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THE ROLE THAT SEROTONIN (5-HT; 5-HY-
DROXYTRYPTAMINE) PLAYS IN THE REGULATION 
OF SLEEP-WAKE BEHAVIOR HAS BEEN OF INTEREST 
SINCE BRODIE and colleagues reported, in 1955, that reser-
pine depletes 5-HT in brain and induces sedation.1 Since that 
seminal publication, numerous studies implicate 5-HT in mul-
tiple brain functions, including arousal state regulation, ther-
moregulation, and locomotion [reviewed 2,3]. It is now thought 
that 5-HT, release of which is maximal during wakefulness, 
promotes wakefulness per se by actions on 5-HT2 receptors and 
subsequently triggers sleep via stimulation of sleep-promoting 
systems.4,5 Observations of the effects of increasing serotoner-
gic activity by intraperitoneal (IP) injection of the 5-HT pre-
cursor L-5-hydroxytryptophan (5-HTP) in rats directly support 
this dual role for 5-HT in the regulation of arousal state. The 
effects of serotonergic activation by 5-HTP on non-rapid eye 
movement (NREM) sleep of rats are dose and time dependent. 

The IP administration of 5-HTP into rats initially increases 
wakefulness, irrespective of whether 5-HTP is given prior to 
dark onset6 or prior to light onset.7 During this period of 5-HTP-
induced wakefulness, NREM sleep and rapid eye movement 
(REM) sleep are suppressed. When given prior to dark onset, 
the initial increase in wakefulness is transient, and NREM sleep 
increases after a delay of only 2 to 3 hours.6 When given prior 
to light onset, 5-HTP-induced increases in NREM sleep are 
not apparent until the subsequent dark period, 12 hours after 
administration.7 Serotonergic activation by this means may or 
may not affect REM sleep of rats, depending on dose and time 
of administration.6,7 Serotonergic activation by 5-HTP admin-
istration in rats during either the dark or light period induces 
hypothermia. When 5-HTP is administered at dark onset, the 
duration of hypothermia is dose dependent, and hypothermia 
encompasses periods of both increased wakefulness and en-
hanced NREM sleep.

The use of 5-HT precursors as a method of activating the 
serotonergic system of cats is limited by side effects.2 Mice, in 
part because of the relative ease with which the mouse genome 
may be manipulated, are now increasingly used in studies of 
sleep-wake behavior. Reports demonstrate alterations in sleep 
of mice lacking 5-HT1A, 5-HT1B, 5-HT2A, and 5-HT2C receptors 
or the serotonin transporter.8-13 Although extracellular 5-HT is 
likely to increase in mice lacking the serotonin transporter, to 
our knowledge no studies of the impact of serotonergic activa-
tion by 5-HTP on sleep of mice have been reported. As such, 
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the first aim of this study was to investigate, in C57BL/6J mice, 
the effects on sleep-wake behavior of 5-HTP administration.

Most cytokines were originally described as products of the 
immune system. However, it is now known that multiple cy-
tokines and their receptors are produced and are biologically 
active within the central nervous system.14 The constitutive 
presence of cytokines and cytokine receptors in normal, healthy 
brain suggests that at least some cytokines may play a role in 
the regulation or modulation of complex behavior and normal 
physiologic processes controlled by the central nervous sys-
tem. Indeed, there is now ample evidence indicating that sev-
eral cytokines play a direct role in the regulation of sleep-wake 
behavior [reviewed 15,16] in addition to mediating responses to 
immune stimulation during pathologic conditions.

Although interleukin (IL)-1 and tumor necrosis factor (TNF) 
are the most investigated cytokines with regard to the regula-
tion of sleep [reviewed 15], IL-6 may play a role in alterations 
of sleep during some sleep disorders or other pathologies. IL-
6 mediates facets of sickness behavior and responses to IL-1 
and TNF. IL-6 in plasma exhibits a diurnal rhythm with peak 
values during sleep and nadirs during wakefulness. Sleep de-
privation of human volunteers increases IL-6 in plasma, and 
subcutaneous injection of IL-6 increases slow wave sleep and 
reduces REM sleep of humans.18 Although studies of human 
subjects in which the IL-6 system has been directly antago-
nized have not been conducted, the TNFα receptor antagonist 
etanercept, when administered intravenously into volunteers, 
reduces IL-6 in plasma and decreases daytime sleepiness in 
patients with sleep apnea.17 Finally, several pathologies char-
acterized by excessive daytime sleepiness (e.g., narcolepsy, 
sleep apnea, insomnia) are associated with elevated IL-6 [re-
viewed 15].

IL-6 administration increases NREM sleep of rats.19 How-
ever, antagonizing the IL-6 system of rats with anti-IL-6 an-
tibodies does not alter sleep.19 Furthermore, NREM sleep of 
IL-6–deficient (knock-out) mice does not differ from that of 
C57BL/6J control mice,20 although the increase in NREM sleep 
of IL-6 KO mice in response to immune challenge is reduced.21 
Collectively, these preclinical studies suggest that, although IL-
6 may not play a role in the regulation of sleep–wake behavior 
of healthy animals, it can modulate sleep-wake behavior when 
this cytokine is elevated, as in pathologic conditions.

Previous studies have demonstrated that interactions be-
tween IL-1 and the serotonergic system are of functional con-
sequence for the regulation of NREM sleep [e.g.22-25]. How-
ever, IL-6 may be another cytokine that interacts with the 
serotonergic system to alter sleep, particularly during patho-
logic conditions. 5-HT increases IL-6 mRNA in rat astro-
cytes.27 Therefore, the second aim of the study was to test the 
hypothesis that mice lacking IL-6 will differ from C57BL/6J 
mice with respect to 5-HTP-induced alterations in sleep-wake 
behavior. Specifically, because 5-HT induces IL-6 mRNA27 
and IL-6 is a powerful inducer of 5-HT in brain,28-30 we hy-
pothesized that 5-HTP would increase wakefulness less in IL-
6 KO mice due to a less robust stimulation of the serotonergic 
system in brain.

