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Peptidergic mechanisms controlling feeding, metabolism, thermo-
regulation, and sleep overlap in the hypothalamus. Low ambient
temperatures and food restriction induce hypothermic (torpor)
bouts and characteristic metabolic and sleep changes in mice. We
report that mice lacking the preproghrelin gene, but not those
lacking the ghrelin receptor, have impaired abilities to manifest
and integrate normal sleep and thermoregulatory responses to
metabolic challenges. In response to fasting at 17 °C (a subther-
moneutral ambient temperature), preproghrelin knockout mice
enter hypothermic bouts associated with reduced sleep, culminat-
ing in a marked drop in body temperature to near-ambient levels.
Prior treatment with obestatin, another preproghrelin gene prod-
uct, attenuates the hypothermic response of preproghrelin knock-
out mice. Results suggest that obestatin is a component in the
coordinated regulation of metabolism and sleep during torpor.

EEG � ghrelin � metabolism � obestatin � torpor

Natural shortages of food and low environmental tempera-
ture are commonly encountered in the wild. Small rodents

tolerate these conditions by exhibiting torpor, a regulated drop
in body temperature associated with behavioral hyporesponsive-
ness. Hormones and neuropeptides, including ghrelin and
obestatin, play an integral role in the regulation of metabolism
and energy balance (1, 2). Ghrelin promotes positive energy
balance by stimulating feeding and suppressing energy expen-
diture (3). The role of obestatin, a distinct product of the
preproghrelin gene, in the regulation of feeding and metabolism
is less clear. Several (2, 4–6) but not all (7, 8) studies suggest that
obestatin suppresses appetite and enhances energy expenditure.

Ghrelin and obestatin may also regulate sleep. Sleep depri-
vation induces increases in hypothalamic and plasma ghrelin
levels (9). In rats, administration of ghrelin facilitates wakeful-
ness (10, 11), whereas injection of obestatin facilitates sleep (12).
Wakefulness and feeding may be parallel outputs of a hypotha-
lamic circuitry that involves neuropeptide Y-, orexin-, and
ghrelinergic neurons (10, 11, 13). Sleep–wake activity (14) and
metabolism (15) of preproghrelin knockout (KO) mice (origi-
nally named ghrelin �/� mice) are, however, relatively normal
if the animals are kept at thermoneutral ambient temperature
(30 °C � 1 °C) with food provided ad libitum. Under nonstressed
conditions, redundant regulatory systems likely compensate for
the lack of the preproghrelin gene product(s). We hypothesized
that in a negative metabolic state, such as torpor, preproghrelin
gene products might be involved in the coordinated regulation of
energy sources and vigilance.

In the present experiments we studied sleep and thermoreg-
ulatory responses to 3 days of cold exposure (17 °C) and to the
combined challenge of cold environmental temperature and
fasting in preproghrelin KO and ghrelin receptor KO mice. We
report that the ability to mount normal body temperature and
sleep response to a metabolic challenge is greatly impaired in
preproghrelin KO but not in ghrelin receptor KO mice. Obesta-
tin replacement with osmotic minipumps partially rescued the
normal phenotype in the preproghrelin KO mice. Our results

provide further evidence about the link between sleep, thermo-
regulation, and metabolism.

Results
Effect of Cold and Fasting in Control, Preproghrelin KO, and Ghrelin
Receptor KO Mice. Basal body temperature was identical in all
genotypes. The cold and fasting challenge induced a thermoregu-
latory and sleep deficit in the preproghrelin KO mice but not in the
ghrelin receptor KO mice or in the control animals (Fig. 1).

Preproghrelin KO mice already showed increased sensitivity
to metabolic challenge, indicated by the reduced body temper-
ature and non-rapid-eye-movement sleep (NREMS) during the
first 3 days of cold when food was provided ad libitum (Fig. 2).
The decrease in NREMS was due to the shortening of the
NREMS episodes (Table S1). Rapid-eye-movement sleep
(REMS) was suppressed during the entire cold day 1 and during
the lights phases of cold days 2 and 3. In the WT animals the
amount of NREMS was reduced only on the first cold day and
during the nights of the subsequent cold days (Fig. 3). REMS in
WT mice was suppressed on cold day 1 then returned to normal
for cold days 2 and 3. Reduced NREMS during the first 12 h of
cold day 1 was associated with suppressed EEG slow-wave
activity (SWA) in both groups of mice (Figs. 2 and 3).

