INTERLEUKIN-1 IN THE LDT INHIBITS REM SLEEP

Interleukin-1 Inhibits Putative Cholinergic Neurons in Vitro and REM Sleep
when Microinjected into the Rat Laterodorsal Tegmental Nucleus
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Study Objectives: REM sleep is suppressed during infection, an effect mimicked by the administration of cytokines such as interleukin-1 (IL-1).
In spite of this observation, brain sites and neurochemical systems mediating IL-1-induced suppression of REM sleep have not been identified.
Cholinergic neurons in the brainstem laterodorsal tegmental nucleus (LDT) are part of the neuronal circuitry responsible for REM sleep generation.
Since IL-1 inhibits acetylcholine synthesis and release, the aim of this study was to test the two different, but related hypotheses. We hypothesized
that IL-1 inhibits LDT cholinergic neurons, and that, as a result of this inhibition, IL-1 suppresses REM sleep.

Design, Measurement, and Results: To test these hypotheses, the electrophysiological activity of putative cholinergic LDT neurons was recorded
in a rat brainstem slice preparation. Interleukin-1 significantly inhibited the firing rate of 76% of recorded putative cholinergic LDT neurons and
reduced the amplitude of glutamatergic evoked potentials in 60% of recorded neurons. When IL-1 (1 ng) was microinjected into the LDT of freely
behaving rats, REM sleep was reduced by about 50% (from 12.7% + 1.5% of recording time [after vehicle] to 6.1% + 1.4% following IL-1 admin-
istration) during post-injection hours 3-4.

Conclusions: Results of this study support the hypothesis that IL-1 can suppress REM sleep by acting at the level of the LDT nucleus. Furthermore

this effect may result from the inhibition of evoked glutamatergic responses and of spontaneous firing of putative cholinergic LDT neurons.
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REM SLEEP OF MAMMALS IS SUPPRESSED DURING IN-
FECTION.' ONE POTENTIAL FUNCTION OF REM SLEEP
SUPPRESSION DURING INFECTION IS TO FACILITATE
the generation of fever.! The adaptive role of fever in surviving
infection has been amply demonstrated.> REM sleep suppres-
sion observed during infection is mimicked in different animal
models by the administration of cytokines such as interleukin-1
(IL-1) or tumor necrosis factor (TNF), levels of which are in-
creased during infection.® Brain neuronal circuits and neuro-
chemical systems mediating cytokine-induced suppression of
REM sleep have not yet been investigated.

Although interleukin-1 (IL-1) was originally described as a
product of the peripheral immune system, there is now ample
evidence that IL-1, IL-1 receptors, and the IL-1 receptor an-
tagonist are constitutively expressed in normal brain.* IL-1
modulates behaviors such as feeding, reproduction, social ex-
ploration, locomotor activity, and sleep.® IL-1 effects on NREM
sleep are dose dependent: IL-1 enhances NREM sleep at low
doses, whereas it inhibits this sleep phase at higher doses.>* On
the other hand, IL-1 suppresses REM in different animal spe-
cies, across a wide range of doses.*”’” Whereas mechanisms me-
diating IL-1 effects on NREM sleep have been investigated at
length,"3® to date no studies have been conducted to determine
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brain area(s) and neurotransmitter system(s) involved in IL-1-
induced suppression of REM sleep.

It has long been known that REM sleep is generated with-
in the brainstem, where cholinergic REM sleep-promoting
(REM-on) neurons are located.” REM-on neurons, which fire
at higher rates during REM sleep than during wakefulness or
NREM sleep,’ have been described within the laterodorsal and
pedunculopontine tegmental nuclei (LDT/PPT). The electrical
stimulation of LDT enhances REM sleep,'® whereas neurotoxic
lesion of the LDT/PPT nuclei reduces REM sleep in amounts
proportional to the loss of cholinergic neurons." Although
LDT/PPT REM-on neurons have only been putatively identi-
fied as cholinergic,'>'3 LDT/PPT cholinergic neurons do project
to the pontine reticular formation (PRF),'*"* where acetylcho-
line (ACh) release is greater during REM sleep than other vigi-
lance states.'® Furthermore, administration of cholinomimetics
into the PRF induces a state of cortical activation and muscle
atonia considered an equivalent of REM sleep,'” whereas mi-
croinjection of muscarinic antagonists into the PRF inhibits
REM sleep.'® Finally, LDT/PPT cholinergic neurons are acti-
vated during periods of enhanced REM sleep."’

Interleukin-1 inhibits ACh release in vivo in the hippocam-
pus,” as well as ACh synthesis in vitro in cultured pituitary
cells.! Moreover, IL-1 increases acetylcholinesterase activity
and mRNA expression in both neuron-glia co-cultures and in
vivo in the rat cortex.”

The aim of the present study was to test two distinct, yet
related hypotheses. We hypothesized that IL-1 inhibits the elec-
trophysiological activity of cholinergic LDT neurons, and that,
because of this inhibition, the LDT represents one brain region
where IL-1 acts to suppress REM sleep. To this purpose, (1)
effects of IL-1 on firing rate and evoked synaptic responses of

IL-1 Inhibits Putative Cholinergic LDT Neurons—Brambilla et al



putative cholinergic LDT neurons were investigated in a rat
brainstem slice preparation, and (2) alterations in sleep induced
by IL-1 microinjection into the LDT were determined in freely
behaving rats.

METHODS

All procedures involving animals and their care were con-
ducted in conformity with institutional guidelines that are in
compliance with European Union (EEC Council Directive
86/609, OJ L 358,1; 12 December 1987) and Italian (D.L.
n.116, G.U. suppl. 40, 18 February 1992) laws and policies, as
well as with the United States Department of Agriculture Ani-
mal Welfare Act and the United States Public Health Service
Policy on Humane Care and Use of Laboratory Animals.

