1B (hiL-13; 100 ng). l.c.v. pretreatment with the
IL-1 receptor antagonist (IL-1ra; 10 pg) antagonized the
hiL-1B-induced effects. IL.-1ra showed no intrinsic effects.
Furthermore, it was found that i.c.v. pretreatment with IL-
1ra (10 pg) significantly attenuated the i.p. LPS-induced
(100 pg/kg body weight) rise in hippocampal extracellular
5-HT levels. No significant effect of IL-1ra was found on
LPS-induced changes in extracellular levels of 5-HIAA and
corticosterone, and behavioral activity.
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Taken together, these results suggest that the hippocam-
pus, and more specifically the raphe-hippocampal seroto-
nergic system, participates in the CNS responses to an im-
mune stimulus. Moreover, the present study supports the
notion that centrally acting IL-1 substantially contributes to
the hippocampal serotonergic neurotransmission changes
observed following a peripheral immune challenge.

[Key words: in vivo microdialysis, bacterial endotoxin,
interleukin-18, interleukin-1 receptor antagonist, serotonin,
corticosterone, hippocampus, rat, behavior]

During the past years evidence has accumulated for a bidirec-
tional communication between the CNS and the immune system.
Hence, the brain modulates immune processes using neurotrans-
mitters and endocrine hormones as principal communicators
(Felten and Felten, 1991), and, conversely, cytokines [e.g., in-
terleukin-1 (IL-1), IL-2, IL-6, and tumor necrosis factor (TNF)]
secreted by distinct cell populations of the immune system pro-
duce multiple effects on the level of the CNS, manifesting as
marked changes in neuroendocrine, autonomic, and behavioral
processes (extensively reviewed by Besedovsky and Del Rey,
1992). Stimulation of cytokine production due to administration
of the inflammatory agent lipopolysaccharide (LPS; i.e., gram-
negative bacterial endotoxin) or inoculation of IL-1 increases
hypothalamic-pituitary-adrenocortical (HPA) axis activity as in-
dicated by increases in circulating plasma adrenocorticotropin
(ACTH) and corticosterone levels (for review see Bateman et
al., 1989; Dunn, 1990; Besedovsky and Del Rey, 1992). More-
over, injection of LPS or IL-1 in rodents causes striking changes
reminiscent of sickness, such as piloerection, curled body pos-
ture, and decreased food intake, which in part may be associated
with the development of fever (Hart, 1988; Rothwell, 1991; Kent
et al., 1992).

On the level of the brain, however, the neural circuitry in-
volved in the processing of humoral and/or nervous signals from
the immune system largely remains to be characterized. Until
now, most studies have focused on the hypothalamus mainly to
identify cytokine- and/or LPS-responsive neural circuits in-
volved in neuroendocrine and autonomic regulation. The most
consistent effect in these studies, irrespective of the investigated
substance (LPS or IL-1), the route of administration [intraperi-
toneal (i.p.), intracerebroventricular (i.c.v.), or intracerebral
(i.c.)], or experimental procedure (postmortem tissue levels or
in vivo release), was an increase in noradrenergic turnover in
this brain structure (Kabiersch et al., 1988; Dunn, 1988, 1992a,b;
Mefford et al., 1990; Mohankumar and Quadri, 1993; Shintani



et al., 1993; A. C. E. Linthorst and J. M. H. M. Reul, unpub-
lished observations). However, it has been suggested that the
neuroendocrine, autonomic (f.i. fever), and behavioral changes
after an immune challenge may be regarded as adaptive re-
sponses to regain homeostasis (Rothwell, 1991; Besedovsky and
Del Rey, 1992; Kent et al., 1992). It is well known from studies
on stress that higher limbic brain centers like the hippocampus
often participate in such homeostatic responses (de Kloet, 1991).
Thus, since immune stimulation may be regarded as a stressful
event (Kushner, 1982), the hippocampus may be involved in the
regulation of CNS-mediated (patho)physiological responses fol-
lowing an immune challenge. At this moment, however, the ef-
fects of an immune challenge or cytokine administration on hip-
pocampal neurotransmission is largely unknown. The
serotonergic projection originating from the midbrain raphe nu-
clei represents one of the major afferent neurotransmitter sys-
tems of the hippocampus (Swanson et al., 1987; Jacobs and Az-
mitia, 1992). Therefore, we started a series of experiments on
the effects of i.p. LPS treatment and i.c.v. administration of re-
combinant human IL-13 (hIL-1B) on hippocampal serotonergic
neurotransmission using in vivo microdialysis in freely moving
rats. Since, as noted above, the hippocampus plays an important
role in the regulation of adaptive behavior and HPA axis activity,
behavioral activity and free corticosterone levels were monitored
in parallel.

Materials and Methods

Animals

Male Wistar rats were purchased from Charles River Wiga, Sulzfeld,
Germany. Rats were housed six per cage under standard lighting (lights
on from 730-1930 hr) and temperature (22°C) conditions, and had free
access to food and water. At the time of surgery, the body weight was
about 250 gm. Handling of the animals (once a day, 5 min per rat) was
started 1 week before surgery and continued until the start of the ex-
periment (total handling period 13-16 d).

Surgical procedures

One week after arrival of the rats, a guide cannula (CMA/12, CMA/
Microdialysis AB, Stockholm, Sweden), just entering the hippocampus
at the dorsal site, was implanted under halothane anesthesia using a
stereotactic apparatus. Coordinates, according to the atlas of Paxinos
and Watson (1982) with the toothbar set at —3.3 mm, were lateral 5.2
mm, posterior 5.1 mm, and ventral 4.0 mm with bregma as an overall
zero. The guide cannula was fixed to the skull with three stainless steel
screws and dental cement and the wound was closed with surgical silk.
For the experiments described under protocol C and D, a polyethylene
guide cannula was additionally implanted in the lateral cerebral ventri-
cle, according to the method of Brakkee et al. (1979), ipsilateral to the
guide cannula for hippocampal microdialysis. Animals were equipped
with a plastic collar around the neck to connect a liquid swivel during
the experiment. After surgery, rats were housed individually in special
plexiglass cages (1 X w X h = 25 X 25 X 35 cm) such that they could
see, hear, and smell each other, and with food and water ad libitum.
Six or nine days after implantation of the guide cannula, rats were
moved to the experimental room (with similar environmental conditions
as in the animal room facilities) and a microdialysis probe with a length
of 4 mm (CMA/12, CMA/Microdialysis AB, Stockholm, Sweden; mo-
lecular cutoff 20,000 Da) was inserted slowly into the hippocampus.
The insertion was done under light halothane anesthesia (anesthesia
lasted about 3 min) to prevent movement of the rat’s head during im-
plantation. Animals were connected to a liquid swivel attached to a
counterbalancing arm (CMA/Microdialysis AB, Stockholm, Sweden)
and the microdialysis probe was perfused continuously with sterile, py-
rogen-free Ringer solution (Delta Pharma, Pfullingen, Germany; 147
mm NaCl, 4 mm KCl, 2.25 mm CaCl,) at a flow rate of 2 pl/min using
a microinfusion pump (CMA/Microdialysis AB, Stockholm, Sweden).
FEP tubing with a dead volume of 1.2 pl/100 mm length (CMA/Mi-
crodialysis AB, Stockholm, Sweden) was used for all connections.