On the fasting day, preproghrelin KO mice were unable to
maintain normal body temperature and lost EEG-identifiable
vigilance states. There were 3 distinct response phases to the
combined cold and fasting challenge (Fig. 1). First, during hours
1 to 6 of the fasting day, body temperature of preproghrelin KO
mice was normal but sleep was suppressed. Time spent in
NREMS and REMS was 20% and 22% of baseline, respectively.
NREMS was fragmented, as indicated by the significantly re-
duced number and average length of NREMS episodes (Table
S1). Second, during hours 7–16 of the fasting day, preproghrelin
KO mice entered hypothermic bouts and showed disrupted
sleep. The amplitude of the individual bouts ranged between
1 °C and 8 °C. The hypothermic bouts were associated with
increases in NREMS, which led to an increase in sleep as
compared with the first phase. Whereas NREMS returned to
42% of baseline and remained fragmented, REMS did not show
any sign of recovery (Table S1). Third, during hours 17–24, body
temperature of the preproghrelin KO mice decreased to
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formed research; É.S. and L.K. analyzed data; and É.S., L.K., Y.S., R.G.S., and J.M.K. wrote the
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23.3 °C � 1.0 °C by the end of the day, NREMS was suppressed
to 4% of normal, and REMS almost completely disappeared.
Only 2 of 8 mice showed a single short episode of REMS each.
In the last 3 h of the fasting day none of the preproghrelin KO
mice had NREMS or REMS bouts. When the body temperature
of an individual animal dropped below �30 °C the amplitude of
the EEG signal decreased and became uninterpretable as a sign
of sleep or wake stages. These periods were scored as an
undefined vigilance state. This EEG phenotype was not ob-
served in WT or in the ghrelin receptor KO mice. There was no
evidence of spontaneous arousal in preproghrelin KO mice
during the third phase of the fasting day.

In WT mice, as in preproghrelin KO mice, body temperature

was normal but sleep was suppressed (NREMS 20%, REMS
11% of baseline) and fragmented in the first response phase on
the fasting day (Fig. 1 and Table S1). In the second phase, mice
exhibited several hypothermic bouts similar to those observed in
preproghrelin KO mice (Fig. 1) During the bouts, NREMS and
REMS tended to increase but remained below baseline (90%
and 47% of baseline amounts, respectively) (Figs. 1 and 3). In
WT mice the amount of sleep during this period was double
compared with that occurring in the KO animals. The duration
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Fig. 1. Body temperature and amount of total sleep time in preproghrelin
WT (triangles, n � 7) and KO (circles, n � 8) mice (A) and ghrelin receptor WT
(triangles) and KO (circles) mice (B, n � 8 for each group) during the day of
fasting. In the first 2 response phases of the fasting day (hours 1–16), each
group of mice entered periods of hypothermia, and there was no significant
difference in the thermoregulatory response among genotypes. During the
hypothermic bouts, preproghrelin KO animals showed suppressed sleep re-
sponses as compared with the receptor KO and control mice. In the third
response phase, body temperature of preproghrelin KO started to decline
precipitously to near-ambient levels, and EEG-identifiable sleep disappeared.
Body temperature of the control and ghrelin receptor KO mice returned to
baseline by the end of the day. Body temperature data are expressed as
difference from baseline in 10-min averages. Body temperature was signifi-
cantly different between preproghrelin WT and preproghrelin KO mice
[ANOVA, genotype effect F(1, 13) � 5.41, P � 0.05]. Changes in body temper-
ature were not significantly different between ghrelin receptor KO and WT
mice [ANOVA, genotype effect F(1, 13) � 2.4, P � 0.05]. Horizontal black bar
with asterisk: significant difference between WT and KO mice (univariate tests
of significance for planned comparison, P � 0.05). The colors of symbols
represent the amount of total sleep (expressed as percentage of recording
time) during the 10-min periods. Horizontal gray bar: dark phase of the day.