We now report that 5-HTP administration into mice alters 
wakefulness and sleep. As previously demonstrated in rats,6 
5-HTP administered into mice at light onset initially increas-

es wakefulness, whereas dark-onset administration enhances 
NREM sleep. Lack of IL-6 alters the magnitude, but not tim-
ing, of some responses to 5-HTP, suggesting that this cytokine 
may modulate some of the behavioral responses to serotonergic 
activation by this method.

MethodS

Substances

5-HTP was purchased as lyophilized powder from Sigma-
Aldrich (St. Louis, MO). Prior to each use, 5-HTP was dis-
solved in pyrogen-free NaCl (PFS; Abbott, North Chicago, IL) 
and brought to an appropriate concentration. PFS served as ve-
hicle control.

animals and Surgical procedures

All procedures used in this study were approved by the Uni-
versity of Michigan Committee on Care and Use of Animals 
and in accordance with the US Department of Agriculture Ani-
mal Welfare Act, and the Public Health Service policy on Hu-
mane Care and Use of Laboratory Animals.

Two strains of adult male mice (approximately 25 g at time 
of surgery) were used in this experiment: C57BL/6J mice and 
B6.129S6-Il6tm1Kopf (IL-6 KO) mice. All mice were initially 
purchased from the Jackson Laboratory (Bar Harbor, ME). 
The IL-6 KO strain was generated on a 129S6 background 
and backcrossed for 11 generations with C57BL/6J mice to 
produce a fully congenic strain. After 10 generations of back-
crossing, mice are 99.9% identical to the backcross strain at all 
unlinked loci.31 As such, the geneticists at the Jackson Labora-
tory consider C57BL/6J to be the appropriate control for the 
IL-6 KO strain. Breeding pairs of IL-6 KO mice were used to 
establish a breeding colony under the direction of the Univer-
sity of Michigan Unit for Laboratory Animal Medicine. The 
mice were housed in standard shoeboxes in environmentally 
controlled chambers at a temperature of 29ºC ± 1ºC and on a 
12:12 hour light:dark cycle. Food (Lab Diet 5001, PMI Nutri-
tion International, Brentwood, MO) and water were provided 
ad libitum.

Transmitters (ETA10-F20, Data Sciences International, St. 
Paul, MN) were surgically implanted under isoflurane anesthe-
sia into the abdominal cavity, as previously described.20,21 Insu-
lated biopotential leads were routed to the head and connected to 
miniature screws that served as electroencephalographic (EEG) 
recording electrodes. Ibuprofen (0.2 mg/mL) was provided in 
the drinking water as an analgesic, beginning 24 hours before 
surgery and continuing until 48 hours after surgery. A broad-
spectrum antibiotic (imipenem, 25 mg/kg) was given immedi-
ately following surgery. The mice were allowed a minimum of 
28 days recovery prior to the beginning of experiments. During 
recovery and for the duration of the experimental protocol, the 
mice were housed in the recording chamber in the same condi-
tions as used for recordings.

recording apparatus

Signals from the transmitter were detected by a receiver 
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(RPC-1, DSI) located directly underneath the mouse’s shoe-
box. This signal was digitized and fed into a DSI analog con-
verter (ART Analog-8 CM), which then converted the EEG 
and temperature voltages using calibration factors supplied 
by the manufacturer. The analog signal from the DSI system 
was fed into an A/D board (model PCI 3033E, National In-
struments, Austin, TX) in a separate computer and captured 
and digitized at 128 Hz with 16-bit precision. The EEG was 
digitally filtered into delta (0.5-4.0 Hz) and theta (6.0-9.0 Hz) 
frequency bands. These digitally filtered frequency compo-
nents were integrated over 1-second periods. Voltage values 
from the temperature channel were converted to engineering 
units (ºC) by regression using coefficients specific for each 
transmitter and obtained by calibration using a water bath. 
Movements of the mice in their shoeboxes were detected us-
ing an infrared sensor (BioBserve, GmbH, Bonn, Germany). 
All signals (EEG, body temperature, movement, integrated 
values for frequency bands) were stored as binary files until 
further processing.

A custom program, ICELUS (M. Opp, University of Michi-
gan) written in LabView for Windows (National Instruments), 
was used to assign arousal state for artifact-free 10-second ep-
ochs based on measures of the EEG and movement. Arousal 
state was assigned by visual/manual scoring as NREM sleep, 
REM sleep, or wakefulness, based on evaluation of EEG, 
body movements, and integrated delta and theta values. Brief-
ly, wakefulness was defined on the basis of a low-amplitude, 
mixed-frequency (delta, theta) EEG accompanied by body 
movements. Increases in body temperature occur as a function 
of activity. NREM sleep was identified by an increased abso-
lute EEG amplitude, integrated values for the delta frequency 
band greater than those for theta, and lack of body movements. 
Body temperature declines upon entry into NREM sleep until 
it reaches a regulated asymptote. REM sleep was characterized 
by a low-amplitude EEG, with integrated values for the delta 
frequency band less than those for the theta frequency band. 
During the assignment of arousal state, any epoch containing 
movement artifact or electrical noise was tagged and excluded 
from subsequent spectral analyses.

experimental protocol

After recovery, 24-hour baseline recordings were obtained 
from undisturbed animals. Following this baseline recording, 
the mice were given 0.2 mL PFS (vehicle) IP as a control. These 
injections of PFS were given either 15 minutes before dark on-
set or at light onset. Immediately after the injections, the mice 
were returned to their cages and recordings were obtained for 
the next 24 hours. After control recordings were completed, 
each animal was injected IP with 0.2 mL PFS containing 1 of 
3 doses of 5-HTP: 50, 100, or 200 mg/kg. Injections of 5-HTP 
were given at the same time as control injections of PFS, and 
24-hour recordings were obtained. As such, each animal re-
ceived both vehicle and 5-HTP and served as its own control. 
Injections of 5-HTP were separated by a minimum of 72 hours, 
and no animal received more than 2 doses of 5-HTP. Sample 
sizes for each dose of 5-HTP were as follows: Dark Onset—
C57BL/6J mice: n = 6-11/dose, IL-6 KO mice: n = 6-10/dose; 
Light Onset—C57BL/6J mice: n = 5-8/dose; IL-6 KO mice—n 

= 5-8/dose.