Substances

IL-1 (rat recombinant IL-1B expressed in Escherichia coli)
was purchased from Euroclone (West York, UK). Lyophilized
IL-1 was dissolved in pyrogen-free saline containing 0.1% bo-
vine serum albumin, aliquoted, frozen, and stored at —20°C until
use. Drugs used in the in vitro experiments were DL-noradrena-
line hydrochloride (NA), DL-2-Amino-5-phosphonopentanoic
acid (APV), (-)-bicuculline methiodide (BMI) and 6,7-dini-
troquinoxaline-2,3(1H,4H)-dione (DNQX), all obtained from
Sigma (St. Louis, MO, USA). Drugs were aliquoted, stored at
—20°C, and dissolved just prior to use in artificial cerebrospinal
fluid (aCSF) of the following composition: 124 mM NacCl, 2
mM KCI, 3 mM KH,PO,, 26 mM NaHCO,, 1.3 mM MgClL,, 2.5
mM CaCl,, 10 mM glucose (final pH 7.4). Drugs were then ap-
plied via bath perfusion. The stock of DNQX was dissolved in
dimethyl sulfoxide (DMSO) before being added to aCSF (final
concentration of DMSO < 0.1%)).

In Vitro Experiments

Preparation of brainstem slices

Male Sprague-Dawley rats (25-50 g of body weight; 20-25
days old at time of experiment; Charles River, Italy) were anes-
thetized with isoflurane, and decapitated. The brains were then
rapidly removed and placed in ice-cold (4°C) aCSF, continu-
ously bubbled with an O,-CO, mixture (95%-5%, respectively).
Coronal sections were then cut (400 um thick) with a vibratome
(752 Vibroslice, Campden Instruments Ltd, Loughborough,
UK) from a block of tissue containing the LDT and kept in
ice-cold carbogenated aCSF. Three slices were taken from each
animal for subsequent recording and transferred to a holding
chamber. The slices were then incubated at room temperature
in carbogenated aCSF and were left to recover for at least 1 h.
After recovery, slices were individually transferred to a warmed
(32°C) submersion-type slice recording chamber, through
which carbogenated aCSF was continuously superfused at a
rate of 2.5 mL/min.

Recording methods

Neurons were visualized with a differential interference
contrast (DIC) and infrared (IR)-filtered light Axioscope 2-FS
plus microscope (Carl Zeiss, Oberkochen, Germany) equipped
for in vitro electrophysiological applications. The microscope
was equipped with a high-resolution digital camera (AxioCam
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MRm, Carl Zeiss) interfaced to a computer and controlled by
AxioVison AC imaging software (Carl Zeiss). Cells were se-
lected for whole-cell recording from a region identified at low
magnification as LDT (Figure 1A). Neurons were recorded in
current-clamp mode using a high-impedance amplifier (Axoc-
lamp-2B, Axon Instrument, Union City, CA, USA) connected
to a digitizer (Digidata 1322A, Axon Instrument), interfaced to
a computer. Axon Instrument software (pClamp 8.2) was used
for the on- and off-line data acquisition and analysis. The patch-
clamp recording micropipettes were obtained from borosilicate
capillaries (0.d. = 1.5 mm; i.d. = 0.86 mm; Clark Electromedi-
cal Instruments, Pangbourne, UK) pulled by a micropipette
puller (Model P97, Sutter Instrument, Novato, CA, USA). Re-
cording micropipettes filled with electrolytic solution (120 mM
K-gluconate, 10 mM KCI, 3 mM MgCl,, 10 mM HEPES, 2
mM MgATP, 0.2 mM NaGTP; pH 7.2, adjusted with KOH) had
resistances between 5 and 10 MOhm.

The impact of IL-1 on spontaneous firing rates and the am-
plitude of evoked postsynaptic potentials (evPSPs) was deter-
mined. Interleukin-1-induced changes in LDT neuron discharge
rate were evaluated using a continuous (gap-free) recording
protocol. Evoked PSPs were elicited using a bipolar stimulat-
ing electrode (FHC, Bowdoinham, ME, USA) connected to an
isolation unit (SC-100; Winston Electronics, Millbrae, CA) de-
livering single square wave current pulses (0.8-5 mA; 200 ps
duration; 0.2 Hz). The bipolar electrode was placed on the sur-
face of the slice close to the dorsolateral border of the ipsilateral
LDT (between 0.28 and —0.30 mm relative to interaural line.)*
The stimulated region lies between the cuneiform nucleus (ros-
trally) and the parabrachial nucleus (caudally). All evoked re-
sponses, were recorded at membrane potential of =70 mV.

Putative cholinergic LDT neurons were identified on the
basis of their morphology,* as well as electrophysiological'®*
and pharmacological properties®® (Figures 1A-C). To validate
the use, in our experimental conditions, of these morphological,
electrophysiological, and pharmacological criteria for the iden-
tification of putative cholinergic LDT neurons, the cholinergic
nature of a subset of already identified neurons was verified by
use of immunofluorescence (Figures 1D-H). To this purpose,
lucifer yellow CH dipotassium salt (0.1%; Sigma) was added to
the micropipette solution for the labeling of recorded neurons,
and recordings were performed as previously described. After
recording, brain slices were fixed in buffered 4% paraformal-
dehyde overnight, and free-floating sections were assayed for
choline acetyltransferase (ChAT) immunofluorescence, which
marks cholinergic neurons. Briefly, samples were permeabi-
lized in 0.3% Triton X-100 in Tris buffered saline (TBS-T)
and following blockage of nonspecific sites with swine serum,
incubated with a goat anti-ChAT primary antibody (Chemicon
International, Temecula, CA, USA), diluted 1:100 in TBS-
T for 24 h at 4°C. After several rinses in TBS-T, slices were
incubated with a TRITC-conjugated donkey anti-goat sec-
ondary antibody (Jackson Immunoresearch, West Grove, PA,
USA) diluted 1:250 in TBS-T for 2 h at room temperature,
collected on silane-coated slides, and mounted with Mowiol
4-88 (Calbiochem, La Jolla, CA, USA). Controls were treated
as described above but omitting the primary antibody. Brain
slices were observed with a ViCo (Video Confocal) microscope
(Nikon Eclipse 80i) equipped with selective barrier filter sets

