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Abstract

Ghrelin is a recently discovered hormone which has profound effects on food intake and lipogenesis
in mammals. In all mammals studied thus far, plasma ghrelin concentrations are increased before a
meal and decrease immediately following a meal; ghrelin levels increase with fasting. The golden-
mantled ground squirrel Spermophilus lateralis (also known as Callospermophilus lateralis (see
Helgen et al., 2009)) is a diurnal hibernator which has a robust annual cycle of body mass gain and
loss that is primarily controlled by food intake. We hypothesized that in spring, summer, and autumn,
the endogenous ghrelin concentrations of hibernators would be similar to those of non-hibernators,
but that during the winter hibernation season, plasma ghrelin concentrations would be low or
undetectable. We found that peripherally injected ghrelin significantly increased food intake in June.
Plasma ghrelin concentrations were significantly increased through 5 days of fasting during a short-
term fast in summer. Over a 24 hour period, ghrelin concentrations increased at night and decreased
during the day with drops corresponding to times when squirrels were eating. In January, ghrelin
concentrations are low but measurable even while animals are at low body temperature (Tb). The
reason for the persistence of ghrelin in plasma at this time is unclear, but circulating ghrelin in
hibernators may be involved with the control of sleep in these animals. This is the first report of
ghrelin concentrations in a hon-photoperiodic hibernator. We suggest that ghrelin may be important
for the regulation of food intake and the body mass cycle in mammals that hibernate.

Keywords
Ghrelin; hibernator; fasting; sleep

1. Introduction

Mammals that hibernate (hibernators) provide unique models for studies on food intake and
body condition because of their circannual cycles of obesity and anorexia (Mrosovsky,
1985). Ghrelin is a recently discovered orexigenic hormone which has profound effects on
food intake and generally facilitates lipogenesis in mammals (Cummings, 2006; Sangiao-
Alvarellos et al., 2009), but there are no published studies on the effects of ghrelin in non-
photoperiodic hibernators. Ghrelin is a 28-amino acid protein produced primarily by X/A-like
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cells in the fundus of the stomach, and in smaller amounts by the intestine, pancreas, and
hypothalamus (Dornonville et al., 2001; Hosoda et al., 2000; Kojima et al., 1999; Sakata et al.,
2002). The release of ghrelin from the fundus of the stomach occurs in a pulsatory manner,
and its circulating levels are dependent on feeding condition (Beck et al., 2003; Toshinai et al.,
2001). Ghrelin is known to stimulate growth hormone (GH) secretion and helps regulate energy
balance in rodents (Strassburg et al., 2008).

In all mammals studied thus far, fasting results in an elevated concentration of plasma ghrelin
(Kinzig et al., 2005; Ortiz et al., 2003; Toshinai et al., 2001). The Siberian hamster (Phodopus
sungorus) is a rodent that undergoes daily torpor in a seasonal cycle regulated by photoperiod,
and as such is not considered a true hibernator. These animals exhibit a two-fold increase in
ghrelin levels during a 48 hour fast, but show no changes in circulating ghrelin levels during
a 6 week period of food restriction (Tups et al., 2004). In diurnal mammals, ghrelin levels are
highest during nocturnal fasting (Cummings, 2006; Gordon et al., 2005). In rats and humans,
plasma ghrelin levels are increased before a meal and decrease immediately following a meal
(Beck et al., 2003; Toshinai et al., 2001).

The main physiological effect of ghrelin is an increase in appetite, supported by a food-intake
independent increase in adiposity (Depoortere, 2009, Sangiao-Alvarellos et al., 2009). Ghrelin
is known to increase food intake when injected interperitoneally (IP) or
intracerebroventricularly (ICV) in rodents (Andersson et al., 2004; Gluck et al., 2006; Keen-
Rhinehart et al., 2005; Kojima et al., 1999; Mustonen et al., 2002; Tschop et al., 2000). This
increase in food intake is seen in tandem with increased fat mass in most animals studied.
Peripherally injected ghrelin increases the respiratory quotient in rodents, indicating an
increased dependence on carbohydrate utilization and a decreased fat utilization (Nieminen et
al., 2004; Tschop et al., 2000). Ghrelin has other physiological effects, including the promotion
of slow wave sleep, which may be important for entry into torpor (Heller & Ruby, 2004; Wiekel
et al., 2002).