Statistical analysis

Statistical analysis was performed using SPSS for Win-
dows (SPSS, Inc., Chicago, IL). All values are presented as 
the mean ± SEM. Two types of statistical comparisons were 
made. Comparisons within mouse strain between treatments 
for a single 5-HTP dose were analyzed with one-way analyses 
of variance (ANOVA). The duration of each vigilance state 
(NREM sleep, REM sleep, wakefulness), and the core body 
temperature values were the dependent variables in these anal-
yses, and manipulation (PFS, 5-HTP dose) was the indepen-
dent variable (factor). The ANOVA analyses were conducted 
on data from 4-hour time blocks across the 24-hour recording 
period. These time blocks were defined on the basis of visual 
inspection of the results. An α level of P ≤ 0.05 was taken as 
indicating a statistically significant difference between values 
obtained after administration of vehicle and 5-HTP. To deter-
mine whether there were dose-related responses to 5-HTP, dif-
ference scores were calculated (control value—experimental 
value) for each parameter (duration of NREM sleep, REM 
sleep, wakefulness) for each hour. Difference scores for core 
body temperature were calculated using the same formula, 
but for each 10-minute interval. These difference scores were 
the independent variables in one-way ANOVA, whereas the 
dependent variable (factor) was 5-HTP dose. When signifi-
cant differences among the three 5-HTP doses were revealed, 
posthoc pairwise comparisons were made by the method of 
Scheffé to determine responses to which dose contributed to 
the overall effect. Comparisons between mouse strain were 
made for each independent variable (NREM sleep, REM sleep, 
wakefulness, core body temperature) by using the strain-spe-
cific difference scores. These strain comparisons were made 
with one-way ANOVAs, in which mouse strain (C57BL/6J, 
IL-6 KO) was the dependent variable (factor). These analyses 
were also conducted on 4-hour time blocks using an α level of 
P ≤ 0.05 as indicating values that differed statistically between 
strains.

reSultS

dark-onset administration of 5-htp

IP administration of 5-HTP prior to dark onset induced hy-
pothermia, increased NREM sleep, and reduced REM sleep 
and wakefulness in a dose-dependent manner in both mouse 
strains (Figures 1, 2). Analysis of the 4-hour time blocks in-
dicated the 2 lowest doses of 5-HTP used in this study (50, 
100 mg/kg) did not substantially alter sleep-wake behavior 
of either mouse strain. During the subsequent light period, 
these doses of 5-HTP did modestly suppress REM sleep of 
C57BL/6J mice and increase wakefulness of IL-6 KO mice 
(Figures 1, 2). When statistical analyses were confined to the 
initial 2 hours after injection, C57BL/6J mice responded to 
50 mg/kg 5-HTP with a transient increase in wakefulness and 
reduction in NREM sleep (Figure 1). After administration of 
200 mg/kg of 5-HTP, there were dramatic effects on sleep-
wake behavior in both mouse strains. During the initial 4 hours 
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after administration of this dose of 5-HTP, NREM sleep of 
C57Bl/6J mice increased by nearly 125%, from 24.9% ± 2.9% 
of recording time after vehicle to 55.8% ± 3.4% of recording 
time after 5-HTP (Figure 1). This increase in NREM sleep 
was concomitant with reductions in REM sleep and wakeful-
ness. These 5-HTP–induced alterations in sleep-wake behav-
ior of C57BL/6J mice were confined to the first 4 hours after 
injection, although there was a modest increase in REM sleep 
during postinjection hours 21 to 24 (Figure 1). The effects of 
5-HTP on NREM sleep and wakefulness of C57BL/6J mice 
were dose dependent. During the first 4 hours after injection, 
the increase in NREM sleep and reduction in wakefulness fol-
lowing the 200 mg/kg dose of 5-HTP were statistically larger 
than those following administration of 50 mg/kg or 100 mg/
kg of 5-HTP (Figure 1). There was no statistical difference 
among the 3 doses of 5-HTP administered into C57BL/6J mice 
with respect to suppression of REM sleep. Responses of IL-6 
KO mice to 5-HTP administered at dark onset were generally 

confined to the 200-mg/kg dose (Figure 2). NREM sleep of 
IL-6 KO mice increased during the initial 4 hours after ad-
ministration by about 230%, from 18.9% ± 3.1% of recording 
time after vehicle to 62.7% ± 3.6% of recording time after 
5-HTP. As with C57BL/6J mice, the increase in NREM sleep 
was concomitant with reductions in REM sleep and wakeful-
ness. The suppression of REM sleep after this dose of 5-HTP 
in IL-6 KO mice lasted for 8 hours after injection (Figure 2), 
and was followed by a modest increase in REM sleep during 
the subsequent light period that achieved statistical signifi-
cance during postinjection hours 13 to 18. During this same 
postinjection period, there were alterations in NREM sleep 
and wakefulness that mirrored those observed immediately 
after injection of 5-HTP. That is, the initial increase in NREM 
sleep was followed by a reduction in this sleep stage and the 
reduction in wakefulness was followed by an increase (Figure 
2). As for C57BL/6J mice, the effects of 200 mg/kg of 5-HTP 
on NREM sleep and wakefulness of IL-6 KO mice differed in 
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Figure 1—Impact of 5-hydroxytryptophan (5-HTP) on core body temperature (Tcore), wakefulness, non-rapid eye movement (NREM) sleep, 
and rapid eye movement (REM) sleep of C57BL/6J mice when administered at dark onset. Symbols are means ± SEM for 10-min (Tcore) or 
hourly (wakefulness, NREM, REM) values after intraperitoneal administration of vehicle (pyrogen-free saline, open symbols, thin lines) or 
5-HTP (closed symbols, thick lines). Sample sizes are: 50 mg/kg, n = 6; 100 mg/kg, n = 11; 200 mg/kg, n = 6. The black bars on the x-axes 
denote the dark period of the light:dark cycle. Asterisks and horizontal lines with asterisks identify 4-hour time blocks during which values 
differed statistically between conditions (P < 0.05).
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magnitude from responses following administration of 50 mg/
kg or 100 mg/kg 5-HTP (Figure 2).