Fig. 2. Body temperature (Top), NREMS (Middle), SWA (Insets), and REMS
(Bottom) of preproghrelin KO mice during the course of the experiment. On
the baseline day, body temperature, NREMS, REMS, and EEG delta power
during NREMS showed normal diurnal rhythms. The 5-day experimental ma-
nipulation had significant effect on NREMS [ANOVA, day effect F(5, 55) � 81.4,
P � 0.05] and REMS [ANOVA, day effect F(5, 55) � 77.2, P � 0.05]; these effects
were different in WT and KO mice [ANOVA, day � genotype interactions for
NREMS F(5, 55) � 11.3, P � 0.05; for REMS F(5, 55) � 5.8, P � 0.05]. Similarly,
body temperature and EEG SWA were also significantly altered during the
experiment. Preproghrelin KO mice already showed increased sensitivity to
cold challenge, as indicated by reduced body temperature, NREMS, and REMS,
throughout the 3 days of cold exposure. On the fasting day, body tempera-
ture, NREMS, and REMS were severely suppressed in preproghrelin KO ani-
mals. On the recovery day, body temperature was elevated, and the amount
of NREMS and REMS, after an initial increase, returned to baseline levels. Two
of the 8 KO mice died during the recovery day; data from those animals are
excluded from the recovery day. Open symbols: baseline day (plotted 5 times);
solid symbols: experimental days. Data points represent 2-h averages. Hori-
zontal bars for temperature: significant difference from baseline day (2-way
ANOVA); horizontal bars for NREMS and REMS: significant difference be-
tween the baseline and experimental days (univariate tests of significance for
planned comparison, P � 0.05). Error bars: standard error; gray shaded area:
dark phase of the day; asterisk: significant difference in body temperature or
SWA between the baseline and experimental days (univariate tests of signif-
icance for planned comparison, P � 0.05). Note the difference in the temper-
ature y-scale between the cold days and the fasting/recovery days.
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of individual NREMS episodes increased 2-fold above baseline,
indicating enhanced sleep consolidation (Table S1). During the
third response phase, there was a second decline in sleep
amounts, but NREMS remained highly consolidated (Table S1),
and body temperature gradually rose to baseline (Fig. 3). The
correlation between time in NREMS and body temperature on
the fasting day was significantly weaker in the preproghrelin KO
mice than in the WT and ghrelin receptor KO mice (Fig. S1).

On the recovery day, normal EEG values in preproghrelin KO
mice returned by the end of the first hour. Body temperature
reached normal values within 5 to 6 h and increased above
normal by �0.5 °C for the rest of the recovery day (Fig. 2).
REMS increased during the dark period of the recovery day.
EEG SWA was significantly elevated during the first half of the
night, then returned to normal level. Two of the 8 preproghrelin
KO animals, however, did not show any increase in body
temperature or any EEG or behavioral signs of recovery. These
mice were removed from the cage after 1 h and were rewarmed
under an infrared lamp; despite this, both animals died. In WT
animals, body temperature and sleep returned to normal and
EEG SWA was increased for 6 h on the recovery day (Fig. 3).

The effects of cold/fasting on sleep and body temperature
were similar in ghrelin receptor KO and WT animals, and the
effects in both were similar to those observed in preproghrelin
WT mice (Fig. 1B).

Effect of Obestatin Replacement in Preproghrelin KO Mice Challenged
by Cold and Fasting. Preproghrelin KO mice that received s.c.
infusion of 300 nmol�kg�1�day�1 obestatin on the baseline and
the 4 cold and recovery days entered hypothermia approximately
6 h later than those that received saline (Fig. 4).

Effect of Fasting Alone on Body Temperature of Preproghrelin KO and
WT Mice. Sixteen hours of fasting at a thermoneutral (30 °C �
1 °C) ambient temperature did not induce severe hypothermia in
either preproghrelin KO or WT mice. Body temperature re-
sponses were not significantly different between preproghrelin
KO and WT mice (Fig. S2).