Hibernators undergo multi-day torpor bouts in winter during which food intake ceases and
body temperature (Tb) drops to near ambient temperature (Ta). Golden mantled ground
squirrels (GMGS) are diurnal mammals that hibernate and have a robust annual cycle of body
mass gain and loss controlled primarily by changes in food intake. During the hyperphagic
prehibernation period (late August through mid October in a laboratory setting), GMGS double
their food intake and increase body mass nearly 50%, mostly in the form of fat (Dark, 2005).
During thisautumnal period, animals also decrease metabolic rate and activity, which promotes
fat deposition (Kenagy et al., 1989). GMGS tend to forage in the morning and evening, but are
opportunistic feeders (Kenagy et al., 1989). The orexigenic effects of ghrelin may be important
in the control of body mass and food intake during this prehibernation period. During the winter
hibernation period (Oct. — Mar.), GMGS cease food intake, and many metabolic processes fall
to very low rates. During each torpor bout throughout the winter, animals drop Tb to near Ta
for several days at a time, and then rewarm to normal Th of 36°C for a few hours (become
euthermic) before returning to low Tb (usually around 6°C when Ta is held at 5°C in a
laboratory setting). During these euthermic inter-bout arousals (IBAs), animals do not eat and
spend most of the time undergoing sleep (Heller & Ruby, 2004). GMGS emerge from
hibernation between March and May, depending on environmental conditions and sex (males
emerge earlier than females), and resume normal food intake.

The control of the food intake pathway in hibernators is not fully understood, but hormones
such as leptin, insulin, and adiponectin (Florant et al., 2004) are known to play an important
role in the seasonal changes in food intake seen in these animals. We hypothesized that ghrelin,
which is a highly evolutionarily conserved and orexigenically potent hormone, is likely to be
involved in control of food intake in hibernators. In order to test this hypothesis, we carried
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out several experiments designed to examine changes in plasma ghrelin concentrations in

hibernators in different seasons and under different physiological conditions (including a short
term fast in summer, a long term fast in winter, and animals undergoing torpor). As an addition
to this experiment, we peripherally injected ghrelin into GMGS in June, to test the hypothesis
that this would increase food intake, as it does in most other animals. We hypothesized that a
short term fast (1-5 days) in summer would increase plasma ghrelin levels in GMGS. In early
autumn (when animals are hyperphagic) it is likely that plasma ghrelin concentrations will be
elevated compared to summer levels because increased ghrelin leads to increased food intake.
Alternatively, increased food intake during this hyperphagic stage could lead to decreased

ghrelin concentrations (due to the effect of a meal decreasing plasma ghrelin). By winter, when
animals have ceased feeding and are undergoing torpor bouts, plasma ghrelin concentrations
should be low or undetectable. As ghrelin stimulates food intake, an absence of appetite would
seem to indicate an absence of ghrelin in the plasma. However, due to the varied physiological
effects of ghrelin, it is possible that ghrelin is still circulating in the plasma during hibernation.

2. Methods and Materials

2.1. Animals and treatment

Forty adult GMGS of both sexes were trapped in Larimer County in the springs and early
summers of 2007-2009 and kept in an animal facility at Colorado State University under an
approved IACUC protocol. Animals were provided with ad libitum food and water and
maintained in a warm room (20 £ 2°C) under natural photoperiod until the beginning of
November, when the room temperature was reduced to 5°C and animals were kept in constant
darkness. The lights in the room in which the animals are kept are controlled by a timer which
is set to change at the same rate as the external photoperiod. The constant darkness is designed
to simulate the entrance of the animal into an underground hibernaculum, where no light is
seen from burrow sequestration until emergence from burrow. Animals were separated into
the following four groups for specific ghrelin experiments: (1) Peripheral injection of ghrelin
in June (N=8), (2) Short term fast in July (N=18), (3) 24hr ghrelin secretory profile conducted
in October (N=5), and (4) Ghrelin levels during the hibernation season (in January) (N=9).