5-HTP induced dramatic hypothermic responses in both mouse 
strains (Figures 1, 2). The magnitude and duration of the hypo-
thermia were dose related. The nadirs in core body temperatures 
after 5-HTP occurred in postinjection hour 1 or 2 in both mouse 
strains. The drop in core body temperature of C57BL/6J mice 
amounted to 1.6°C ± 0.4°C after the 50-mg/kg dose of 5-HTP, 
3.1°C ± 0.4°C after the 100-mg/kg dose of 5-HTP, and 5.7°C ± 
0.6°C after the 200-mg/kg dose of 5-HTP. These drops in core 
body temperature differed statistically from each other. These 
same 5-HTP doses reduced body temperatures by 1.9°C ± 0.2°C, 
3.0°C ± 0.3°C, and 4.4°C ± 0.4°C, respectively, in IL-6 KO mice. 
As in C57BL/6J mice, hypothermic responses of IL-6 KO mice 
to these doses of 5-HTP each differed statistically from the other. 
In both mouse strains, these hypothermic responses lasted about 2 
hours after the 50-mg/kg dose, 4 hours after the 100-mg/kg dose, 
and approximately 6 hours after the 200-mg/kg dose (Figures 1, 

2).
Analyses of difference scores revealed that administration 

of 5-HTP at dark onset generally induced similar responses in 
both mouse strains with respect to most parameters determined 
(Figure 3). The strains differed modestly in responses to 50 mg/
kg or 100 mg/kg of 5-HTP. After 50 mg/kg of 5-HTP, the IL-6 
KO mice demonstrated significantly more NREM sleep and 
less wakefulness during postinjection hours 21 to 24 than did 
the C57BL/6J mice. After 100 mg/kg of 5-HTP, IL-6 KO mice 
spent less time in NREM sleep and more time awake during the 
first 4 hours of the subsequent dark period. There were more 
substantive strain differences in sleep-wake behavior after in-
jection of 200 mg/kg of 5-HTP (Figure 3). During the first 4 
hours after injection of 200 mg/kg of 5-HTP, IL-6 KO mice 
spent significantly more time in NREM sleep than did C57BL/J 
mice (Figure 3). The proportionally greater amount of 5-HTP–
induced NREM sleep of IL-6 KO mice was mirrored by a sig-
nificantly greater reduction in wakefulness than was exhibited 
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Figure 2—Impact of 5-hydroxytryptophan (5-HTP) on core body temperature (Tcore), wakefulness, non-rapid eye movement (NREM) sleep, 
and rapid eye movement (REM) sleep of B6.129S6-Il6tm1Kopf (IL-6 KO) mice when administered at dark onset. Symbols are means ± SEM for 
10-min (Tcore) or hourly (wakefulness, NREM, REM) values after intraperitoneal administration of vehicle (pyrogen-free saline, open sym-
bols, thin lines) or 5-HTP (closed symbols, thick lines). Sample sizes are: 50 mg/kg, n = 6; 100 mg/kg, n = 10; 200 mg/kg, n = 10. The black 
bars on the x-axes denote the dark period of the light:dark cycle. Horizontal lines with asterisks identify 4-hour time blocks during which 
values differed statistically between conditions (P < 0.05).
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by C57BL/6J mice. There were no strain differences in the hy-
pothermic responses to 5-HTP (Figure 3).

light-onset administration of 5-htp

IP administration of 5-HTP at light onset induced hypo-
thermia and initially increased wakefulness and reduced NREM 
sleep and REM sleep (Figure 4, Figure 5). In C57BL/6J mice, 
the 50-mg/kg and 100-mg/kg doses tended to increase wake-
fulness during the initial 4 hours after injection, an effect that 
achieved statistical significance after the 100-mg/kg dose (Fig-
ure 4). These increases in wakefulness after 5-HTP were mir-
rored by reductions in NREM sleep and REM sleep (Figure 4). 
The increases in wakefulness and reductions in NREM sleep 
during the initial postinjection period after 100 mg/kg of 5-HTP 
were followed by reductions in wakefulness and increases in 
NREM sleep during the early part of the subsequent dark pe-
riod (Figure 4). In contrast with the 2 lower doses, the 200-mg/
kg dose of 5-HTP did not alter wakefulness during the initial 

postinjection periods. Although there was a tendency for an in-
crease in NREM sleep during the first 4 hours after injection of 
this dose of 5-HTP, this effect did not achieve statistical signifi-
cance (Figure 4). However, during the subsequent dark period, 
NREM sleep was significantly increased and wakefulness was 
decreased. These effects were apparent during postinjection 
hours 13 to 16 and 21 to 24. The effects of 5-HTP on NREM 
sleep and wakefulness of C57BL/6J mice were dose dependent. 
The reduction in NREM sleep and increase in wakefulness 
during the initial 4 hours after administration of the 100-mg/
kg dose at the beginning of the light period were statistically 
greater than after the 50-mg/kg or 200-mg/kg doses.