Discussion
The main finding of the present study is that preproghrelin KO
mice have greatly increased sensitivity to and decreased survival
of the combined challenge of low environmental temperature
and fasting, as measured by their thermoregulatory and sleep
responses. During starvation in cold, normal mice generate
periodic hypothermic bouts, during which they maintain consol-
idated NREMS episodes, and their body temperature gradually
returns to normal within 24 h after the removal of food. In
preproghrelin KO animals, after the periods of hypothermia,
body temperature drops precipitously to near-ambient levels,
and EEG-identifiable sleep–wake cycles disappear.

The increased sensitivity of preproghrelin KO mice to the
combined challenge of cold and fasting is likely due to the lack
of 1 or more of the preproghrelin gene products. The deficiencies
in preproghrelin KO mice are difficult to explain by the lack of
ghrelin because ghrelin induces positive energy balance by
stimulating feeding and decreasing energy expenditure (16),
suppresses metabolic heat production (17), causes hypothermia
in normal mice (18), and deepens hypothermic bouts induced by
starvation at low ambient temperature (19). Ghrelin receptor

Fig. 3. Body temperature, NREMS, SWA, and REMS of preproghrelin WT
mice during the course of the experiment. Experimental manipulations in-
duced significant changes in body temperature and sleep of preproghrelin WT
mice. The direction of these changes was similar to those seen in KO mice, but
the magnitude was significantly attenuated. Body temperature of preprogh-
relin WT mice was suppressed during the first day of cold exposure and during
the fasting day. NREMS was attenuated during the dark phases of cold days 1,
2, and 3 and throughout the fasting day. REMS was suppressed during the first
dark period and during the fasting day. See legends to Figs. 1 and 3 for
statistics and details.

Fig. 4. Body temperature after saline (open symbols, n � 8) or obestatin
(solid symbols, n � 8) delivery by osmotic minipumps in preproghrelin KO mice
during the fasting day. Body temperature data are expressed as difference
from baseline in 10-min averages. Obestatin replacement significantly atten-
uated the hypothermic response in preproghrelin KO mice during the first 6 h.
[Horizontal black bar with asterisk: significant difference between saline- and
obestatin-treated mice; two-way ANOVA for repeated-measures (repeated
factor: time; independent factor: treatment) treatment � time interaction
F(35, 490) � 1.52, P � 0.05]. Horizontal gray bar: dark phase of the day. (Inset)
Number of mice with body temperature 12 °C or more below baseline during
the first 12 h of the fasting day (open symbols: saline treatment; solid symbols:
obestatin treatment).
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KO mice, which produce normal levels of ghrelin (20), did not
show impaired responses (Fig. 1 and Table S2). Therefore it is
unlikely that the deficits are due to the lack of ghrelin signaling,
although the possibility of another, yet-unidentified, ghrelin
receptor subtype cannot be ruled out (21). For example, des-acyl
ghrelin, a ghrelin isoform that lacks the n-octanoyl moiety, has
ghrelin-like effects on feeding that are independent of the
activation of the known ghrelin receptor (22).

The deficiencies observed in preproghrelin KO animals could
be explained by the lack of a leptin-like hormone that promotes
the mobilization of energy stores and enhances energy expen-
diture and metabolic heat production. Plasma leptin levels in
preproghrelin KO mice are, however, normal (23). If the other
product of the preproghrelin gene, obestatin, has a leptin-like
role in the regulation of metabolism (2, 4–6), then decreased
resistance to metabolic challenge in preproghrelin KO mice
could be explained by the lack of obestatin. Therefore, we
analyzed the effect of obestatin on the preproghrelin KO
phenotype. Replacement of obestatin by bolus injection is
problematic because of the short half-life (24) of the peptide
(22 � 2 min), and disturbing the animals by the injection
procedure interferes with the thermoregulatory response. Os-
motic minipumps also have limitations because of the unknown
stability of stored obestatin and unknown dose–response rela-
tionship. Nevertheless, obestatin replacement in preproghrelin
KO mice using minipumps delayed but did not prevent the
hypothermic response. This suggests that lack of obestatin in
preproghrelin KO mice may, at least in part, be responsible for
the observed thermoregulatory deficit. The ghrelin gene also
produces other mRNA transcripts (25), in addition to those
encoding ghrelin and obestatin, any of which may contribute to
the deficits observed in preproghrelin KO animals.