IL-1 Inhibits Putative Cholinergic LDT Neurons—Brambilla et al



(TRITC: EX 540-525/DM 565/
BA 605-655; Lucifer Yellow:
EX 425-440/DM 460/BA 540-
50). Images were acquired by
a digital camera (Nikon Digital
Sight SMC) and image acquisi-
tion software provided with the
instrument.

Application of test substances

Test substances, dissolved in
carbogenated aCSF just prior to
use and applied via bath perfu-
sion, arrived in the recording
chamber 3 min after application.
NA (30 uM) and IL-1B (25 pg/
mL, 1.4 pM) were applied for 1
and 3 minutes, respectively. A
GABAergic antagonist (BMI)
and glutamatergic antagonists
(APV and DNQX) were applied
for 15 min. Complete washout
of previous effect was obtained
between application of differ-
ent substances. Firing rates were
sampled off line, in 1-min inter-
vals, 2 min prior to administra-
tion of test substances (control
condition), when change in firing
rate was maximal in comparison
to control condition (between
1 and 6 min after IL-1 arrival
in the recording chamber), and
during washout when firing rate
returned to the value closest to
control condition. Amplitudes of
evPSPs were sampled in control
conditions (before substance ap-
plication), 10 min after arrival
of test substances in the record-
ing chamber, and during wash-
out when amplitude reached the
closest value to control condi-
tion.

Data Acquisition and Analysis
All data are expressed as

means + SEM. Data were sta-

tistically analyzed by the non-

NA30 pM 1 min

10
mV

NA 30 puM 1 min

Figure 1A-C—Morphological, electrophysiological, and pharmacological identification of putative cholinergic
neurons within the laterodorsal tegmental nucleus (LDT). (A) Low (right) and high (left) magnification images
obtained by differential interference contrast microscopy (DIC) and infrared filtered light (IR) of an impaled neuron
within the laterodorsal tegmental nucleus (LDT). DTg: dorsal tegmental nucleus, 4 V: fourth ventricle. Calibration
bar, 50 um. (B) Representative current clamp recording of a putative cholinergic LDT neuron, showing a low-
threshold burst response following hyperpolarization (top trace, voltage; bottom trace, current). The burst is shown
on an expanded time bases in the dashed line box. Please note the hyperpolarization-activated nonspecific cation
current | indicated by arrow. (C) Continuous recording of a representative LDT cholinergic neuron. Reversible
hyperpolarization of membrane potential and block of spontaneous firing activity were induced by application of
noradrenaline (NA). The effect was reversible upon washout

D-H—Immunofluorescence identification of cholinergic neurons within the LDT. (D) High magnification image of
an impaled neuron within the LDT of a rat brain slice preparation. Image was obtained by differential interference
contrast microscopy (DIC) and infrared filtered light (IR). Calibration bar, 20 um. (E) Post-recording fluorescence
image of the same neuron shown in panel A and containing lucifer yellow (visualized in green). (F) Positive
immunolabeling (visualized in red) for choline acetyltransferase (ChAT) of the same neuron shown in panels D
and E. (G) Superimposition of images from panels E and F showing that the LDT recorded neuron was cholinergic.
(H) Whole-cell patch-clamp recording in current clamp mode from the same neuron (shown in panels D-G) in
response to the application of noradrenaline (NA). NA reversibly hyperpolarized membrane potential and blocked
spontaneous firing activity.

parametric Kolmogorov-Smirnov test, one-way ANOVA, and
Tukey or ¢ tests, as appropriate. An a level of P < 0.05 was
taken as indicating a statistically significant difference between
experimental conditions.

In Vivo Experiments

Animals and surgery
Adult male Sprague-Dawley rats (225-275 g of body weight;
50-56 days old at time of surgery; Charles River, Calco CO,
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Italy) were housed individually in environmentally controlled
chambers, maintained at 22 + 1°C with a 12:12 h light: dark
cycle. Food and water were available ad libitum. Rats were
anesthetized (isoflurane 5.0% in 50/50% O,/N,O during in-
duction, then adjusted to 1.5% during surgery), positioned in a
stereotaxic apparatus, and surgically prepared for chronic poly-
graphic recordings. Stainless steel screws placed over frontal,
parietal, and occipital cortices served as electroencephalograph-
ic (EEQG) recording and ground electrodes. A calibrated 30-kW
thermistor (Omega Engineering, Stamford, CT) was implanted
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between the dura mater and the skull over the parietal cortex
to measure cortical brain temperature (Tcort). A stainless steel
guide cannula (length = 1.5 cm; outer diameter = 0.5 mm) was
stereotaxically placed 3 mm above the LDT. To avoid damage
to the midline structures, cannulae were implanted at a 30° an-
gle to the sagittal plane. The following stereotaxic coordinates
were used (adapted from?’): anteroposterior = —0.3 mm from
interaural line, lateral = 3.15 mm, dorsoventral = 6.4 mm be-
low the dura mater (tooth bar =—3.3 mm). Insulated leads were
routed from the screws and the thermistor to a plastic pedestal
(Plastics One Inc., Roanoke, VA) that was cemented in place
with dental acrylic (Isocryl; Lang Dental Supply, Wheeling,
IL). The incision was treated topically with Polysporin (poly-
myxin B sulfate-bacitracin zinc) and animals were placed under
heat lamps and monitored until recovery from anesthesia. On
the surgical day, the animals were injected with a broad spec-
trum antibiotic (benzyl penicillin, 5000 [U/rat) and an analgesic
(flunixin 2.5 mg/kg). The analgesic treatment was continued on
the first post-surgical day. On the third post-surgical day, the
rats were connected to the recording apparatus (see later) via a
flexible tether connected to the Teflon pedestal, which allowed
relatively unrestricted movement within the cage. For the next 5
days the animals were adapted to the experimental procedures.