Responses of IL-6 KO mice to 5-HTP administration at 
light onset were generally similar to those of C57BL/6J mice. 
Although no statistically significant effects on NREM sleep 
or wakefulness were apparent after 50 mg/kg of 5-HTP, there 
were increases in wakefulness and reductions in NREM sleep 
of these animals during the light period following administra-
tion of 100 mg/kg of 5-HTP (Figure 5). The increase in wake-

Strain Differences in Response to 5-HTP Injections at Dark Onset
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Figure 3—Comparison of responses of C57BL/6J mice (open symbols, thin lines) and B6.129S6-Il6tm1Kopf (IL-6 KO) mice (closed symbols, 
thick lines) to intraperitoneal administration of 5-HTP at dark onset. Values for core body temperature (Tcore), wakefulness, non-rapid eye 
movement (NREM) sleep, and rapid eye movement (REM) sleep are expressed as differences from vehicle control (depicted by the zero line) 
and are means ± SEM for 10-min (Tcore) or hourly (wakefulness, NREM, REM) intervals. Sample sizes are as indicated in Figure 1 and 
Figure 2 for C57BL/6J and IL-6 KO mice, respectively. The black bars on the x-axes denote the dark period of the light:dark cycle. Horizontal 
lines with asterisks identify 4-hours time blocks during which values differed statistically between the 2 mouse strains (P < 0.05).
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fulness and reduction in NREM sleep of these animals was de-
layed by 4 hours relative to responses of C57BL/6J mice. As 
with C57BL/6J mice, IL-6 KO mice responded to 200 mg/kg of 
5-HTP at light onset with modest increases in NREM sleep and 
reductions in wakefulness, although these effects were of short-
er duration (Figures 4, 5). These effects of 5-HTP on NREM 
sleep and wakefulness of IL-6 KO mice were dose dependent, 
with responses to 50 mg/kg of 5-HTP differing from those to 
100 mg/kg or 200 mg/kg.

Perhaps the most striking effect of 5-HTP administered at 
light onset on sleep-wake behavior of mice used in this study 
is the dose-related impact on REM sleep (Figures 4, 5). 5-HTP 
initially suppressed REM sleep, irrespective of dose or mouse 
strain. The extent of the initial REM sleep suppression in 
C57BL/6J and IL-6 KO mice was of 4 hours’ duration follow-
ing 50 mg/kg of 5-HTP and for 8 hours after 100 mg/kg and 
200 mg/kg of 5-HTP (Figures 4, 5). After the initial period of 
REM sleep suppression, there were increases in REM sleep 
that lasted 4 to 12 hours, depending on dose and mouse strain 

(Figures 4, 5). In C57BL/6J mice, the increases in REM sleep 
after 50 mg/kg or 100 mg/kg were limited to the first 4 hours 
of the subsequent dark period. After the 200-mg/kg dose of 
5-HTP, however, REM sleep of C57BL/6J mice was increased 
essentially for the last 16 hours of the recording period (Figure 
4). The magnitude and duration of REM sleep enhancement in 
C57BL/6J mice following 5-HTP administration were dose re-
lated; responses during postinjection hours 8 to 24 after each 
dose differed statistically from each other. Although there were 
increases in REM sleep of IL-6 KO mice after each dose of 
5-HTP, the greatest effect was after the 200-mg/kg dose, during 
which time REM sleep was increased for 12 hours (Figure 5). 
The effects of 200 mg/kg of 5-HTP on REM sleep of IL-6 KO 
mice differed statistically from those after either the 50-mg/kg 
dose or the 100-mg/kg dose.

As observed following dark-onset administration, injection 
of 5-HTP at light onset induced hypothermic responses in both 
mouse strains (Figures 4, 5). The nadirs in core body tempera-
ture of C57BL/6J mice after 50 mg/kg and 100 mg/kg of 5-HTP 
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Figure 4—Impact of 5-hydroxytryptophan (5-HTP) on core body temperature (Tcore), wakefulness, non-rapid eye movement (NREM) sleep, 
and rapid eye movement (REM) sleep of C57BL/6J mice when administered at light onset. Symbols are means ± SEM for 10-min (Tcore) 
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denote the dark period of the light:dark cycle. Horizontal lines with asterisks identify 4-hour time blocks during which values differed statisti-
cally between conditions (P < 0.05).
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occurred during the first postinjection hour and were of 1.3°C 
± 0.1°C and 1.4°C ± 0.9°C magnitude, respectively. Following 
administration of 200 mg/kg of 5-HTP, the nadir of core body 
temperatures of C57BL/6J mice was 2.6°C ± 0.2°C during the 
third postinjection hour. The hypothermic response after this 
dose of 5-HTP was prolonged, lasting 4 hours, during which 
time average body temperatures were 2.4°C ± 0.1°C lower 
than during the same period following vehicle administration 
(Figure 4). These hypothermic responses of C57BL/6J mice to 
5-HTP administration at light onset did not differ statistically 
among doses.

IL-6 KO mice also responded to 5-HTP administration at 
light onset with hypothermic responses. Nadirs in body tem-
perature of IL-6 KO mice were 0.8°C ± 0.2°C in hour 1 and 
2.1°C ± 0.2°C in hour 2 after administration of 50 mg/kg and 
100 mg/kg respectively. After injection of 200 mg/kg of 5-HTP, 
the nadir of body temperature for IL-6 KO mice was 3.0°C ± 
0.2°C in the third postinjection hour. Core body temperatures of 

IL-6 KO mice were reduced for 6 hours after injection after this 
does of 5-HTP, during which time average body temperatures 
were 2.3°C ± 0.1°C lower than during comparable periods after 
vehicle administration (Figure 5). The hypothermic responses 
of IL-6 KO mice to 5-HTP differed statistically among the 3 
doses tested, with values after each dose differing from those 
of the other doses.