The Journal of Neuroscience, April 1995, 15(4) 2921

Experimental protocols

General procedures. Experiments were started at 900 hr on day 2, that
is, 40-45 hr after insertion of the microdialysis probe, a time point at
which the levels of serotonin [5-hydroxytryptamine (5-HT)] reflect neu-
ronal release for 90-95% (as revealed by previous experiments with the
Na+ channel blocker tetrodotoxin). Microdialysis samples were collect-
ed in a vial on top of the swivel. Since behavioral activity was an
important paradigm in our experimental design, great care was taken to
avoid unexpected noise in the experimental room to disturb the animals
as little as possible.

In one series of experiments [i.p. administration of LPS (dose-re-
sponse experiment, protocol A)l, collection vials were exchanged every
15 min (total sample volume 30 pl). After addition of 20 pl 0.025 m
acetic acid the collected sample of each vial was used for measurement
of 5-HT and its metabolite 5-hydroxyindoleacetic acid (5-HIAA) using
high pressure/performance liquid chromatography with electrochemical
detection (see below). This measurement occurred either directly after
collection or samples were stored at —80°C. Storage at —80°C had no
detrimental effects on 5-HT and 5-HIAA. In other sets of experiments
{protocol B, i.p. administration of 100 wg/kg body weight LPS; protocol
C, i.c.v. administration of IL-1 receptor antagonist (IL-1ra) and hIL-1f;
protocol D, i.c.v. administration of IL-1ra and i.p. administration of
LPS]) collection vials were exchanged every 30 min (total sample vol-
ume 60 wl) and the collected sample of each vial was divided into two
parts for measurement of 5-HT, 5-HIAA, and corticosterone. An aliquot
of 25 ul was taken and mixed with 20 pl 0.025 M acetic acid. This
mixture was used for measurement of 5-HT and 5-HIAA. The remain-
ing part of the collected sample was stored at —20°C for measurement
of corticosterone by radioimmunoassay (RIA, see below).

During the sampling period, the behavioral activity of each animal
was observed. A detailed description of the behavior (locomotor activ-
ity, rearing, grooming, eating, and drinking) was written down in a
protocol. In the first series of experiments (sample duration 15 min,
protocol A) the behavioral activity was classified in three categories of
arbitrary units (1-3), in which a behavioral activity of “1” meant that
the rat was behaviorally active (locomotion, rearing, grooming, eating,
and drinking behavior) during less than 1 min of a 15 min period, “2”
denotes activity during more than 1 min but less than 7.5 min of a 15
min period, and “3” indicates activity during more than 7.5 min of a
15 min period. In the other series of experiments (sample duration 30
min, protocol B, C, and D) the behavioral activity was also classified
in three categories of arbitrary units (1-3), in which a behavioral activ-
ity of “1” meant that the rat was behaviorally active during less than
2 min of a 30 min period, <2’ denotes activity during more than 2 min
but less than 15 min of a 30 min period, and “3” indicates activity
during more than 15 min of a 30 min period. Behavioral scoring was
conducted in a “blind” fashion; that is, during scoring the observer was
ignorant of any dialysate parameter value and regime of treatment of
any animal. ‘

Protocol A. In a first series of experiments, eight 15 min samples
were collected between 900 and 1100 hr for measurement of basal
(preinjection) levels of 5-HT and 5-HIAA, after which rats were injected
i.p. with sterile, pyrogen-free saline (1.0 ml/kg body weight) or LPS
(Salmonella abortus equi, Sigma). Three doses of LPS dissolved in
sterile, pyrogen-free saline were tested: 30, 100, and 300 ug/kg body
weight diluted to a volume of 1.0 ml/kg body weight. After the injec-
tion, 15 min samples were collected for another 6 hr (1100-1700 hr).

Protocol B. In a second set of experiments, five 30 min samples were
collected between 900 and 1130 hr for measurement of basal (preinjec-
tion) levels of 5-HT, 5-HIAA, and corticosterone, after which rats were
injected i.p. with saline or LPS (100 pg/kg body weight; further details
as described under protocol A). After the injection, 30 min samples
were collected for another 6 hr (1130-1730 hr).

Protocol C. In a third series of experiments, five 30 min samples
were collected between 900-1130 hr for measurement of basal concen-
trations of 5-HT, 5-HIAA, and corticosterone, after which rats received
two i.c.v. injections separated by 6 min. The rats were divided into four
groups. The first group received two i.c.v. injections of sterile, pyrogen-
free saline (10 wl). The second group received first an injection of saline
followed by an injection of hIL-1B (100 ng). The third group was first
injected with IL-1ra (10 pg) followed by an injection of saline (10 wl).
The fourth group received an injection of IL-1ra (10 pg) followed by
an injection of hIL-18 (100 ng). After the injections, 30 min samples
were collected for another 6 hr (1130-1730 hr).

Protocol D. In a fourth series of experiments, five 30 min samples



2922 Linthorst et al « Effects of LPS and IL-18 on Serotonin, HPA Axis, and Behavior

40

@
&

Figure 1. Extracellular concentra-
tions of 5-HT and 5-HIAA in the hip-
pocampus of saline-treated rats during
different behavioral activity stages as

5-HT (fmol/sample)
3

=

40

30 *

20 —_

5-HT (fmolfsample)

found in experiments described under 1 2 3
protocol A (15 min samples; i.p saline;
A and C, respectively) and under pro-
tocol C (30 min samples; i.c.v. saline/
i.c.v. saline; B and D, respectively).
Values represent means + SEM (n =
5-6). Data on 5-HT and 5-HIAA are
expressed as fmol/sample and pmol/

Behavioral Activity (arb. units)

1 2 3
A Behavioral Activity (arb. units) B

20

sample, respectively. Please note that a

the overall levels observed in protocol
C are about twice as high as those
found in protocol A, due to the differ-
ence in sampling time (30 vs 15 min).
*, significantly different from behav-
ioral activity score ““1”’; +, significant-

ly different from activity score “2”
(paired ¢ test; for further details on the
statistical analysis see Calculations and

5-HIAA (pmol/sample)
°

5-HIAA (pmolfsample)
s

statistical procedures in Materials and
Methods).