Apparatus and recording

Gross body activity was detected using an infrared sensor
housed in an observation unit that also contained a camera
(BioBserve GmbH, Bonn, Germany). Movements detected
by the infrared sensor were converted to a voltage output, the
magnitude of which was directly related to the magnitude of
the movements detected. Signals from the EEG recording elec-
trodes and from the thermistor were fed into a Grass (Quincy,
MA) polygraph in the adjacent room. The EEG was amplified
(factor of 3,000) and analog bandpass filtered between 0.1 and
40 Hz (frequency response: = 3 dB; filter frequency roll off:
12 dB/octave). These conditioned signals, as well as the volt-
age output from the infrared sensor, were digitized with 12-bit
precision at a sampling rate of 128 Hz (PCI-6023E; National
Instruments, Austin, TX) and collected using custom soft-
ware written in LabView (National Instruments). The digitized
signals were stored as binary computer files until subsequent
analyses. Movement values were integrated into 1-s bins. Post-
acquisition determination of vigilance state was done by visual
scoring of 12-s epochs using custom software, as previously de-
scribed.”® Briefly, the rat’s behavior was classified (by a scorer
blind to the experimental condition) as either wakefulness (W),
NREM sleep, or REM sleep. Wakefulness was characterized
by low amplitude EEG and body movements. During NREM
sleep, EEG amplitude was increased, the contribution of delta
(1-4 Hz) frequency bands to the total EEG power increased, and
body movements were absent or very brief. Complete absence
of movements, and low amplitude EEG dominated by a regular
theta rhythm (6-9 Hz) characterized REM sleep.

Experimental Protocol

Each animal was injected unilaterally with both vehicle (py-
rogen-free saline containing 0.1% bovine serum albumin) and
IL-1, thus serving as its own control. In a pilot study aimed to
determine which IL-1 doses were effective in modifying sleep-
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wake patterns when microinjected into the LDT, 8 animals were
divided in 2 groups of 4. Animals in the first group were mi-
croinjected with 0.25 and 0.5 ng IL-1, whereas animals in the
second group received 1 and 4 ng IL-1. These IL-1 doses where
chosen on the basis of a previous study investigating the effects
of IL-1 microinjection into the dorsal raphe nucleus (DRN).”
Since no changes were observed in either sleep-wake patterns
or Tcort values after microinjections of IL-1 0.25 and 4 ng, the
effects of IL-1 0.5 and 1 ng were further investigated in the
study and the number of animals used was increased accord-
ingly. A total of 8 animals were microinjected with 0.5 ng IL-1,
whereas 10 animals received 1 ng IL-1.

Experiments were scheduled randomly with an interval of
at least 3 days between microinjections. IL-1 and vehicle were
administered at light onset in a volume of 100 nL, using a stain-
less steel needle (length = 1.8 cm; outer diameter = 0.3 mm),
connected via polyethylene tubing to a Hamilton micro syringe
and inserted through the guide cannula. The needle extended 3
mm past the tip of the guide cannula, reaching the LDT. Micro-
injections were performed over a 1-min period. After the mi-
croinjection the needle was left in place for 3 min. Polygraphic
recordings began immediately after the microinjections and
continued for 24 hours.

At the end of the experiments rats were euthanized with an
isoflurane overdose and dye (trypan blue) was microinjected
(100 nL) into the microinjection site; the brains were then re-
moved and fixed. The position of the dye spot was determined
from 50 pum thick, frozen, neutral red stained sections. Loca-
tion of the microinjection sites was determined before scoring
of polygraphic recordings for determination of vigilance states.
The microinjection sites were grouped in 2 locations, either
within the central portion of the LDT or more rostrally. In the
18 animals used in the study, 12 microinjection sites were locat-
ed within the central portion of the LDT (see Results), whereas
6 microinjection sites more rostral, within or adjacent to the
dorsal raphe nucleus (DRN) or the ventrolateral periaqueductal
grey (VIPAG; see Results). At this level, the LDT is of smaller
size.

Statistical Analysis

Results are presented as means + SEM. Tests for statistical
significance were performed using SPSS for Windows (SPSS,
Inc., Chicago, IL, USA). Values were compared by mixed mod-
el analysis for repeated measures using a first order autoregres-
sive covariance structure. For these analyses, the individual rat
was the subject variable, time (hours) was the repeated mea-
sure, and manipulation (vehicle vs. IL-1) was the fixed effect.
Experimental variables (amount of time spent in NREM sleep,
REM sleep, wakefulness, Tcort values) were the dependent
variables. An a level of P < 0.05 was used to indicate a statisti-
cally significant difference.