C57BL/6J and IL-6 KO mice responded to 5-HTP adminis-
tration at light onset in a similar fashion for most parameters 
determined (Figure 6). The greatest differences in the manner 
in which these mouse strains differed in responses to 5-HTP 
were apparent after injection of 100 mg/kg. After this dose of 
5-HTP, NREM sleep of IL-6 KO during the first 4 hours af-
ter injection was not statistically altered, although there was an 
increase in NREM sleep during postinjection hour 1 (Figure 
5). During this same 4-hour postinjection period, NREM sleep 
of C57BL/6J mice was suppressed (Figure 4). As such, when 
comparing strain differences during this time block (Figure 6), 
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Figure 5—Impact of 5-hydroxytryptophan (5-HTP) on core body temperature (Tcore), wakefulness, non-rapid eye movement (NREM) sleep, 
and rapid eye movement (REM) sleep of B6.129S6-Il6tm1Kopf (IL-6 KO) mice when administered at light onset. Symbols are means ± SEM 
for 10-min (Tcore) or hourly (wakefulness, NREM, REM) values after intraperitoneal administration of vehicle (pyrogen-free saline, open 
symbols, thin lines) or 5-HTP (closed symbols, thick lines). Sample sizes are 50 mg/kg, n = 6; 100 mg/kg, n = 8; and 200 mg/kg, n = 5. The 
black bars on the x-axes denote the dark period of the light:dark cycle. Horizontal lines with asterisks identify 4-hour time blocks during 
which values differed statistically between conditions (P < 0.05).
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there was a proportionally greater impact on NREM sleep of 
IL-6 KO mice than on NREM sleep of C57BL/6J mice. The 
same is true of effects on REM sleep and wakefulness; when 
comparing the manner in which these strains responded to 100 
mg/kg of 5-HTP, there were differences between strains, even if 
the responses to 5-HTP did not differ from vehicle within each 
strain. There were no statistically significant strain differences 
in the hypothermic responses of C57BL/6J and IL-6 KO mice 
to these doses of 5-HTP (Figure 6).

diScuSSion

The results obtained demonstrate that 5-HTP–induced chang-
es in sleep-wake behavior of C57BL/6J mice depend on dose 
and time of administration. When administered at the beginning 
of the dark period, 5-HTP transiently enhances wakefulness at 
a low dose (50 mg/kg), does not affect either wakefulness or 
NREM sleep at an intermediate dose (100 mg/kg), and enhanc-
es NREM sleep at a high, yet physiologic dose (200 mg/kg). 

There are modest dose-related reductions in REM sleep that are 
followed by increases in REM sleep during the subsequent light 
period. When administered at the beginning of the light period, 
the low dose (50 mg/kg) of 5-HTP enhances wakefulness and 
inhibits NREM sleep, whereas, after the 100-mg/kg dose, these 
increases in wakefulness and reductions in NREM sleep are fol-
lowed by increases in NREM sleep during the subsequent dark 
period. There is a tendency for NREM sleep to be enhanced 
immediately after highest dose used (200 mg/kg), but the major 
effect of this dose is enhanced NREM sleep during the sub-
sequent dark period. Each dose of 5-HTP used in this study 
suppresses REM sleep after light-onset administration. These 
periods of REM sleep suppression are followed by dose-related 
increases in REM sleep that are most apparent during the sub-
sequent dark period.

The results of this study investigating effects of serotonergic 
activation in mice are strikingly similar to observations previ-
ously obtained in rats using similar doses of 5-HTP and the same 
injection protocol.6,7 Changes induced in rat sleep-wake activity 
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Figure 6—Comparison of responses of C57BL/6J mice (open symbols, thin lines) and B6.129S6-Il6tm1Kopf (IL-6 KO) mice (closed symbols, 
thick lines) to intraperitoneal administration of 5-HTP at light onset. Values for core body temperature (Tcore), wakefulness, non-rapid eye 
movements (NREM) sleep, and rapid eye movements (REM) sleep are expressed as differences from vehicle control (depicted by the zero 
line) and are means ± SEM for 10-min (Tcore) or hourly (wakefulness, NREM, REM) intervals. Sample sizes are as indicated in Figure 4 and 
Figure 5 for C57BL/6J and IL-6 KO mice, respectively. The black bars on the x-axes denote the dark period of the light:dark cycle. Horizontal 
lines with asterisks identify 4-hour time blocks during which values differed statistically between the 2 mouse strains (P < 0.05).
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by 5-HTP administration at dark onset are time and dose re-
lated. Changes in sleep of rats during the dark period progress 
in a specific pattern: low doses of 5-HTP in rats increase wake-
fulness and reduce NREM sleep and REM sleep, whereas high 
physiologic doses enhance NREM sleep and reduce wakeful-
ness.6 When given to rats at the beginning of the light period, 
the same doses of 5-HTP initially increase wakefulness, with 
increases in NREM sleep apparent only after a long delay, dur-
ing the subsequent dark period.7

Despite extensive experimental and clinical evidence impli-
cating 5-HT in sleep regulation, the exact role of the serotonergic 
system in this regard remains poorly understood. Historic data 
suggest that the serotonergic system is necessary for NREM 
sleep. For example, the destruction of raphe nuclei or the admin-
istration of the 5-HT synthesis inhibitor p-chlorophenylalanine 
induces insomnia that is selectively antagonized or reversed by 
administration of the 5-HT precursor 5-HTP [reviewed in2,32]. 
Other data suggest that the preoptic area and the basal fore-
brain are brain regions at which 5-HT promotes NREM sleep. 
For example, the anterior hypothalamus is the only brain area 
where stimulation of serotonergic activity can restore sleep in 
cats that have been made insomniac by brain 5-HT depletion.33 
Serotonin hyperpolarizes basal forebrain cholinergic neurons 
responsible for cortical activation.34 Furthermore, 5-HT stim-
ulates IL-1 mRNA expression in the hypothalamus,22 and, in 
the preoptic area/basal forebrain IL-1 inhibits the discharge of 
wake-active neurons and increases NREM sleep.35