1 2 3

were collected between 900-1130 hr for measurement of basal concen-
trations of 5-HT, 5-HIAA, and corticosterone, after which rats received
one i.c.v. injection and one i.p. injection separated by 6 min. The rats
were divided into four groups. The first group received an i.c.v. injection
of sterile, pyrogen-free saline (10 pl) and an i.p. injection of saline (1
mb/kg body weight). The second group received first an i.c.v. injection
of saline followed by an ip. injection of LPS (100 pg/kg body weight
diluted to a volume of 1.0 mli/kg body weight). The third group was
first injected i.c.v. with IL-1ra (10 pg) followed by an i.p injection of
saline. The fourth group received an i.c.v. injection of IL-1ra (10 pg)
followed by an i.p. injection of LPS (100 pg/kg body weight). After
the injections, 30 min samples were collected for another 6 hr (1130-
1730 hr).

Histology

At the end of the experiments, rats were killed and brains were collected
in a 4% formalin solution. Brains were sectioned horizontally or trans-
versally using a freeze microtome and sections were stained with cresyl
violet. The neuroanatomical localization of the microdialysis probe and
lateral ventricular cannula was verified by inspection of the sections
under a microscope.

In vitro recovery of 5-HT, 5-HIAA, and corticosterone

A microdialysis probe was placed in a vial with a Ringer solution (37°C)
containing defined concentrations of 5-HT, 5-HIAA, and corticosterone.
The probe was perfused with Ringer solution at a flow rate of 2 ul/
min. Dialysate samples were collected every 15 min and the substances
measured according to the methods described below. The in vitro re-
covery (defined as the concentration in the dialysate divided by the
concentration in the in vitro test solution) was 41.1% + 2.3%, 41.8%
+ 2.3%, and 41.4% * 2.9% (mean = SEM, n = 6) for 5-HT, 5-HIAA,
and corticosterone, respectively.

Behavioral Activity (arb. units)

1 2 3
C Behavioral Activity (arb. units) D

Measurement bf 5-HT and 5-HIAA

Samples were assayed for 5-HT and 5-HIAA without prior purification
using HPLC with electrochemical detection. The HPLC apparatus con-
sisted of a Waters 460 .pump (Millipore Corporation, Milford, MA), a
Rheodyne injection valve (Rheodyne 7125), an Antec Electrochemical
Detector (Antec Leyden B.V., Leiden, The Netherlands), and a Chro-
matography Data System (Thermochrom Model II, LDC Analytical,
Riviera Beach, FL). 5-HT and 5-HIAA were separated in a single run
by reversed-phase ion-pair chromatography with a Supelcosil-packed
column (LC-18-DB, 150 mm X 4.6 mm, particle size 3 um; Supelco,
Bellefonte, PA). The flow rate was set at 1 ml/min and the working
pressure was 225-250 bar. The temperature was equal to the ambient
temperature. The mobile phase consisted of 18% methanol, 75 mM so-
dium phosphate (NaH,PO,), 0.2 mm sodium octyl sulfate, 0.1 mm
EDTA, and was adjusted to pH 4.30 with phosphoric acid. 5-HT and
5-HIAA were quantified by electrochemical detection with the detector
potential set at 600 mV against an Ag/AgCl-reference electrode. Cal-
culation of the amounts was based on a standard curve derived from
seven reference standards containing defined quantities. The detection
limits for 5-HT and 5-HIAA were between 0.5 and 0.8 fmol per sample
at a signal-to-noise ratio of 3.

Measurement of corticosterone in the dialysates

Microdialysis samples were assayed for corticosterone by RIA (ICN
Biomedicals, Costa Mesa, CA). From the samples, 30 pl was taken and
measured without prior dilution. Apart from the standard curve for plas-
ma samples as supplied with the RIA kit, a separate standard curve was
generated for the dialysates. The inter- and intra-assay coefficient of
variance was 7% and 4%, respectively, with a detection limit of 0.005
wg/100 ml for the microdialysis samples. Basal levels of corticosterone
in the dialysates were very low, but above the detection limit of the
assay.

—

Figure 2. Effects of i.p. administration of saline and different doses of LPS (30, 100, and 300 pg/kg body weight) on hippocampal extracellular
concentrations of 5-HT (A-D) and 5-HIAA (E-H), and on behavioral activity (A-D). Samples were collected every 15 min as described under
protocol A, The time point of injection is indicated by the arrow. Extracellular levels of 5-HT and 5-HIAA are expressed as percent of baseline
(for definition of “baseline,” see Calculations and statistical procedures in Materials and Methods) and are depicted as triangles in the respective
figures. The corresponding behavioral activity scores (expressed as arbitrary units; see Experimental protocols in Materials and Methods) are depicted
as bars in A-D. Time points on the x-axis correspond with the time at which collection of the respective sample was started. Values represent

means + SEM (saline group, n = 5; LPS groups, n = 6).
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Figure 3. Mean values of hippocampal extracellular concentrations of
5-HT and 5-HIAA, and of behavioral activity scores for the period after
the i.p. injection of saline or different doses of LPS (30, 100, and 300
pg/kg body weight) as deducted from the time curves in Figure 2.

Materials

Recombinant hIL-13 and IL-1ra were gifts of Dr. E. B. De Souza (The
DuPont Merck Pharmaceutical Company, Wilmington, DE). LPS (Sal-
monella abortus equi, catalog no. L-6636), sodium octyl sulphate, and
reference substances were obtained from Sigma (St. Louis, MO). Meth-
anol was specially prepared for chromatography (Lichrosolv) and was
purchased from Merck (Darmstadt, Germany), -as were all other chem-
icals (analytical grade).

Calculations and statistical procedures

All results are expressed as mean = SEM. Baseline extracellular con-
centrations of 5-HT and 5-HIAA in the hippocampus were calculated
by averaging the values obtained at behavioral activity “1” in the pe-
riod before the injection(s). Only data from rats with at least three sam-
ples at behavioral activity ““1”” were used for analysis. Next, extracel-
lular concentrations of 5-HT and 5-HIAA were expressed as percentage
of baseline for each individual rat. For each control rat (i.p. saline or
i.c.v. saline/i.c.v. saline), mean extracellular 5-HT and 5-HIAA concen-
trations were calculated for each behavioral activity score ““1,” “2,”
and “3,” using data from the whole time curve. Multivariate analysis
of variance (MANOVA) with repeated measures design was used to
determine whether overall significant differences existed between the
extracellular concentrations of 5-HT or 5-HIAA at different behavioral
activity scores. If for 5-HT or 5-HIAA a significant main effect of
“behavioral activity” was found, an additional trend analysis with poly-
nomial contrasts within MANOVA was performed to obtain the curve
form that fits the means of these variables (5-HT, 5-HIAA) with behav-
ioral activity, and paired ¢ tests were done to assess separate statistical
differences between 5-HT or 5-HIAA levels at their respective behav-
ioral activity scores.