RESULTS

In Vitro Results

Eighty-two neurons were recorded. Sixty of these neurons
were identified as putatively cholinergic on the basis of mor-
phological, electrophysiological, and pharmacological criteria
(Figures 1A-C). The cholinergic nature of a subset (n = 5) of
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these 60 neurons was confirmed by use of immunofluorescence
(Figures 1D-H), although IL-1 effects were not determined
in these neurons. Thirty-one of the 55 morphologically, elec-
trophysiologically, and pharmacologically identified putative
cholinergic neurons were used in the study: in 17 neurons IL-1
effects on firing rate were tested, while in the other 14 neurons
changes induced in evPSP amplitude by application of IL-1
(n=15), BMI (n=3), and APV + DNQX (n = 6) were evaluated.

Identification of LDT cholinergic neurons

Recorded neurons were all within the LDT, as visualized at
low magnification with a DIC/IR microscope (Figure 1A). Cho-
linergic LDT neurons, characterized by a medium-large diame-
ter, are usually larger than other LDT neurons.?* Mean long and
short diameters of neurons identified in this study as putatively
cholinergic (n = 60) on the basis of their electrophysiological
and pharmacological properties (see later) were 25.6 + 2.9 um
and 14.2 + 1.8 um, respectively (Figure 1A).

Although cholinergic LDT neurons are not electrophysi-
ologically homogeneous®** and their electrophysiological
properties may depend on such factors as the animal species
and the age of the donor animal,*** at least a subgroup of LDT
cholinergic neurons display rebound bursts of action potentials,
and I, depolarizing cation current,'®* which we observed in our
putatively cholinergic neurons (Figure 1B). As far as the phar-
macological properties of cholinergic LDT neurons are con-
cerned, 90% of these neurons are hyperpolarized by NA, and
their firing is inhibited by the same treatment, via activation of
the adrenergic a, receptor.”® NA (30 uM) administration (Figure
1C) reduced mean firing rate of our putative cholinergic neu-
rons from 4.2 + 0.3 Hz (before NA administration) to 0.4 + 0.1
Hz and induced a significant hyperpolarization of membrane
potential from —43.8 + 0.8 mV (before NA administration) to
=52.6 £ 1.1 mV (n=55).

Since non-cholinergic LDT neurons also display rebound
bursts of action potentials**3? and about one-third of non-cholin-
ergic neurons are inhibited by NA application,* we cannot rule
out the possibility that some of the neurons we recorded were
not cholinergic. For this reason, the neurons investigated in this
study are indicated as putatively cholinergic. On the other hand,
in our experimental conditions, a subset of recorded neurons
(n = 6) were identified because containing lucifer yellow (Fig-
ures 1D and E). Five of these 6 neurons were also ChAT positive
(Figures 1F and G). Morphological and electrophysiological
properties, as well as the pharmacological response (Figure
1H) of the 5 ChAT positive neurons did not statistically differ
from those reported in the 55 neurons, which were identified as
cholinergic on the basis of morphological, electrophysiological,
and pharmacological criteria (see previous paragraph). The only
ChAT negative neuron did not exhibit a rebound burst of action
potentials, nor a I, was not inhibited by NA, and its long and
short diameters were 17.6 mm and 10.4 mm, respectively.

IL-1 administration decreased spontaneous firing rates of LDT
cholinergic neurons and amplitude of evPSPs

Bath application of 25 pg/mL (1.4 pM) IL-1 reduced fir-
ing rate of putative cholinergic LDT neurons (Figure 2A).
Responding neurons were identified on the basis of a statisti-
cal variation in firing rate as determined by the Kolmogorov-
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Smirnov test.’*** As a group (Figure 2B), the firing rates of the
13 responding neurons (76%) of the 17 identified putative cho-
linergic LDT neurons were significantly reduced from 4.3 £ 0.7
Hz prior to IL-1 administration to 3.2 + 0.6 Hz following IL-1.
Mean firing rate recovered to 4.0 + 0.7 Hz after the washout.
Although IL-1-induced inhibition of firing started within sec-
onds of arrival in the recording chamber (Figure 2A, exploded
view), the maximal decrease in firing was recorded in respond-
ing neurons between 1 and 3 min after cessation of IL-1 appli-
cation, a time course slower than responses to NA.

We adopted the conservative approach of including neu-
rons in statistical analysis if discharge rates differed between
IL-1 and washout conditions, even if firing rates did not dif-
fer between pre-administration control and IL-1 conditions.
To establish the specificity of IL-1 effects on firing of putative
cholinergic LDT neurons, heat-inactivated IL-1 (90°C, 30 min)
was administered to 8 of the 17 neurons in which IL-1 was also
tested (Figure 2C). Firing rate was not modified by heat-inacti-
vated IL-1 (4.0 + 0.5 Hz before and 3.9 + 0.5 Hz after denatured
IL-1 administration) irrespective of whether neurons responded
(n =5) or not (n = 3) to subsequent IL-1 administration.

Bath application of 25 pg/mL (1.4 pM) IL-1 significantly re-
duced the amplitude of evPSPs in 3 responding neurons out of 5
recorded putative cholinergic LDT neurons (Figure 3A). These
evPSPs were glutamatergic, as they were abolished (Figure 3B)
by perfusion with the NMDA (N-methyl-D-aspartic acid) and
non-NMDA antagonists APV (50 uM) and DNQX (20 uM).
Bath application of the GABA | antagonist BMI did not modify
evPSP amplitude (Figure 3C). Heat inactivated IL-1 was also
used to determine the specificity of IL-1 effects in the stimu-
lation protocol adopted above. The amplitude of evPSPs was
not affected by heat-inactivated IL-1 in seven recorded putative
cholinergic LDT neurons (Figure 3D).