Although evidence briefly summarized above suggests 
that 5-HT is necessary for sleep, contradictory data suggest, 
rather, that 5-HT is a wake-promoting or sleep-suppressing 
neurotransmitter [reviewed in 2,32]. For instance, experimental 
manipulations that increase 5-HT release and synaptic avail-
ability, such as the electrical stimulation of dorsal raphe nuclei, 
enhance wakefulness.36 In agreement with the interpretation of 
5-HT as a wake-inducing substance, blockade of 5-HT2 recep-
tors increases NREM sleep of rats and humans.37 Moreover, 
neurophysiologic3,38-40 and neurochemical23,41-43 activity of the 
serotonergic system increases during wakefulness and de-
creases during sleep. Furthermore, 5-HT inhibits sleep-active 
presumptive GABAergic neurons in the ventral lateral preoptic 
area.44 As a unifying hypothesis, it has been proposed that 5-HT 
released during wakefulness promotes wakefulness, per se, but 
triggers subsequent sleep through the induction of the synthesis 
and/or release of as yet to be identified sleep-inducing factors.5

Data from mouse (this study) and rat6,7 suggest that the ques-
tion is not whether 5-HT specifically promotes NREM sleep or 
waking, but, rather, that the role played by 5-HT in the regula-
tion of arousal states depends on the degree of activation of the 
serotonergic system, the specific time-point at which the system 
is activated, or the interval after the activation itself. Thus, when 
5-HT release is enhanced by the administration of low doses of 
5-HTP, NREM sleep is inhibited and wakefulness is enhanced. 
This may be a direct 5-HT effect because it occurs with little 
delay. Such low doses of 5-HTP may not, however, sufficiently 
activate the serotonergic system to stimulate synthesis of sleep-
inducing factors. With increasing activation of the serotonergic 
system induced by higher doses of 5-HTP, enhanced 5-HT re-
lease may rapidly induce release of some preformed (stored) 
sleep-inducing factors that counteract 5-HT itself. These higher 

doses of 5-HTP may also induce de novo synthesis of sleep-
inducing factor or factors responsible for the increased NREM 
sleep occurring later. We have previously hypothesized that the 
cytokine IL-1 might represent one of the sleep factors through 
which 5-HT promotes NREM sleep,6,7,22 perhaps by acting at 
the level of preoptic area/basal forebrain.35

Since rats and mice are highly circadian in nature, the ef-
fects of serotonergic activation are strongly modulated by the 
light:dark cycle. We did not measure 5-HT levels in this study 
and, as such, do not know if there is a different effect of the 
phase of the light:dark cycle at which 5-HTP is administered 
on the conversion of 5-HTP to 5-HT per se. Although this pos-
sibility cannot be ruled out, we are unaware of studies demon-
strating circadian effects on the synthesis of 5-HT from 5-HTP. 
The doses of 5-HTP used in this study may be considered to be 
within physiologic limits; 80 mg/kg of l-tryptophan is equiva-
lent to about 40% of the daily intake in rat.45 Aromatic l-amino 
acid decarboxylase, the enzyme converting 5-HTP to 5-HT, is 
not saturated under physiologic conditions.46 As such, increased 
5-HTP availability is expected to result in increased 5-HT re-
gardless of the phase of the light-dark cycle. Moreover, 5-HTP 
administration results in the formation of 5-HT in serotonergic, 
as well as in catecholaminergic, neurons because both types of 
neurons express aromatic l-amino acid decarboxylase.46

Although 5-HT formation following 5-HTP administration 
may be independent of the light-dark cycle, 5-HT release and 
metabolism depend on neuronal firing.46 At least in cats, activ-
ity of raphe neurons is strictly activity and state dependent with 
no diurnal variation.47 Serotonin release and metabolism in rat 
are maximal when the animal is most active, i.e., during the 
dark phase.48 As in rats, mice are nocturnal animals with most 
sleep occurring during the light phase of the light-dark cycle, 
whereas, during the dark phase, wakefulness predominates.

Nevertheless, our data indicate that, when 5-HTP is admin-
istered at the beginning of the dark period, when mice are most 
awake, increases in wakefulness are limited to the first 2 hours 
after injection; it is probably difficult to enhance wakefulness 
above what could represent a physiologic upper limit. Under 
these conditions of higher basal levels of wakefulness, the 5-
HTP–induced increase in NREM sleep is robust and, after high 
doses, occurs with short delay. In contrast, when 5-HTP is ad-
ministered at the beginning of the light period, during which 
mice sleep the most, wakefulness is increased after low and 
intermediate doses and with short delay, whereas NREM sleep 
is enhanced only with intermediate and high doses and with 
long delay, during the subsequent dark phase. The timing of 
responses of mice to 5-HTP are strikingly similar to previous 
data obtained in rats.6,7

In the present study, 5-HTP–induced enhancement of NREM 
sleep occurs only during the dark period, irrespective of wheth-
er administered at dark onset or at light onset. These observa-
tions are in close agreement with previous data obtained in rats; 
NREM sleep enhancement induced by 5-HTP administration 
into rats only occurs during the dark period.6,7 Observations 
that, in both rats and mice, increases in NREM sleep follow-
ing administration of 5-HTP are limited to the dark period sug-
gest that such responses represent a fundamental property of 
the serotonergic system. Though additional experiments are 
necessary to determine the precise mechanisms involved, these 
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time-dependent differences in responses to 5-HTP underscore 
the importance of interactions between circadian and sleep-
regulatory mechanisms.