2.2. Peripheral ghrelin injection

To examine the effects of peripheral ghrelin injection on normophagic GMGS, eight animals
were randomly assigned to two groups, one group to be injected intraperitoneally (IP) with
ghrelin (N=4), and the other with saline (control, N=4). In June, rat ghrelin (Bachem
Corporation) was dissolved in 1 ml sterile diH20 and administered to animals at doses of 10
ng/kg and 50 ug/kg, which is within the range used to elicit an orexigenic response in most
rodents (Chen et al., 2004; Keen-Rhinehart et al., 2005). Cumulative food intake (in grams)
was measured for each animal for the 6 hours after injections (each animal was injected at 1000
and food intake was measured at 1600). All animals had food and water available ad lib.

2.3. Summer short term fasting

In order to determine if a short term fast would alter plasma ghrelin concentrations, eighteen
animals were fasted 0, 1, 3, or 5 days in July (control (fed) N=4, 1-day fast N=>5, 3-day fast
N=5, 5-day fast N=4) and then euthanized at 1200. Body masses were measured prior to starting
the fast, and again on the day of sacrifice to determine how much mass was lost. Change in
body mass for control animals was calculated by measuring body mass of animals 5 days before
sacrifice and comparing this measurement to that taken at time of sacrifice. Animals were
anesthetized with an intramuscular injection of ketamine-acepromazine-xylazine
(75%-20%-5%). Blood samples were collected by cardiac puncture, were centrifuged, and
plasma was removed and stored at —80°C until analysis.
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2.4. 24hr ghrelin circulation profile

In mid-October (at the end of the GMGS hyperphagic period), five animals were catheterized
in the jugular vein under sterile conditions. An intramuscular injection of ketamine-
acepromazine-xylazine was used to initially anesthetize the animals, and then deep anesthesia
was maintained using a 2-3% isoflurane gas. The internal jugular vein was isolated through a
1-1.5 cm incision in the ventral neck. A sterile 0.6mm diameter polyethylene tapered catheter
was inserted into the vein and extended into the caudal aspect of the vessel (toward the heart)
approximately 1.5 cm. The catheter was secured into the vein and surrounding musculature
with 4-0 absorbable monofilament suture. The internal jugular vein cranial to the catheter-
insertion site was ligated using the same suture material. A 2 mm skin incision was made on
the midline of the back between the two scapulae and a subcutaneous tunnel approximately 2
mm in diameter was made between this incision and the ventral neck incision using a surgical
trocar. The free end of the catheter was then passed through this tunnel from its position in the
neck area to the dorsal incision site. The skin incision on the back was closed and the free end
of the catheter (injection port) was secured into place using 3-0 sterile monofilament nylon
suture. The neck incision was closed with the same nylon suture. Animals recovered from
surgery on heating pads and were administered 0.05 ml buprenorphine twice a day for three
days for post-surgical analgesia.

The animals were allowed to recuperate from surgery for three days, and then 0.3 ml of blood
was drawn through each animal’s catheter every two hours for 24 hours undera 14 L: 10 D
photoperiod with food and water available ad libitum. Blood collection was performed as non-
invasively as possible during dark hours. A red safe light (3-5 lux) was used when entering
the room, and blood was withdrawn from catheters while squirrels were allowed to remain in
their nests. Blood samples were centrifuged and plasma was removed and stored at —80°C.
Red blood cells were re-suspended in 0.3 ml sterile heparinized saline and reinjected into each
animal through its catheter. Animals were remotely monitored via video camera and the number
of times animals fed per hour was recorded. Three weeks later, the animals were again
anesthetized and the indwelling catheters were removed.

2.5. Ghrelin levels during hibernation

For the fourth experiment, five animals undergoing torpor in January (at LTT (6-9°C)) were
sacrificed by decapitation at 1200 and blood samples were collected. Low Tb was confirmed
by thermocouple readings of skin, mouth, blood, and body cavity temperatures. Blood samples
were collected by cardiac puncture, were centrifuged, and plasma was removed and stored at
—80°C until analyzed. Stomachs were dissected out and examined for traces of food.

To determine euthermic ghrelin levels in January, four animals were aroused from torpor. After
animals became completely euthermic (Th>30°C, moving freely around cage) they were
anesthetized for blood sampling. Blood samples were collected by cardiac puncture, were
centrifuged, and plasma was removed and stored at —80°C until analysis. Animals were then
allowed to return to torpor.