Preproghrelin KO mice have normal body temperatures in
response to fasting at 30 °C, but when it is combined with cold
exposure they are unable to balance between the conflicting
need to increase metabolism to maintain body temperature in
cold and to decrease metabolic rate to conserve energy during
fasting. Although average body temperature is not different
from that of WT animals during the second phase of the fasting
day, preproghrelin KO mice have severely suppressed sleep at
this time. It is unlikely that this is due to a general impairment
of the sleep-promoting mechanisms because sleep–wake activity
of preproghrelin KO mice is similar to that of WT mice under
normal conditions (present data and ref. 14), and preproghrelin
KO mice are capable of mounting normal rebound sleep in-
creases after sleep deprivation. It is possible, however, that
metabolic challenges unveil impairment in sleep regulation. The
primary deficit in preproghrelin KO animals may be a metabolic
deficiency, and enhanced wakefulness may supplement failing
heat production. This impairment in heat production cannot be
explained by decreased physical energy stores because the body
weight, composition, and adiposity of preproghrelin KO mice are
normal (23). It is more likely that preproghrelin KO animals,
which rely on fat utilization to a greater extent than normal mice
under normal conditions (15, 26), are unable to mobilize extra
energy during metabolic stress. Increased wakefulness during the
second response phase on the fasting day is likely to lead to the
more rapid depletion of the energy stores in preproghrelin KO
mice, which then, in phase 3, probably cannot enter normal sleep
and instead maintain wakefulness, causing further depletion of
the energy stores.

Mice are able to undergo periods of hypothermia at low
ambient temperature when food availability is reduced. This
phenomenon, often called torpor, is thought to be analogous to
hibernation (27). It is an energy-conserving state characterized
by the suppression of metabolic rate, heart rate, ventilation, and
body temperature, and metabolism shifts from carbohydrate
oxidation to lipid metabolism. Increased NREMS in normal

mice may serve as an energy-conserving mechanism during
torpor. The deficiency in this energy-conserving mechanism may
account, in part, for the inability of preproghrelin KO mice to
regain normal body temperature after torpor bouts.

An association between sleep and temperature regulation has
long been recognized (reviewed in ref. 28). For example,
NREMS is associated with a regulated decrease in body tem-
perature and metabolism, and duration of REMS is ambient
temperature dependent. In humans, living under free-running
conditions, the duration of sleep episodes correlates with body
temperature at bedtime (29, 30). Total sleep time is highest and
sleep latency shortest if sleep onset occurs at the body temper-
ature minimum. In addition to the circadian component of body
temperature changes, a clear sleep-dependent drop in body
temperature is also present in humans (29). Similarly, we found
strong correlation between body temperature and NREMS time
on the fasting day in WT and ghrelin receptor KO mice, which
was absent in preproghrelin KO mice.

Our observation of acute cold exposure suppression of sleep,
EEG SWA, and body temperature in all 4 genotypes confirms
prior observations in cats (31), rats (32–34), and mice (35).
Cold-induced suppressed REMS is followed by rebound in-
creases when mice (35) or rats (36, 37) are returned to room
temperature; we observed similar rebound increases in REMS.
In rats, suppressed EEG SWA during cold is followed by
rebound increases on the recovery day (36, 37). In ground
squirrels, EEG SWA is increased after hypothermic torpor bouts
(38). In our animals, similar EEG SWA increases occurred on
the recovery day. EEG SWA is often considered an indicator of
NREMS intensity; EEG SWA increases when sleep pressure is
high (e.g., after sleep deprivation) (39). Increased EEG SWA is
semiautonomous from actual sleep debt and may reflect altered
brain activity after hypothermic periods (38, 40). Our results are
consistent with this interpretation because preproghrelin KO
animals lost 50% more sleep on the fasting day than WT mice,
yet rebound increases in EEG SWA were not different in the 2
genotypes.