Much is known about the neuroanatomic and neurochemical 
systems responsible for REM-sleep generation [reviewed49-51]. 
Serotonergic neurons in the raphe nuclei (as well as noradren-
ergic neurons in the locus coeruleus) either directly49,50 or in-
directly51 inhibit neuronal systems responsible for REM sleep 
generation. Data in the present study, showing that REM sleep 
of mice is inhibited by stimulation of the serotonergic system 
by 5-HTP administration, are in agreement with extensive evi-
dence that experimental and pharmacologic manipulations that 
increase 5-HT levels in brain inhibit REM sleep [reviewed 2,32]. 
As such, data obtained in mice are consistent with the current 
models of REM sleep regulation mentioned above and with 
previous data obtained from rats.6,7

5-HTP administration into mice initially suppresses REM 
sleep. Subsequent increases in REM sleep may be considered a 
physiologic and compensatory rebound. Specifically, the high-
est 5-HTP dose tested (200 mg/kg), when given to C57BL/6J 
or IL-6 KO mice at light onset, results in a REM sleep rebound 
that is remarkably similar in amount and time course to that 
observed in C57BL/6J mice following 6 hours of sleep depriva-
tion by gentle handling at light onset.20 The REM sleep rebound 
observed in the present study is also very similar to the rebound 
observed in C57BL/6J mice following REM sleep inhibition 
induced by the IP administration of lipopolysaccharide,21 a cell-
wall component of gram-negative bacteria and a potent acti-
vator of the immune system. Collectively, these data suggest 
that regardless of these causes of REM sleep loss (activation of 
the serotonergic system, sleep deprivation by gentle handling, 
or immune challenge), mice subsequently compensate with in-
creased amounts of REM sleep.

5-HTP administration into mice induces dose-dependent hy-
pothermia, which is more pronounced when given at the begin-
ning of the dark period when body temperatures of mice are 
normally at their highest. The present data obtained in mice 
are in agreement with data previously obtained in rats6,7 and 
suggest that 5-HT may play a role in lowering body and brain 
temperature. Although the role of 5-HT in thermoregulation is 
complex, and there is evidence that implicates 5-HT in elevat-
ing body temperature [reviewed in 52,53], 5-HT may lower body 
temperature because this neurotransmitter excites hypothalamic 
warm-sensitive neurons and inhibits cold-sensitive neurons,54,55 
actions that cause heat loss and subsequent decreases in body 
temperature. In addition, 5-HT stimulates release of pro-opi-
omelanocortin–derived peptides, such as α-melanocyte-stimu-
lating hormone [α-MSH56,57], which is well established as an 
endogenous cryogen [e.g.58-60]. As such, it is possible that the 
hypothermic response to 5-HTP observed in this present study 
may result from stimulation of α-MSH or other pituitary-de-
rived peptides.

One important aspect of observations of the hypothermic re-
sponse to serotonergic activation in this and previous studies in 
rats6,7 is the relationship between sleep and thermoregulation. 
Although sleep-wake activity and thermoregulation are nor-
mally closely associated [reviewed in61], the data in the present 
study contribute to a growing list of conditions in which these 
processes may be dissociated [e.g.,25,62 and reviewed in63]. In 

the present study, 5-HTP reduces core body temperature irre-
spective of whether NREM sleep is reduced, unchanged, or en-
hanced. The observation that 5-HTP reduces body temperature 
implies that maintenance of body temperature need not depend 
on vigilance state or vice versa.

Although many of the responses of IL-6 KO mice to 5-HTP 
reported herein are generally similar to those of C57BL/6J 
mice, we initially hypothesized that mice lacking a functional 
IL-6 gene would exhibit less wakefulness and more NREM 
sleep following 5-HTP administration. This hypothesis is 
based on extant literature indicating that 5-HT upregulates IL-
6 mRNA expression in rat hippocampal astrocytes27 and IL-6 
stimulates the release of 5-HT in brain.28,29,64,65 Therefore, lack 
of IL-6 could result in less robust stimulation by 5-HTP of the 
serotonergic system in brain and, as a consequence, less wake-
fulness. We do not have data concerning the extent to which 
5-HTP increases 5-HT in mouse brain under the conditions 
of this study, but responses of mice to 100 mg/kg of 5-HTP 
given at light onset are consistent with our stated hypothesis. 
Under these conditions, during postinjection hours 1 to 4, 
wakefulness of C57BL/6J mice increases, whereas wakeful-
ness of IL-6 KO mice is suppressed. Furthermore, the increase 
in NREM sleep of IL-6 KO mice is proportionally greater fol-
lowing administration of 200 mg/kg of 5-HTP at dark onset 
than is observed in C57BL/6J mice, consistent with reduced 
concentrations in brain of wake-promoting 5-HT. Given that 
IL-6 induces 5-HT in brain of genetically intact mice, it is 
possible that the brain serotonergic system of IL-6 KO mice 
may be fundamentally altered. Whether the lack of IL-6 al-
ters basal serotonergic tone with subsequent effects on sleep 
and wakefulness remains to be determined. However, the ob-
servation that IL-6 KO mice exhibit more REM sleep under 
basal conditions20 is consistent with the hypothesis that 5-HT 
is reduced in mice lacking IL-6. Nevertheless, results of the 
present study indicate that IL-6 does not play a critical role in 
the sleep and temperature responses to increased serotonergic 
activation by means of 5-HTP.

In conclusion, serotonergic activation by 5-HTP adminis-
tration into mice results in alterations in sleep-wake behav-
ior and body temperature that are dose and time dependent. 
The similarities between responses of mice (this study) and 
of rats6,7 to 5-HTP reinforce our previously stated conclusions 
that 5-HT is not specifically a wake-promoting or a sleep-
promoting neurotransmitter. Instead, 5-HT, although gener-
ally promoting wakefulness, may also induce the synthesis 
or release of as yet to be identified sleep-promoting factors 
that trigger subsequent NREM sleep. That 5-HTP promotes 
NREM sleep of rats and mice only during the dark period, ir-
respective of when administered, also reinforces the idea that 
the serotonergic system exerts effects on sleep-wake behavior 
that differ depending on the degree to which the system is 
stimulated and the precise period after or during which seroto-
nergic activity is increased. We previously hypothesized that 
the cytokine IL-1 may be one factor by which 5-HT induces 
subsequent NREM sleep.23,24 The present study demonstrates 
that lack of the cytokine IL-6 modulates some aspects of, but 
does not dramatically alter, the impact of serotonergic stimu-
lation by 5-HTP on sleep-wake behavior or body temperatures 
of mice. As such, future studies of interactions between the 
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IL-6 system and the serotonergic system with respect to sleep-
wake behavior may not be warranted.
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