MANOVA with repeated measures design was also used to evaluate
the effects of LPS, hIL-1B, and IL-1ra on extracellular concentrations
of 5-HT and 5-HIAA, free corticosterone, and behavioral activity, using
treatment as the between-subject factor and time as the within-subject
factor. Then, mean values for the period after the injection(s) were cal-
culated for the different parameters. For 5-HT, only values obtained at
behavioral activity score “1” were used. Analysis of variance (ANO-
VA) including the post hoc comparisons of Duncan was used to test
statistical differences for these parameters (5-HT, 5-HIAA, corticoste-
rone in the dialysate, and behavioral activity) between the experimental
groups. The first half-hour after the injection(s) was not included in
these analyses to avoid interference of any (stress-induced) acute
changes in the parameters occurring after the injection(s).

As level of significance, a = 0.05 was accepted. This was corrected
by Bonferroni procedure when multiple comparisons were performed.

Results

Serotonergic neurotransmission in the hippocampus in relation
to behavioral activity

The relationship between serotonergic neurotransmission in the
hippocampus and behavioral activity was analyzed in control
rats of protocol A (15 min sampling time) and C (30 min sam-
pling time). In control rats (i.p. saline or i.c.v. salinefi.c.v. sa-
line), a significant relationship between extraceliular 5-HT levels
and behavioral activity was evident (Fig. 1A,B; see also Figs.
2A, 4A, 5A, 7A). Thus, hippocampal extracellular 5-HT levels
rose in parallel with increasing behavioral activity [MANOVA
control rats of protocol A: F(2,8) = 21.4, significance of F =
0.001; polynomial contrast: linear trend, ¢t = 5.7, significance of
t = 0.005; MANOVA control rats of protocol C: F(2,8) = 30.1,

«—

Samples were collected every 15 min as described under protocol A.
Extracellular levels of 5-HT and 5-HIAA are expressed as percent of
baseline (for definition of “‘baseline,” see Calculations and statistical
procedures in Materials and Methods). The behavioral activity scores
are expressed as arbitrary units (see Experimental protocols in Materials
and Methods). *, significantly different from control rats; +, signifi-
cantly different from rats treated with 30 or 100 pg/kg LPS (Duncan
multiple range test).
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Figure 4. Effects of i.p. administration of saline (A) and 100 pg/kg LPS (B) on hippocampal extracellular concentrations of 5-HT and on behavioral
activity. Extracellular levels of 5-HT are expressed as percent of baseline (for definition of “baseline,” see Calculations and statistical procedures
in Materials and Methods) and are depicted as triangles. The corresponding behavioral activity. scores (expressed as arbitrary units; see Experimental
protocols in Materials and Methods) are depicted as bars. C and D represent the effect of 100 ug/kg LPS (closed circles) or saline (open circles)
on 5-HIAA (expressed as percent of baseline) and dialysate corticosterone (in pg/dl), respectively. Samples were collected every 30 min as described
under protocol B. The time point of injection is indicated by the arrow. Time points on the x-axis correspond with the time at which collection of
the respective sample was started. Values represent means *+ SEM of six rats. LPS significantly increased extracellular concentrations of 5-HT
[MANOVA with repeated measures, effect of treatment: F(1,10) = 9.2, significance of F = 0.020] and decreased behavioral activity [MANOVA
with repeated measures, effect of treatment: F(1,10) = 4.5, significance of F = 0.001] when compared to saline-treated controls. LPS significantly
increased extracellular concentrations of 5-HIAA [MANOVA with repeated measures, effect of treatment: F(1,10) = 46.3, significance of F =
0.0005] and corticosterone [MANOVA with repeated measures, effect of treatment: F(1,10) = 38.5, significance of F' = 0.0005] when compared

to saline-treated controls.

significance of F = 0.0005; polynomial contrast: linear trend, ¢
= 7.2, significance of r = 0.002]. A similar relationship was
also found in control rats of protocol B and D (see Figs. 44,
TA).

No significant relationship between extracellular S-HIAA lev-
els and behavioral activity was found [Fig. 1C,D; MANOVA
control rats of protocol A: F(2,8) = 4.2, significance of F >
0.05; MANOVA control rats of protocol C: F(2,8) = 2.6, sig-
nificance of F > 0.05].

Effect of LPS on serotonergic neurotransmission in the
hippocampus (protocol A)

Lp. injection of LPS caused a significant, dose-dependent in-
crease in extracellular 5-HT levels in the hippocampus [MAN-

OVA with repeated measures: effect of treatment F(3,19) = 4.9,
significance of F < 0.02; interaction treatment X time:
F(63,399) = 14, significance of F < 0.05; Figs. 2A-D, 3A].
Peripherally administered LPS produced not only an increase in
the parent indoleamine, but a significant rise in the extracellular
concentrations of its main metabolite 5-HIAA was observed as
well [MANOVA with repeated measures, effect of treatment:
F(3,18) = 4.3, significance of F < 0.02; interaction treatment
X time: F(63,378) = 2.2, significance of F =< 0.0005; Figs.
2E,F; 3B]. The dose dependency of the effect of LPS on
5-HIAA levels was not as evident as that of the effect of LPS
on 5-HT concentrations (Fig. 34,B).

While in rats injected i.p. with saline a close relationship be-
tween 5-HT and behavioral activity was observed (see above),
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Figure 5. Effects of i.c.v. administration of hIL-13 (B) and i.c.v. pretreatment with IL-1ra (D) on hippocampal extracellular concentrations of
5-HT and behavioral activity. The results obtained in the respective control groups, saline/saline- and IL-1ra/saline-treated rats, are shown in A and
C. Extracellular levels of 5-HT are expressed as percent of baseline (for definition of ‘“‘baseline,” see Calculations and statistical procedures in
Materials and Methods) and are depicted as open triangles. The corresponding behavioral activity scores (expressed as arbitrary units; see Exper-
imental protocols in Materials and Methods) are depicted as bars. Values represent means + SEM (A—C: for 5-HT and behavioral activity, n = 6;



rats injected with LPS showed no increase in behavioral activity
in parallel with rising 5-HT concentrations. Actually, in these
rats a significant decrease in behavioral activity was found
[MANOVA with repeated measures, effect of treatment F(3,19)
= 6.7, significance of F < 0.01; Figs. 24-D, 3C). This decline
in behavioral activity did not appear to depend on the dose of
LPS (Fig. 3C).