In Vivo Results

IL-1 inhibited REM sleep amount and increased tcort when
microinjected into the central portion of the LDT

During post-injection hours 3-4, microinjection of 1 ng IL-1
into the central portion of the LDT (n = 6; Figure 4) decreased
amount of time spent in REM sleep from 12.7% + 1.5% of re-
cording time (after vehicle) to 6.1% + 1.4% (Figure 5A). The
amount of time spent in REM sleep was also reduced during
post-injection hours 8-9 from 18.6% + 1.8% of recording time
(after vehicle) to 9.3% = 2.0% (P < 0.01; Figure 5A). During
post-injection hours 3-4 and post-injection hours 8-9, the de-
crease in REM sleep amount was due to a significant decrease
in the number of REM sleep bouts/hour from 5.6 = 0.5 (after
vehicle) to 2.6 + 0.4.

Amounts of time spent in wakefulness and NREM sleep
were not significantly affected by microinjection of 1 ng IL-1
into the central portion of the LDT (Figure 5A). Microinjection
of 0.5 ng IL-1 within the central portion of the LDT (n = 6) did
not significantly alter sleep-wake activity (data not shown).

Microinjection of 0.5 ng IL-1 into the central portion of the
LDT induced a significant 0.7 + 0.2°C Tcort increase (treatment
— control) that peaked in post-injection hour 3. Tcort was not
modified by microinjection of 1 ng IL-1 into the central portion
of the LDT.
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duces REM sleep. These results
for the first time identify one spe-
cific brain area where IL-1 can act
to inhibit REM sleep. Moreover,
the present results suggest that
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heat-inactivated IL-1

putative cholinergic LDT neurons
may represent one neuronal cell
type mediating IL-1-induced sup-
pression of REM sleep, because
IL-1 inhibits firing of these neu-
rons. The inhibition of firing rate
of putative cholinergic LDT neu-
rons by IL-1 may be due to inhi-
bition of excitatory glutamatergic
responses.

Since cholinergic LDT neu-
rons are part of the neuronal cir-
cuitry responsible for REM sleep
generation,” results of this study
provide a neurophysiological ba-
sis for REM sleep suppression in-
duced by IL-1. Moreover, results
of the present study complement
and extend extant literature dem-
onstrating IL-1 inhibitory effects
on cholinergic neurons in other
brain areas.””* Cholinergic LDT

IL-1 WASH

im

Figure 2—Interleukin-1 (IL-1) inhibited the firing rate of laterodorsal tegmental nucleus (LDT) putative cholinergic
neurons whole-cell recorded in vitro. (A) mean spike frequency histogram (calculated in 5-s bins) showing the
effects of bath perfusion of 25 pg/mL IL-1 on instantaneous firing rates of a putative cholinergic neuron, whole-
cell patch-clamp recorded in current clamp mode. The black bar denotes the time during which IL-1 is present in
the recording chamber. The exploded view (above) depicts actual spiking in the designated portion of the record
with an expanded time scale. Firing rates during selected 10-s periods are shown above spiking. Responding
neurons were identified on the basis of a statistical variation in firing rate as determined by the Kolmogorov-
Smimnov test.*% (B) summary of IL-1 effects on the firing rates of 13 responding putative cholinergic LDT
neurons. The thick line represents the mean + SE for all neurons; thin lines display firing rates of the individual
neurons. **P < 0.05 vs control (CTR); *P < 0.05 vs washout (WASH) condition (one-way ANOVA and Tukey

neurons receive dense glutama-
tergic innervation, originating in
part from neurons in the pontine
reticular formation and its oral
part (pontine reticular nucleus-
oral part, PnO).'¢ Our results dem-
onstrate that IL-1 inhibits evoked
glutamatergic responses in puta-

test). (C) mean spike frequency histogram (calculated in 5 s bins) showing the effects of bath perfusion of
heat-inactivated 25 pg/mL IL-1 on instantaneous firing rates of a putative cholinergic neuron, recorded as in A.

tive cholinergic LDT neurons.
Therefore, IL-1 may reduce firing
of cholinergic LDT neurons by in-

Effects of IL-1 rostral microinjection

When microinjections missed the central portion of the LDT,
they were located more rostrally (Figure 4). In this region, mi-
croinjection of 1 ng IL-1 (n = 4) induced a significant increase
in amount of time spent in REM sleep during post-injection
hours 7-12 from 10.4% =+ 1.2% of recording time (after vehicle)
to 17.0% = 1.0% (Figure 5B). Amount of time spent in other
vigilance states (Figure 5B), as well as Tcort were not modified
by rostral microinjections of 1 ng IL-1 (Figure 4). In animals
receiving 0.5 ng IL-1, microinjections were placed rostrally
only in 2 animals of 8 tested, so the effect of this dose was not
statistically evaluated under this condition.

DISCUSSION
Results of the present study show that IL-1 (1) inhibits firing
rate of putative cholinergic LDT neurons in vitro; (2) reduces
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hibiting an excitatory drive. These
results agree with previously published data showing that IL-1
induces a profound decrease of evoked glutamatergic excit-
atory responses in other brain regions, such as in hippocampal
CA1 pyramidal neurons.*

Interleukin-1 stimulates adenosine production,*’** which
exerts tonic inhibitory control on cholinergic LDT neurons.?**
In the LDT, increased extracellular adenosine levels inhibit
glutamate release via actions on presynaptic adenosine A re-
ceptors.* Involvement of local glial cells in the control of ad-
enosine-mediated inhibition of glutamate release® may further
amplify and extend the duration of IL-1 effects. These previous
observations may explain why in this study IL-1-induced inhi-
bition of firing of putative cholinergic LDT neurons peaks few
minutes after cessation of IL-1 application to the bath perfus-
ate, and why IL-1-induced inhibition of evoked glutamatergic
responses is not washable within 30 min. The observation that
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IL-1-induced inhibition of glutamatergic responses in the hip-
pocampus is mediated by adenosine® also supports such a hy-
pothesis. We determined IL-1 effects on firing rate during basal,
unstimulated conditions, whereas post-synaptic potentials were
electrically evoked. These different aspects of the protocol may
explain why IL-1 effects on evEPSs amplitude do not wash out
within 30 min, whereas IL-1 effects on firing rates do.