2.6. Validation and use of assay

All plasma ghrelin concentrations were determined using an EIA assay (measuring total
ghrelin) from Phoenix Pharmaceuticals (EK-031-31). The assay was validated using a GMGS
serial plasma dilution curve. Samples were assayed in duplicate and diluted as follows: 50ul
sample: Opl assay buffer (5:0), 30ul sample: 20ul assay buffer (3:2), 20ul sample: 30ul assay
buffer (2:3), and 10ul sample: 40pl assay buffer (1:4) (results shown in figure 1). The sensitivity
of this assay is 0.08 ng/ml; intra-assay variation is <5% and inter-assay variation is <14%. All
statistical analysis was performed using SAS 9.1. A Student t-test was used to evaluate mean
differences, which were considered significant if p<0.05. A single-factor ANOVA was used
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to evaluate differences between hours in the 24 hour circulating ghrelin experiment. When
ANOVA indicated significant variations, the Student-Newman-Keuls test was used to compare
hourly means. All differences were considered statistically significant at p<0.05

3. Results

3.1. Effect of peripheral ghrelin injection on summer food intake

Our dose titration experiment showed that an IP injection of rat ghrelin (at either 10 or 50 pg/
kg) stimulated food intake in ad libitum fed GMGS. There was no difference in food intake
response between the 10 and the 50 ug/kg groups, so they were analyzed together for statistical
purposes. Animals that received IP ghrelin injections significantly increased food intake
compared with animals injected IP with saline (p=0.026). Animals injected with ghrelin ate an
average of 7.9 grams over a period of six hours after injections whereas saline-injected controls
ate an average of 3.6 grams over the same time period (Figure 2).

3.2. Ghrelin levels after a short term fast in summer

Animals that had been fasted for one day had significantly elevated (p=0.043) plasma ghrelin
concentrations compared with controls (5.44 ng/ml vs. 3.60 ng/ml respectively) (Figure 3B).
Animals fasted for three and five days also had elevated ghrelin concentrations that were
significantly higher than controls (p=0.049), but not significantly different from animals fasted
for one day. Figure 3A illustrates the average change in body mass caused by each fasting
condition. Control animals gained mass while animals under each of the fasting conditions lost
progressively and significantly more mass.

3.3. 24hr pattern of circulating ghrelin in October

The 24hr plasma ghrelin concentrations are illustrated in Figure 4B and plotted against
observed feeding times for catheterized squirrels. Plasma ghrelin increased within the first 2
hours of the dark period (2100-2300), decreased through the night (2100-0700), and then rose
again prior to lights on (0700); these two peaks were statistically higher than preceding points
at p<0.05. When lights came on (0700), animals were observed eating and ghrelin
concentrations were decreased, remaining at a low level from 0900 until 1500 after which
ghrelin rose slightly just before the dark period began. The mean plasma ghrelin concentration
during the dark period was 6.6 ng/ml which was significantly greater than the mean ghrelin
concentration during the light period (5.3 ng/ml) (p=0.019). Figure 4A illustrates the average
food intake for the catheterized GMGS during the month of October before, during, and after
the catheterization experiment. Animals were eating between 8-12 grams/day at the end of
their hyperphagic period (late August to mid October in the lab); by November, food intake
was not significantly different from zero.

3.4. Ghrelin levels during hibernation

In January, plasma ghrelin levels were significantly higher (p=0.01) in euthermic animals
(animals undergoing an interbout arousal (IBA)) than in animals hibernating at low tissue
temperature (LTT) in January (Figure 5). Food was present in the animals’ cages throughout
the winter, but weekly measurement of food intake indicated that animals were not eating
during this time (Figure 4A). The stomachs of animals euthanized at LTT were examined and
found empty of food.