Effect of LPS on free corticosterone levels as measured by in
vivo microdialysis (protocol B)

As shown in Figure 4A-C, using protocol B (30 min samples;
LPS 100 pg/kg), LPS produced similar effects on serotonergic
neurotransmission and behavioral activity as found in the ex-
periments using protocol A (for statistics, see legend to Fig. 4).
5-HT levels started to increase between 60-90 min after injec-
tion of LPS and reached their maximum between 90-120 min
after the injection (Fig. 4B). 5-HIAA levels showed a significant
increase between 60—90 min and reached a maximum after 150—-
180 min (Fig. 4C). In this protocol, dialysate samples were also
assayed for corticosterone. Since the extracellular space is de-
void of corticosterone binding proteins (e.g., corticosterone
binding globulin, albumin), the corticosterone levels in the di-
alysate are a reflection of the biologically active ““free” corti-
costerone fraction. As shown in Figure 4D, corticosterone levels
in the dialysates of rats injected i.p. with saline showed a distinct
diurnal rhythm, with low levels during the first part of the light
period and a marked rise starting between 1600 and 1630 hr.
Lp. injection of LPS (100 pg/kg) produced a pronounced in-
crease in corticosterone levels as compared to the controls,
which attained statistical significance in the third sample after
the injection (between 60-90 min after the injection) [MANO-
VA with repeated measures, effect of treatment: F(1,10) = 38.5,
significance of F =< 0.0005; interaction of treatment X time:
F(10,100) = 6.1, significance of F = 0.0005]. Maximal levels
of corticosterone were reached between 150-180 min after in-
jection of 100 pg/kg LPS. Hence, although all levels started to
increase between 60-90 min after administration of LPS, the
extracellular levels of S-HIAA and corticosterone reached their
maximum about 60. min later than the extracellular concentra-
tions of 5-HT (Fig. 4B-D).

Effect of i.c.v. hIL-18 and IL-1ra on hippocampal serotonergic
neurotransmission, behavioral activity, and free corticosterone
levels (protocol C)

Figure 5 shows the time course of the effect of i.c.v.-applied
hIL-1B and IL-1ra on extracellular concentrations of 5-HT,
5-HIAA, corticosterone, and behavioral activity, and Figure 6
shows the mean values of these parameters after the injection.
For all four parameters, a significant main effect of treatment
was found [MANOVA with repeated measures, 5-HT: F(3,21)
= 7.0, significance of F' < 0.01; 5-HIAA: F(3,24) = 16.7, sig-
nificance of F = 0.0005; behavioral activity: F(3,24) = 3.6,
significance of F < 0.05; corticosterone: F(3,24) = 10.2, sig-

—
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nificance of F = 0.0005] as well as, except for behavioral ac-
tivity, a significant interaction treatment X time [5-HT:
F(30,210) = 4.4, significance of F = 0.0005; 5-HIAA:
F(30,240) = 4.3, significance of F = 0.0005; corticosterone:
F(30,240) = 5.2, significance of F = 0.0005]. L.c.v. administra-
tion of 100 ng hIL-1B caused a marked transient increase in
hippocampal extracellular 5-HT concentrations (Figs. 5B, 6A).
Levels started to increase 60—90 min after the injection, reached
a maximum of 150% above baseline after 90-120 min, and re-
turned to baseline about 60 min before end of the experiment
(Fig. 5B). hIL-1B also raised extracellular concentrations of
5-HIAA starting between 90—120 min after the injection, reach-
ing a maximum of about 50% above baseline after 120-150 min,
and remained elevated up to the end of the experiment (Figs.
SE, 6B). In rats treated i.c.v. with hIL-1B, a significant decrease
in behavioral activity was observed (Figs. 5B, 6C). Rats dis-
played several characteristics reminiscent of sickness, for: ex-
ample, piloerection, curled body posture, and immobility. Lc.v.
administration of hIL-1p caused a dramatic rise in free corti-
costerone levels starting between 30—60 min after the injection
and reaching a maximum after 60-90 min (Figs. 5F, 6D).

Lc.v. injection of 10 pg IL-Tra had no effects on the param-
eters measured in this study (Figs. 5C,E,F; 6). However, IL-1ra
antagonized the stimulating effects of hIL-1B on hippocampal
serotonergic neurotransmission, behavioral activity, and corti-
costerone levels (Figs. SD-F, 6). There were no statistically sig-
nificant differences in these parameters between the rats treated
with hIL-1 after pretreatment with IL-1ra and the saline/saline-
and IL-lra/saline-treated rats. However, careful inspection of
Figure 5F may suggest that after pretreatment with 10 wg IL-
Ira, hIL-1 is still able to produce a small, time-delayed increase
in free corticosterone levels, which, however, was not statisti-
cally significant.

Effect of i.c.v. pretreatment with IL-1ra on LPS-induced
changes in serotonergic neurotransmission, behavioral activity,
and free corticosterone levels (protocol D)

Figure 7 shows the time course of the effect of i.c.v.-adminis-
tered IL-1ra on LPS-induced changes in extracellular concentra-
tions of 5-HT, 5-HIAA, corticosterone, and behavioral activity.
In Figure 8, the mean values of these parameters after the in-
jections are shown. For all four parameters a significant main
effect of treatment was found [MANOVA with repeated mea-
sures using all four treatment groups, 5-HT: F(3,21) = 14.7,
significance of F = 0.0005; 5-HIAA: F(3,21) = 42.8, signifi-
cance of F = 0.0005; behavioral activity: F(3,21) = 15.2, sig-
nificance of F = 0.0005; corticosterone: F(3,21) = 27.5, sig-
nificance of F = 0.0005) as well as, except for behavioral
activity, a significant interaction treatment X time [5-HT:
F(30,210) = 1.7, significance of F < 0.02; 5-HIAA: F(30,210)
= 11.5 significance of F < 0.0005; corticosterone: F(30,210) =
8.2, significance of F < 0.0005]. Similar to the results described
under protocols A and B, i.p. injection of LPS caused a signif-

D: for behavioral activity, n = 10, but for 5-HT, n = 7, since in three rats 5-HT could not be measured due to chromatographic problems). £ and
F represent the effects of i.c.v. administration of hIL-18 and of i.c.v. pretreatment with IL-1ra on hippocampal extracellular concentrations of
5-HIAA (percent of baseline, mean = SEM) and dialysate corticosterone (ug/dl, mean = SEM), respectively. Regarding these paradigms (5-HIAA
and corticosterone), the four experimental groups are depicted as follows: i.c.v. saline/i.c.v. saline-treated rats, open circles (n = 6); i.c.v. saline/
i.c.v. hIL-1B-treated rats, closed circles (n = 6); i.c.v. IL-1rafi.c.v. saline-treated rats, open triangles (n = 6); i.c.v. IL-1ra/i.c.v. hIL-1B-treated rats,
closed triangles (n = 10). Samples were collected every 30 min as described under protocol C. The time point of the injections is indicated by the
arrow (i.c.v. injection followed 6 min after i.c.v. pretreatment). Time points on the x-axis correspond with the time at which collection of the

respective sample was started.
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Figure 6. Mean values of hippocampal extracellular concentrations of 5-HT (A), 5-HIAA (B), and dialysate corticosterone (D), and of behavioral
activity scores (C) for the period after i.c.v. treatment with saline or hIL-1{ and i.c.v. pretreatment with saline or IL-1ra as deducted from the time
curves presented in Figure 5. There were four experimental groups: i.c.v. saline/i.c.v. saline-, i.c.v. saline/i.c.v. hIL-1B-, i.c.v. IL-1ra/i.c.v. saline-,
and i.c.v. IL-1ra/i.c.v. hIL-1B-treated rats. Samples were collected every 30 min as described under protocol C. Extracellular levels of 5-HT and

S-HIAA are expressed as percent of baseline (for definition of “‘baseline,

see Calculations and statistical procedures in Materials and Methods).