In rats, suppression of REM sleep induced by intracerebro-
ventricular (ICV) administration of IL-1 is apparent by the first
or second post-injection hour and may last up to 8 hours.>640-42
Furthermore, REM sleep of rats is completely abolished dur-
ing some periods after ICV administration of IL-1.** In con-
trast to effects on REM sleep of ICV administration, results of
this study indicate that microinjection of IL-1 directly into the
LDT of rats does not completely abolish REM sleep, and REM
sleep suppression is somewhat delayed. Although this present
study demonstrates that REM sleep is reduced by about 50%
during effective periods after microinjection of IL-1 into the
LDT, these effects are not apparent until the third post-injection
hour. Availability of exogenously applied IL-1 to other struc-
tures involved in the regulation/modulation of REM sleep may
explain differences between ICV administration and micro-
injections into LDT in the time course and magnitude of re-
sponses. Substances administered ICV are rapidly available to
the entire brain,” including the hypothalamus and brainstem,
and structures such as the choroid plexus. These brain regions
are characterized by high concentrations of IL-1 receptors.* On
the other hand, when IL-1 is microinjected into the LDT, it has
only local access to cells, and is not available to other brain
areas involved in REM sleep regulation/modulation, or in re-
gions where IL-1 could induce its own synthesis or the synthe-
sis of other immunomodulators.***¢ The lack of availability to
disparate brain regions is one likely explanation for the delay in
REM sleep suppression induced by IL-1 microinjection into the
LDT, relative to rapid onset of effects after ICV administration.

Auvailability of IL-1 may also explain differences in respon-
siveness of putative cholinergic LDT neurons in vitro and be-
havioral effects of IL-1 in freely-behaving animals. Neurons
from which in vitro recordings are obtained are located in the
superficial layers of the slice preparation, within 150 pm of the
slice surface. Since IL-1 is provided in the bath perfusate, re-
corded neurons are continuously exposed to IL-1, at a constant
concentration and in the absence of proteases. During in vitro
recordings, effects of IL-1 on a single neuron are determined,
whereas actions on a vast population of neurons in a given brain
area are necessary to alter behavior of a freely moving animal.
Furthermore, proteases in brain degrade IL-1, which may reduce
concentrations of biologically active IL-1 and as a consequence
diminish the number of neurons upon which IL-1 may act. As
such, the inhibition of a relatively few neurons in vivo may be
ineffective in altering behavior. In the experimental conditions
of the present study, we speculate the delay in REM sleep sup-
pression after microinjection of IL-1 reflects a requirement for
IL-1 to induce its own synthesis,**® which would result in con-
centrations high enough so that IL-1 could spread and inhibit a
greater number of neurons that may be necessary to produce a
change in behavior. The balance between IL-1 degradation by
proteases and the synthesis of new IL-1 may also explain the
second phase of IL-1-induced REM sleep suppression, i.e., the
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Figure 3—Interleukin-1(IL-1) inhibited the amplitude of glutamatergic
evoked post-synaptic potentials in putative cholinergic neurons in a
laterodorsal tegmental nucleus (LDT) slice preparation. (A) Time course
of inhibition of the depolarizing post-synaptic potentials (evPSPs)
amplitude induced by IL-1 administration (25 pg/mL, as depicted by
the black bar on the x-axis) in 3 responding of 5 recorded neurons
(Student t-test). Inset: IL-1-induced inhibition of the depolarizing
evPSP amplitude in a representative putative cholinergic LDT neuron,
10 min after beginning of IL-1 application. (B) Depolarizing evPSPs
are glutamatergic. Administration of NMDA and non-NMDA glutamate
receptor antagonists [dI-2-amino-5-phosphonopentanoic acid (APV,
50 uM) and 6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX, 20 uM)]
completely blocked the depolarizing evPSP. (C) Amplitude of evPSPs is
not affected by GABA, antagonism. Administration of the GABA, receptor
antagonist [(-)-bicuculline methiodide (BMI 10 uM)] did not modify the
amplitude of depolarizing evPSP. (D) IL-1 effect on evPSPs is specific.
Heat-inactivated IL-1 (25 pg/mL) did not affect the amplitude of evPSP in
putative cholinergic LDT neurons (n = 7). Inset: evPSP amplitude recorded
prior and 10 min after beginning of heat-inactivated IL-1 application in a
representative LDT cholinergic neuron. All evPSPs shown in A (inset),
B, C, and D (inset) were recorded at V_=-70 mV and represent the
average of 6 consecutive evPSP for each condition.
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0.24 mm

- 012 mm

peduncle; VIPAG: ventrolateral periaqueductal gray. Calibration bar, 500 mm.