In conclusion, product(s) of the preproghrelin gene regulate
physiologic sleep and body temperature responses to metabolic
challenge in mice and may be involved in mechanisms of
adaptation to harsh environmental conditions. The results may
also aid the better understanding of the physiology of sustaining
energy stores in hibernating species. The divergent responses of
preproghrelin KO and ghrelin receptor KO mice indicate further
complexity in the ghrelin gene signaling mechanisms.

Materials and Methods
Animals. Breeding pairs from the appropriate parental inbred strain of con-
genic C57BL6/J preproghrelin KO and WT mice and ghrelin receptor (GHS-1a
receptor) KO and WT mice were at Baylor College of Medicine (Houston, TX),
as reported previously (20, 23), and were further bred in the facilities of
Washington State University. Mice used in the experiment were third-
generation offspring and were genotyped by Transnetyx from tail-tip sam-
ples. Mice were 5 to 6 months old at the time of the experiments. The body
weights of the mice at the time of the surgery were as follows: preproghrelin
KO 29.6 � 0.8 g, preproghrelin WT 29.7 � 1.3 g, ghrelin receptor KO 30.8 �
0.5 g, and ghrelin receptor WT 29.1 � 0.4 g. During the experiment, mice were
housed individually in a temperature-controlled, sound-attenuated environ-
mental chamber under 12:12-h dark/light cycle (lights on at 0900 hours).
Water was available ad libitum throughout the experiment. Sawdust bedding
was provided for each animal and was not changed during the experiment.
Institutional guidelines for the care and use of research animals were followed
and approved by the Institutional Animal Care and Use Committees of Wash-
ington State University.

Surgery. Male preproghrelin KO and WT and ghrelin receptor KO and WT mice
were anesthetized with i.p. injection of ketamine–xylazine mixture (87 and 13
mg/kg, respectively). The animals were implanted with EEG electrodes placed
over the frontal and parietal cortices and electromyographic (EMG) electrodes
in the dorsal neck muscles. The EEG and EMG electrodes were connected to a
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pedestal that was fixed to the skull with dental cement. Wax-coated (Paraffin/
Elvax, Mini Mitter) temperature-sensitive transmitters (Mini Mitter, model
XM, accuracy 0.1 °C, 1.4–1.7 g) were implanted i.p. into each animal. After
operations, animals were allowed to recover for at least 7–10 days at 30 °C �
1 °C ambient temperature before experiments began.

Biotelemetry and Sleep–Wake Recordings. Core body temperature and sleep
data were collected simultaneously from the same animals. The transmitter-
emitted signals were converted to temperature data using VitalView Series
3000 data acquisition software. Temperature values were collected every 10 s
throughout the experiment and were averaged into 1-h time blocks for each
day and into 10-min blocks on the fasting day. Animals were connected to
recording cables 3 days after surgery for habituation to the experimental
conditions. Recording cables were attached to commutators, which were
connected to amplifiers. The amplified EEG and EMG signals were digitized
and recorded by computer. The EEG was filtered below 0.1 Hz and above 40
Hz. EMG activity was used for vigilance state determination and was not
further analyzed. The vigilance states (i.e., wakefulness, NREMS, and REMS)
were visually determined off-line in 10-s epochs by using conventional criteria
as described previously (10). The amounts of time spent in vigilance states
were expressed in 2-h time blocks for all experimental days and in 10-min time
blocks on the fasting day. Power density values in the delta range during
NREMS (also known as EEG SWA and used as a measure of NREMS intensity)
were averaged across the entire 24-h recording period on the baseline day for
each mouse to obtain a reference value. EEG SWA values for baseline, cold day
1, and recovery day are expressed as a percentage of this reference value in 2-h
time blocks. The total number of wakefulness, NREMS, and REMS episodes and
the average length of vigilance state episodes were determined for each 12-h
time block.