The behavioral activity scores are expressed as arbitrary units (see Experimental protocols in Materials and Methods). Corticosterone concentrations
are expressed as pg/dl. *, significantly different from its respective control group; +, significantly different from IL-1ra/hIL-1p-treated rats (Duncan

multiple range test).

icant increase in extracellular levels of 5-HT, 5-HIAA, and cor-
ticosterone, and a significant decrease in behavioral activity. The
time courses of the effects observed in protocol D were similar
to those found in protocol A and B (Figs. 2, 4, 7). Lc.v. injection
of 10 ng IL-1ra produced no effects on the parameters measured
in this study (Figs. 7C,E,F; 8). Lc.v. pretreatment with IL-1ra
did not antagonize the effects of LPS on free corticosterone lev-
els and behavioral activity (Figs. 7D,F; 8C,D). However, i.c.v.-
administered IL-1ra significantly attenuated the LPS-induced
rise in hippocampal extracellular levels of 5-HT (Figs. 7D, 8A).
There was also a small reduction in the effect of LPS on hip-
pocampal extracellular levels of 5-HIAA after i.c.v. pretreatment
with IL-1ra, although this attenuation -did not reach statistical
significance (Figs. 7E, 8B).

Discussion

The present study shows, using an in vivo microdialysis method,
that i.p. administration of L.LPS causes an increase in the extra-
cellular concentrations of 5-HT and its metabolite 5-HIAA in

the rat hippocampus in combination with a decrease in behav-
ioral activity and a profound increase in extracellular corticoste-
rone levels. Lc.v. application of the cytokine hIL-13 largely
mimicked the effects of LPS on serotonergic neurotransmission,
behavioral activity, and corticosterone levels. The effects of hIL-
18 could be antagonized by i.c.v. pretreatment with IL-1ra. In
addition, i.c.v. pretreatment with IL-1ra attenuated the increase
in hippocampal extracellular concentrations of 5-HT after pe-
ripheral administration of LPS. These results suggest that the
hippocampus participates in CNS responses to an immune stim-
ulus. Moreover, our data suggest that a central action of IL-1 is
involved in the changes in hippocampal 5-HT after peripheral
immune stimulation.

We report here the existence of a significant relationship be-
tween behavioral activity and extracellular concentrations of
5-HT in the hippocampus of rats. Changes in behavioral activity
were paralleled by alterations in 5-HT concentration as evi-
denced by the almost 100% increase in 5-HT levels in relatively
active rats (behavioral activity score 3) compared to inactive



animals (behavioral activity score 1). A similar relationship was
also found in the neocortex (Linthorst et al., 1994) and preoptic
area of rats (Linthorst and Reul, unpublished observations).
These results are in good agreement with the higher mean hip-
pocampal 5-HT levels in rats during the dark (active) period as
compared to the light period of the day (Kalén et al., 1989), and
with electrophysiological studies showing a positive correlation
between the single-unit activity of serotonergic neurons in the
raphe nuclei and the level of behavioral arousal of animals (Trul-
son and Jacobs, 1979; for extensive review see Jacobs and Az-
mitia, 1992). For this reason, it is of utmost importance to in-
clude data on the behavioral activity of animals when studying
the effects of physiological/pharmacological manipulation on
brain serotonergic neurotransmission.

I.p. administration of LPS and i.c.v. administration of hIL-1
caused marked increases in hippocampal extracellular concen-
trations of 5-HT and 5-HIAA, and a decrease in behavioral ac-
tivity. Thus, unlike the situation in saline-treated rats, the close
correlation between 5-HT levels and behavioral activity ap-
peared to be disrupted in the endotoxin- and hIL-1B-treated an-
imals. This dissociation may be unique for the effects of immune
stimulation on the hippocampal serotonergic system, since in the
literature no such dissociation after several manipulations has
been described so far (for review see Azmitia and Jacobs, 1992).
Wilkinson et al. (1991) found that the immunostimulant mura-
myl dipeptide did not alter extracellular levels of serotonin in
the hypothalamus of the cat. However, it was observed that vari-
ations in extracellular hypothalamic levels of serotonin were de-
pendent on the behavioral state of the animal (Wilkinson et al.,
1991). Moreover, gentle handling or tail pinch in rats has been
reported to alter hippocampal 5-HT levels solely in parallel with
behavioral activity (Kalén et al., 1989).

In several physiological systems, such as growth hormone re-
lease (Rettori et al., 1987; Payne et al., 1992) and sleep (Opp et
al., 1991), IL-1 has been described to exert distinct dose-depen-
dent effects. Although only one dose of hIL-1B has been used
in the present study, the i.c.v.-administered interleukin produced
effects on hippocampal serotonergic neurotransmission similar
to i.p.-injected LPS. Nevertheless, it cannot be excluded that
hIL-13 administered in other doses could produce different ef-
fects on hippocampal serotonergic neurotransmission.

Woodroofe and coworkers (1991) have described increased
levels of dialysate IL-1 between 24 and 48 hr after implantation
of a U-shaped microdialysis probe in the brain. The experiments
described in our study were started between 40—45 hr after im-
plantation. Although a possible involvement of endogenously
released IL-1 after implantation of a microdialysis probe cannot
be excluded, we found that i.c.v. administration of IL-Ira
showed neither intrinsic nor antagonistic effects on any of the
parameters under study here. Therefore, it may be concluded
that, under our experimental conditions, endogenous IL-1 release
may be too low to significantly influence hippocampal extracel-
lular levels of 5-HT and 5-HIAA, corticosterone levels, and be-
havioral activity.