Figure 4—Location of microinjection sites. Upper panel: schematic representation of location of microinjection
sites. Coronal sections (left) and corresponding and enlarged details of the areas of interest (right) [from?,
with modifications]. Distances are from the interaural line. Microinjection sites within the central portion of the
laterodorsal tegmental nucleus (LDT) (n = 12) are represented by open circles. More rostral microinjection sites
(n = 6) are represented by open triangles. Lower panel: microphotograph of a histological section showing site
of microinjection (indicated by an arrow) into the LDT. Section shown corresponds approximately to the section
at —0.12 mm from interaural line shown in the upper panel. DRN: dorsal raphe nucleus; DTg: dorsal tegmental
nucleus; LDT: laterodorsal tegmental nucleus; Me5: mesencephalic trigeminal nucleus; scp: superior cerebellar

site-specific. Serotonergic DRN
neurons are REM-off and their
inhibition is permissive for REM
sleep manifestation.’ IL-1 inhib-
its serotonergic DRN neurons in
vitro,?% and as such, increases
in REM sleep after microinjec-
tion of IL-1 into or close to the
DRN may result from inhibition
of REM-off serotonergic neu-
rons. In addition, GABAergic
neurons within the VIPAG have
been previously considered to
be important for the inhibition
of brainstem REM-off aminergic
neurons and, as such, for REM
sleep generation.” On the other
hand, GABAergic neurons in
the vIPAG inhibit neurons of the
sublaterodorsal nucleus,*” which
have been proposed to represent
executive REM-on neurons. In-
terleukin-1 potentiates GABA
effects, acting at both pre- and
post-synaptic levels. 33364852 Ag
such, data in the present study
would be consistent with the
hypothesis that at least a subset
of GABAergic neurons in the
VvIPAG facilitate REM sleep sup-
pression and may be considered
part of the REM-off circuitry.
Microinjection of IL-1 into
the LDT induces a transient and
modest increase in Tcort. Ob-
servations that, under the con-
ditions of this study, changes in
Tcort and changes in REM sleep
are induced by different doses of
IL-1 (0.5 and 1 ng, respectively)
suggest that these two biologi-
cal responses are dissociable.
Observations that hypothalamic
warming (1°C) does not alter
REM sleep,” whereas increasing
ambient temperature from 23°C
to 29°C doubles the amount of

O central A rostral |

inhibition that occurs during post-injection hours 8-9. Bipha-
sic NREM sleep responses to IL-1 administration have been
consistently reported,>*44* an effect hypothesized to reflect the
synthesis of new IL-1 protein. Additional experiments are nec-
essary to determine if such hypotheses are valid.

This present study demonstrates that when microinjections
miss the central portion of the LDT and are placed more ros-
trally, in a region that includes the rostral margins of the LDT,
the dorsal raphe nucleus (DRN), and the ventrolateral periaque-
ductal gray (vVIPAG), REM sleep increases. These results indi-
cate that effects of microinjection of IL-1 into the brainstem are

SLEEP, Vol. 33, No. 7, 2010

REM sleep,* suggest that REM
sleep suppression induced by microinjection of IL-1 into the
LDT is not a byproduct of an increase in brain temperature. Ob-
servations that Tcort is not altered when microinjections miss
the LDT demonstrate that the increase in Tcort induced by IL-1
administration into the LDT is due to specific actions on the
LDT.

Stimulation of the brain cholinergic system promotes heat
dissipation.”>¢ Cholinergic stimulation of the anterior hypo-
thalamus and preoptic area reduces body or brain tempera-
ture,””*" whereas blockade of muscarinic M, receptors in the
same area increases brain temperature.® Since hypothalamic
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Figure 5—Interleukin-1 (IL-1) microinjected into the laterodorsal tegmental nucleus (LDT) inhibited REM sleep. Changes induced in amount of time spent in
wakefulness, NREM sleep, and REM sleep by 1 ng interleukin-1 (IL-1) microinjection into the central portion of the laterodorsal tegmental nucleus (A; n = 6)
of freely behaving rats or more rostrally (B; n = 4). Each animal received vehicle (pyrogen-free saline containing 0.1% bovine serum albumin; open circles)
and 1 ng IL-1 (filled circles). Symbols depict means + SEM. The dark bars on the x-axis indicate the dark portion of the light-dark cycle. **P < 0.01 vs. vehicle.
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thermoregulatory areas receive a dense cholinergic innervation
originating from the LDT/PPT nuclei,® results of this study
showing that IL-1 inhibits firing of LDT cholinergic neurons
may account for the increase in Tcort induced by IL-1 microin-
jection into the LDT. Such a hypothesis is further supported by
data showing that IL-1 inhibits the central cholinergic system at
multiple levels.?#

REM sleep is suppressed during infection.! Although little,
if any, effort has focused on determining the functional signifi-
cance, it has been hypothesized' that suppression of REM sleep
during infection may contribute to survival of the host, and that
the relationship between altered sleep and fever during infec-
tion is a critical determinant of outcome. The adaptive role of
fever in surviving infection has been amply demonstrated.” The

SLEEP, Vol. 33, No. 7, 2010

major thermoregulatory effector mechanisms (i.e., shivering,
panting) are impaired during REM sleep.** Generation of a fe-
brile response is an active process requiring an elevated thermo-
regulatory set point, reduction of heat loss, and increased heat
production (i.e., shivering). As such, one potential function of
suppression of REM sleep during infection may be to facilitate
the generation of fever,' since the suppression of REM sleep
allows shivering and, as a consequence, the increase in body
temperature. IL-1-induced fever is generated at the hypotha-
lamic level,® whereas results of the present study suggest that
IL-1-induced suppression of REM sleep is mediated, in part, at
the brainstem level. Thus, IL-1 acts at different brain regions to
regulate/modulate REM sleep and body temperature. By acting
independently on different brain regions, IL-1 is likely to play
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an important role in orchestrating the collective of host defense
mechanisms.
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