Experimental Protocols. Effect of cold and fasting in control, preproghrelin KO, and
ghrelin receptor KO mice. Baseline body temperature and sleep–wake activity
data were obtained from preproghrelin KO (n � 8) and WT (n � 7) mice kept
at 30 °C � 1 °C ambient temperature over a 48-h period beginning at dark
onset. On the third day ambient temperature was reduced to 17 °C � 1 °C, and
food was available ad libitum for 3 days (cold days 1–3). On the fourth day, cold
exposure continued and food was removed from the animals cages for 24 h at
dark onset (fasting day). At the end of the fasting day, food was returned to
the animals and ambient temperature was reset to 30 °C � 1 °C. Body tem-
perature and sleep–wake activity data collection was continued for an addi-
tional day (recovery day). To test whether the lack of ghrelin signaling is
responsible for the changes in the body temperature and sleep changes in
preproghrelin KO mice, ghrelin receptor KO (n � 8) and WT (n � 8) mice
underwent the same experimental protocol. Body temperature and sleep–
wake activity were continuously collected during the experimental days. All 4
mouse genotypes displayed hypothermic bouts after food had been removed.
These hypothermic bouts seemed to be smaller than those previously reported
likely because female, lower-weight (22–24 g) mice with a different genetic
background were used in prior studies (19, 41).
Effect of obestatin replacement in preproghrelin KO mice challenged by cold and
fasting. To test whether the lack of obestatin is responsible for the thermo-
regulatory deficit, another 2 groups of preproghrelin KO mice were s.c.

implanted with osmotic minipumps in the back (ALZET 1002, delivery rate 0.25
�L/h for 14 days; weight after loading �0.5 g; Durect) and intra-abdominal
thermosensitive transmitters. For one group (n � 8) the minipumps were filled
with mouse obestatin (Bachem) dissolved in isotonic NaCl solution delivering
300 nmol�kg�1�day�1; in the other group (n � 8) the minipumps were filled
with isotonic NaCl solution. This daily dose of obestatin was previously re-
ported as biologically active in mice when divided into 3 bolus injections per
day and given for 7 days (4). Both groups of mice went through the previously
described experimental protocol during which their body temperature was
recorded.
Effect of fasting alone on body temperature of preproghrelin KO and WT mice. To test
whether 16 h fasting itself at a thermoneutral (30 °C � 1 °C) ambient tem-
perature induces severe hypothermia, another groups of preproghrelin WT
(n � 7) and preproghrelin KO (n � 8) mice were implanted with thermosen-
sitive transmitters. After 7 days of recovery, baseline temperature was re-
corded with food provided ad libitum on the first day, followed by a second
day when mice were fasted during the first 16 h of the dark period.

Statistics. The amount of time spent in NREMS and REMS was calculated in
12-h time blocks for each experimental day. Sleep data were then compared
between control and KO animals by using 3-way ANOVA [genotype factor as
independent measure; phase of the day (light vs. dark period) and experi-
mental day factors as repeated measures]. Body temperature values were
averaged in 2-h time blocks separately for each experimental day. Data were
then compared between baseline day and experimental days separately for all
groups of mice by using 2-way ANOVA for repeated measures (time and
experimental day factors). In addition, body temperature values on the day of
food deprivation were averaged across the day in 10-min time blocks and
compared by using 3-way ANOVA between WT and KO animals (genotype
factor as independent measure; day and time factor as repeated measures).
On the basis of the characteristic changes in body temperature and sleep on
the fasting day, body temperature, the amount of NREMS and REMS, and the
total number and the average duration of NREMS and REMS bouts were
calculated for 3 time periods: phase 1 (hours 1–6), phase 2 (hours 7–16), and
phase 3 (hours 17–24). Then data for each measurement were compared by
using 3-way ANOVA (genotype factor as independent measure; phase and day
factors as repeated measures). A Pearson correlation test was performed
between body temperature and NREMS time during phases 1 and 2 on the
fasting day. Multiple regression analyses were performed to compare the
regression lines between the baseline and fasting day, as well as the regression
lines on fasting day between genotypes. EEG SWA analyses data of the
artifact-free epochs were averaged in 2-h time blocks for baseline, cold day 1,
and recovery days, and comparisons were performed by using 2-way ANOVA
for repeated measures (time and experimental day factors). When ANOVAs
indicated significant effects, univariate tests of significance for planned com-
parison (P � 0.05) were performed a priori between baseline day and exper-
imental days within each genotype and between genotypes.
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