Rada et al. (1991) showed that the hippocampal cholinergic
system is also responsive to IL-1, as indicated by the decreased
levels of acetylcholine in hippocampal dialysates after i.p. ap-
plication of IL-1B. Direct effects of IL-1 on hippocampal neu-
rons using electrophysiological approaches have been described
as well (Katsuki et al., 1990; Plata-Salaméan and FFrench-Mul-
len, 1992; Zeise et al., 1992). Several research groups have re-
ported increases in serotonergic turnover (as derived from post-
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mortem tissue levels) in brain areas other than the hippocampus,
such as hypothalamus (Mefford et al., 1990; Dunn and Vickers,
1994) and cortex (Dunn, 1992a; Gardier et al., 1994), after im-
mune stimulation and/or peripheral administration of IL-1. How-
ever, Wilkinson et al. (1991) found no effect of muramyl dipep-
tide on feline hypothalamic serotonergic neurotransmission. In
vivo application of IL-1 directly into the hypothalamus produced
increased levels of 5-HIAA (Mohankumar et al., 1993; Shintani
et al., 1993) and 5-HT (Shintani et al., 1993), although by use
of a superfusion technique a decreased in vitro release of 5-HT
from the hypothalamus was observed (Palazzolo and Quadri,
1992). Lc.v. administration of IL-1 has been reported to increase
5-HIAA levels in the hypothalamus irn vivo (Gemma et al.,
1991). In addition, immune stimulation and administration of
IL-1 (peripherally, centrally, or in the incubation medium) have
been described to exert distinct effects on other neurotransmitter
systems, as assessed by measurement of postmortem levels of
neurotransmitters and their metabolites (Kabiersch et al., 1988;
Dunn, 1988, 1992a,b; Mefford et al., 1990; Dunn and Vickers,
1994; Zalcman et al., 1994) and by using ir vivo (Mohankumar
et al., 1991; Mohankumar and Quadri 1993; Shintani et al.,
1993) and in vitro (Miller et al., 1991; Sawada et al., 1992)
techniques. Our in vivo study describes the effects of peripheral
immune stimulation on hippocampal serotonergic neurotrans-
mission and as such contributes to delineate the neural circuits
involved in the communication between the immune system and
a higher limbic brain structure.

In the present study, both i.p. LPS and i.c.v. hIL-18 raised
free corticosterone levels, indicating a profound activation of the
HPA axis. These results are in good agreement with literature
data showing increases in plasma corticosterone levels after im-
mune stimulation and peripheral as well as i.c.v. injection of
IL-1 in different species (for review see Besedovsky and Del
Rey, 1992). It has been found that one of the mechanisms by
which IL-1 stimulates the HPA axis on the level of the brain is
via the stimulation of corticotropin-releasing hormone (CRH)
secretion in the hypothalamus (Berkenbosch et al., 1987; Sa-
polsky et al., 1987; Uehara et al., 1987; Tsagarakis et al., 1989;
Navarra et al., 1991). However, the involvement of extrahypo-
thalamic brain areas (Ovadia et al., 1989; Linthorst et al., 1994)
as well as direct effects of IL-1 on the level of the pituitary and
adrenal cortex have also been suggested (for review, see Hermus
and Sweep, 1990).

The present study shows that administration of LPS and hIL-
1B produce basically similar effects on hippocampal extracel-
lular levels of 5-HT and 5-HIAA, corticosterone, and behavioral
activity. This observation suggests that IL-1{3 may be a mediator
of the LPS-induced effects. The here-described attenuation of
the LPS-induced effect on hippocampal 5-HT by i.c.v. pretreat-
ment with IL-1ra underpins the concept of a central action of
IL-1 participating in the effect of a peripheral immune challenge
on hippocampal serotonergic neurotransmission. However, sev-
eral observations strongly suggest the participation of additional
factors in the (patho)physiological responses to peripheral in-
oculation of LPS: (1) the relatively rapid return of 5-HT levels
to baseline values after i.c.v. hIL-13 as compared to the pro-
longed elevation observed after LPS, (2) the only partial atten-
uation of the LPS effect on serotonergic neurotransmission after
i.c.v. IL-1ra, and (3) the absence of any effect of i.c.v. IL-1ra
on changes in corticosterone and behavioral activity after LPS.
It has been shown that i.p. and intravenous (i.v.) LPS inoculation
in rodents and humans causes the release of IL-1, IL-6, and TNF
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Figure 7. Effects of i.p. administration of LPS (100 pg/kg body weight; B) and of i.c.v. pretreatment with IL-1ra (D) on hippocampal extracellular
concentrations of 5-HT and on behavioral activity. The results obtained in the respective control groups, i.c.v. saline/i.p. saline- and i.c.v. IL-1ra/
i.p. saline-treated rats, are shown in A and C. Extracellular levels of 5-HT are expressed as percent of baseline (for definition of “baseline,” see
Calculations and statistical procedures in Materials and Methods) and are depicted as open triangles. The corresponding behavioral activity scores



into the circulation with different kinetics of appearance (Michie
et al., 1988; Shalaby et al., 1989; Zanetti et al., 1992; Pollmécher
et al., 1993). In addition, these cytokines are individually able,
but with varying efficacy, to stimulate HPA hormone secretion
(for review see Besedovsky and Del Rey, 1992; Schobitz et al.,
1994; Tilders et al., 1994). The here-presented data and the
above-cited literature may therefore point, in analogy with the
HPA axis response to LPS, to multifactorial mechanisms for LPS
to affect hippocampal serotonergic neurotransmission. Whether
cytokines are being produced in the brain after an i.p.-adminis-
tered immune stimulant is still subject of extensive research.
Recent studies have forwarded evidence for IL-1 production in
the hippocampus 2 hr (mouse, Takao et al., 1993) and 6 hr (rat,
Quan et al., 1994) after peripheral administration of LPS. Ban
et al. (1992) found induction of IL-la mRNA and IL-1p mRNA
in distinct regions of the brain after i.v. injection of LPS in mice.
In our study, centrally acting IL-1 appears to participate in the
effects of peripherally administered LPS on hippocampal sero-
tonergic neurotransmission, although this conclusion is based on
indirect evidence. Therefore, the molecular and pharmacological
mechanisms (and their time courses) underlying the action of
peripherally administered LPS on CNS parameters remain for a
large part to be elucidated.