4. Discussion

This is the first report of plasma ghrelin concentrations in an obligate hibernator. Circulating
ghrelin has been shown to promote an orexigenic response in all mammals studied thus far
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(Depoortere, 2009). We found that GMGS responded to peripheral ghrelin injections with a
significant increase in food intake, in concurrence with studies on non-hibernating rodents
(Gluck et al., 2006; Keen-Rhinehart et al., 2005; Nieminen et al., 2004; Tschop et al., 2000).
Ghrelin receptors are located in the pituitary and in multiple nuclei of the hypothalamus, and
when bound by ghrelin stimulate particular food intake pathways. The activation of the ghrelin
receptor leads to the phosphorylation and concomitant activation of adenosine-monophosphate
protein kinase (AMPK) (Anderson et al., 2004), which causes an increase in food intake and
fatty acid synthesis via the orexigenic peptides neuropeptide Y (NPY) and agouti-related
protein (AGRP) (Chen et al., 2004), and down-regulation of the anorexigenic pro-
opiomelanocortin (POMC) (Anderson et al., 2004). It has been proposed that peripheral ghrelin
and hypothalamic ghrelin take part in two parallel outputs (stimulation of food intake and
control of sleep-wake cycle) (Szentirmai et al., 2007a,b), and that a baseline ghrelin
concentration must be met for stimulation of hunger (Schuessler et al., 2006).

During short fasts in summer, ghrelin levels increased significantly (p<0.05) between control
animals and one, three, or five day fasted animals, consistent with previous studies in rodents
(Tups et al., 2004; Toshinai et al., 2001; Ortiz et al., 2003; Mustonen et al., 2002). Ghrelin
levels did not change significantly between days of fasting; this result lends support to the
hypothesis that ghrelin is a short-acting hormone (Cummings, 2006; Tups et al., 2004). Others,
however, have hypothesized that ghrelin can act over the long term (Epelbaum et al., 2009;
Strassburg et al., 2008), and some of our results support this hypothesis. Ghrelin levels in mid
October (when animals are nearing the end of their hyperphagic period) are significantly higher
than those measured at the same time of day in July (5.6 ng/ml vs. 3.6 ng/ml respectively,
p<0.05), and both summer and autumn levels are higher than those seen in hibernating GMGS
(when animals are not eating). These results indicate that ghrelin secretion may be altered by
season, and therefore could play a role in the seasonal changes in food intake seen in
hibernators. Scrimgeour et al. (2008) provide evidence that ghrelin may reflect long term
energy balance, acting as a feedback signal to the hypothalamus to defend an optimum body
mass by controlling food intake. If a hibernator’s energy stores are depleted to a sufficiently
low level during torpor, it will arouse and attempt to eat to make up the difference (Mrosovsky
et al., 1970). These arousals to euthermia are energetically expensive (incurring up to 86% of
the energetic cost of hibernation (Wang, 1978)), and it behooves an animal to arouse as little
as possible during the hibernation season (Humpbhries et al., 2002). By maintaining plasma
ghrelin at a low level, the urge to eat is suppressed, removing one possible stimulus to arousal.
The ability to maintain low plasma ghrelin levels during the hibernation season may be
important in regulating the delicate energy balance maintained by a hibernating mammal.

Ghrelin is known to facilitate torpor bouts in food deprived mice, and this action appears to be
mediated by the arcuate nucleus (Gluck et al., 2006). Peripheral ghrelin administration in fasted
mice deepened already occurring torpor bouts by several degrees. This may occur through the
stimulation of the release of NPY by ghrelin, since ICV injected NPY is known to cause a

torpor-like hypothermia in Siberian hamsters (Dark & Pelz, 2008). As torpor in mice is initiated
through fasting, ghrelin levels in torpid mice are expected to be high. Conversely, GMGS cease
food intake (fast voluntarily) some time before entering hibernation. Since the drive to eat is
reduced, we expected that ghrelin levels during hibernation would be very low or undetectable.

Interestingly, although GMGS do not eat during the hibernation season, ghrelin was still present
in the plasma of our experimental animals hibernating at low tissue temperature. Since ghrelin
is usually strongly orexigenic, its presence in a time of aphagia suggests that it may be fulfilling
other physiological processes, perhaps stimulating non-rapid eye movement (NREM) sleep.

The long-accepted paradigm is that torpor is entered through sleep—as brain temperature falls,
NREM sleep predominates and REM sleep decreases (Walker et al., 1977). Unfortunately, it
is difficult to ascertain the differences in hibernating sleep states because electrical processes
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slow as temperature drops (Heller & Ruby, 2004; Deboer, 1998). Since neurons in certain parts
of the brain show specific EEG patterns for each sleep state, there has been some success at
differentiating periods homologous to NREM and wakefulness at brain temperatures down to
14°C (Krilowicz et al., 1988). The effects of ghrelin on sleep are controversial and seem to
vary by species (for a review see Steiger, 2006). Ghrelin is known to increase during the first
hours of sleep and promotes slow wave sleep (SWS) in humans and mice (Obal et al., 2003;
Weikel et al., 2003). The low concentrations of plasma ghrelin measured in torpid and
euthermic GMGS may be functioning to facilitate NREM sleep during torpor bouts and
interbout arousals (IBAs). This could be tested by establishing a ghrelin secretion profile for
a torpor bout and associated IBA and recording sleep patterns at the same time, followed by
injecting ghrelin to measure the effect on sleep patterns.

In previous studies on diurnal mammals, plasma ghrelin levels stay fairly high throughout the
dark period compared with daytime levels, but rise sharply just before waking (Cummings et
al., 2001). The 24hr ghrelin secretion profile for our GMGS was determined at the end of the
hyperphagic period (mid October), and shows that mean plasma ghrelin levels were
significantly higher during the dark period (when GMGS had gone the longest without eating)
than during the light period (p<0.05). This is mainly due to two peaks—one occurring shortly
after the lights were turned off, and the other occurring immediately prior to lights being turned
on. It is possible that the first peak observed in plasma ghrelin was involved in stimulating
slow wave sleep, and the second in stimulating feeding. Several recent articles have proposed
that plasma ghrelin must reach a threshold level to stimulate food intake, and that smaller
increases in plasma ghrelin may be involved in control of sleep (Steiger, 2007; Szentirmai et
al., 2007b).

In our experiment, plasma ghrelin concentrations dropped after squirrels ate at the start of light
period. In previous studies on rats, which are nocturnal, ghrelin levels were highest during light
hours and dropped during dark hours when animals were awake (Bodosi et al., 2004; Murakami
etal., 2002; Tolleetal., 2002). The secretion profiles illustrated in these studies show a common
pattern; our secretion profile for GMGS shows a similar pattern when adjusted for their diurnal
lifestyle (plasma ghrelin levels were highest when animals had gone the longest without eating
—early morning for GMGS, late evening for nocturnal animals).

Ghrelin may be important for regulation of the prehibernation food intake cycle in hibernators,
and is possibly linked with the cyclic obesity shown in these animals. Ghrelin is thought to be
primarily a short-term acting hormone, but recent studies (Strassburg et al., 2008), including

ours, suggest that it may have long-term effects on food intake and body mass. Further research
is necessary to elucidate the various physiological effects of ghrelin, but it may be an important
hormone in regulating the food intake and circannual body mass cycle of hibernators.
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Validation of total ghrelin EIA assay: dilution curve for GMGS (sample diluted at 5:0, 3:2,

2:3, and 1:4 with assay buffer)

Gen Comp Endocrinol. Author manuscript; available in PMC 2011 April 1.



Healy et al. Page 12

Cumulative food intake (g)
[$,]

Saline Ghrelin

Figure 2.
Mean cumulative food intake (in grams) for the six hours after peripheral saline and ghrelin

injections in June (control N=4, ghrelin N=4)
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Figure 3A. Mean change in body mass with fasting £ SEM during short term fast in July (control
N=4, 1-day N=5, 3-day N=5, 5-day N=4). Different letters are statistically different (p<0.05);
3B: Mean ghrelin concentrations £ SEM in short-term fast in July. Letters a & b are statistically
different (p<0.05)
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Figure 4A. Each point represents mean food intake + SEM per day from September to January
2008-2009 (N=5), including times of 24-hour ghrelin secretion experiment and January ghrelin
experiment; *=animals catheterized for 24 hour ghrelin experiment; |=animals sacrificed for
January ghrelin experiment; 4B: 24-hour plasma ghrelin secretory pattern and times observed
feeding/hour in GMGS—shaded area denotes dark hours (lights out); each point on ghrelin
line represents the mean £ SEM for each time period; each point on feeding line represents the
total number of times animals were observed feeding for each time period (N=5)
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Figure 5.

Mean ghrelin concentrations £ SEM in animals at low tissue temperature in January (LTT)
(N=5) and in animals euthermic in January (N=4). Letters a & b are statistically different
(p<0.05).
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