The exact neuroanatomical site at which i.c.v.-administered
IL-1 exerts its action is still unclear. However, since IL-1ra dis-
plays only low affinity for binding the type 2 IL-1 receptor, the
antagonistic properties of IL-1ra on the i.c.v. IL-1p-induced in-
creases in extracellular 5-HT, 5-HIAA, corticosterone, and de-
crease in behavioral activity strongly suggest an involvement of
the type 1 IL-1 receptor as mediator of these effects. IL-1 re-
ceptor binding (Takao et al., 1990) and type 1 IL-1 receptor
mRNA expression (Cunningham et al., 1992) have been shown
particularly in the granular cell layer of the murine dentate gy-
rus, whereas substantial expression was also present in the raphe
nuclei. In contrast to the restricted pattern found in the mouse,
IL-1 binding sites, type 1 IL-1 receptor mRNA, and IL-1 mRNA
appear to be widely distributed in the rat brain (Farrar et al,,
1987a,b; Katsuura et al., 1988; Ericsson et al., 1993). Farrar et
al. (1987a) observed high densities of IL-1 binding in the gran-
ular cell layer of the dentate gyrus and the pyramidal cell layer
of the rat hippocampus, although this was not found by others
(Takao et al., 1990; Haour et al., 1992). Thus, the exact neu-
roanatomical localization of the type 1 IL-1 receptor in the rat
is not fully identified and our findings on i.c.v.-administered hIL-
13 may be mediated by hippocampal, raphe; or hypothalamic
receptors, or alternatively by a trans-synaptic mechanism via
IL-1 receptors located elsewhere in the brain.

Previous biochemical and electrophysiological studies have
shown that glucocorticoids exert profound effects on the raphe-
hippocampal serotonergic system (recently reviewed by Chaou-
loff, 1993, see also de Kloet, 1991). Hence, it has been reported
that corticosterone increases the turnover rate of 5-HT in the
hippocampus (Azmitia and McEwen, 1974; Van Loon et al.
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1981; de Kloet et al., 1982; Singh et al., 1990). The effects of
corticosterone in the brain are mediated by two types of intra-
cellular receptors: mineralocorticoid receptors (MR) and gluco-
corticoid receptors (GR; Reul and de Kloet, 1985; Reul et al.,
1990; recently reviewed by de Kloet, 1991). Both types of
receptors are expressed in the rat hippocampus (Reul and de
Kloet, 1985; Reul et al., 1989) and are believed to be coexpres-
sed in pyramidal and dentate gyrus neurons (Reul and De Kloet,
1986; Van Eekelen et al., 1988; Herman et al., 1989). Recent
electrophysiological studies have shown that corticosterone via
MR suppresses the 5-HT-induced hyperpolarization of CA, py-
ramidal neurons (Joéls et al., 1991). Conversely, evidence in
favor of a direct influence of hippocampal 5-HT on HPA axis
regulation is scarce. Recent studies suggest that the raphe-hip-
pocampal serotonergic system is involved in the regulation of
hippocampal MR and GR expression (Seckl et al., 1990), which
would represent an indirect means of HPA axis regulation by
hippocampal 5-HT. However, the time frame of such effects
(days) may be beyond the responses observed in the present
study (hours). To gain insight into the putative relationship be-
tween the raphe—hippocampal serotonergic system and the HPA
axis, a careful examination of the time course of IL-1B-induced
changes in corticosterone and 5-HT appears of interest. After
i.c.v. application of IL-1, corticosterone levels increased much
more rapidly than hippocampal 5-HT concentrations, and
reached maximum about 30-60 min earlier. This observation
argues against the possibility that an increased 5-HT level in the
hippocampus is causally related to the elevation in corticosterone
levels, but rather points to the possibility that the increased glu-
cocorticoid levels .may be implicated in the rise in serotonergic
neurotransmission. However, the concentrations of hippocampal
5-HT after i.c.v.-applied IL-1{ declined rapidly to baseline val-
ues, whereas corticosterone levels remained elevated during the
whole experiment. This observation points either to the partici-
pation of additional factors besides glucocorticoids in the 5-HT
response to hIL-1B or to the possibility that the responses in
corticosterone and 5-HT are not interrelated. In contrast to the
effect of hIL-1p, the time courses of the effect of LPS on cor-
ticosterone and 5S-HT were highly parallel, which underscores a
role of multiple (LPS-induced) factors—each with its own ef-
fective time span and amplitude—in the control of raphe-hip-
pocampal serotonergic neurotransmission and HPA axis activity.
Our data on the effect of i.c.v. IL-1ra pretreatment before i.p.
LPS administration are consistent with this notion.

Until now most research in the field of neuroimmunology was
focused on effects of an immune challenge and cytokines at the
level of the hypothalamus/preoptic region without much atten-
tion to higher brain structures. Although the hippocampus as part
of the limbic system is highly involved in the regulation of
mechanisms subserving homeostasis of the organism (for re-
view, see De Kloet, 1991), its role in the responses after an
immune challenge is not fully understood. The present study
shows that the raphe-hippocampal serotonergic system partici-

(expressed as arbitrary units; see Experimental protocols in Materials and Methods) are depicted as bars. Values represent means + SEM (n = 6—
7). E and F represent the effects of i.p. administration of LPS and of i.c.v. pretreatment with IL-1ra on hippocampal extracellular concentrations
of 5-HIAA (percent of baseline, mean + SEM) and dialysate corticosterone (ug/dl, mean + SEM), respectively. Regarding these paradigms [5-
HIAA (E) and corticosterone (F)], the four experimental groups are depicted as follows: i.c.v. saline/i.p. saline-treated rats, open circles (n = 6),
i.c.v. saline/i.p. LPS-treated rats, closed circles (n = T); i.c.v. IL-1ra/i.p. saline-treated rats, open triangles (n = 6); and i.c.v. IL-1ra/i.p. LPS-treated
rats, closed triangles (n = 6). Samples were collected every 30 min as described under protocol D. The time point of the injections is indicated
by the arrow (i.p. injection followed 6 min after i.c.v. pretreatment). Time points on the x-axis correspond with the time at which collection of the

respective sample was started.
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Figure 8. Mean values of hippocampal extracellular concentrations of 5-HT (A), 5-HIAA (B), and dialysate corticosterone (D), and of behavioral
activity scores (C) for the period after i.p. injection of saline or LPS (100 ug/kg body weight) and i.c.v. pretreatment with saline or IL-1ra as
deducted from the time curves presented in Figure 7. There were four experimental groups: i.c.v. saline/i.p. saline-, i.c.v. saline/i.p. LPS-, i.c.v. IL-
Ira/i.p. saline-, and i.c.v. IL-1ra/i.p. LPS-treated rats. Samples were collected every 30 min as described under protocol D. Extracellular levels of
5-HT and 5-HIAA are expressed as percent of baseline (for definition of “‘baseline,” see Calculations and statistical procedures in Materials and
Methods). The behavioral activity scores are expressed as arbitrary units (see Experimental protocols in Materials and Methods). Corticosterone
concentrations are expressed as pg/dl. *, significantly different from its respective control group; +, significantly different from i.c.v. IL-1ra/i.p.

LPS-treated rats (Duncan multiple range test).

pates in the CNS responses to an immune stimulus. Moreover,
our data suggest that centrally acting IL-1 largely contributes to
the hippocampal serotonergic neurotransmission changes ob-
served following a peripheral immune challenge.
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