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Abstract
Hibernators exhibit a robust circannual cycle of body mass gain and loss primarily mediated by
food intake, but the pathways controlling food intake in these animals have not been fully
elucidated. Ghrelin is an orexigenic hormone that increases feeding in all mammals studied so far,
but has not until recently been studied in hibernators. In other mammals, ghrelin stimulates
feeding through phosphorylation and activation of AMP-activated protein kinase (AMPK).
Activation of AMPK phosphorylates and deactivates acetyl Co-A carboxylase (ACC), a
committed step in fatty acid synthesis. In order to determine the effects of exogenous ghrelin on
food intake and metabolic factors (i.e. non-esterified fatty acids (NEFAs), and hypothalamic
AMPK and ACC) in hibernators, ghrelin was peripherally injected into ground squirrels in all four
seasons. Changes in food intake and body mass were recorded over a 2–6 hour period post
injections, and squirrels were euthanized. Brains and blood were removed, and Western blots were
performed to determine changes in phosphorylation of hypothalamic AMPK and ACC. A
colorimetric assay was used to determine changes in concentration of serum NEFAs. We found
that food intake, body mass, and locomotor activity significantly increased with ghrelin injections
versus saline-injected controls, even in animals injected during their aphagic winter season.
Injected ghrelin was correlated with increased phosphorylation of AMPK, but didn’t have an
effect on ACC in winter. Ghrelin-injected animals also had increased levels of serum NEFAs
compared with saline controls. This study is the first to show an effect of injected ghrelin on a
hibernator.

Keywords
ghrelin; hibernator; behavior; food intake

1. Introduction
Hibernation is an energy-saving life history strategy employed by animals in many different
genera. Mammals that hibernate (hibernators) undergo multi-day torpor bouts in winter
during which food intake ceases and body temperature (Tb) drops to near ambient
temperature (Ta). The golden-mantled ground squirrel (GMGS, Callospermophilus
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lateralis) is a diurnal hibernator with a robust annual cycle of body mass gain and loss
primarily due to changes in food intake. During the hyperphagic prehibernation period (late
July–September), GMGS double their food intake and increase body mass nearly 50%,
mostly in the form of fat (Dark, 2005). During this autumnal period, animals also decrease
metabolic rate and activity, which aids in building fat stores (Kenagy et al., 1989). During
the winter hibernation period (October–March), GMGS cease food intake, and metabolic
processes drop to very low rates. During each torpor bout throughout the winter, animals
drop Tb to near Ta (usually around 5°C) for several days at a time, and then rewarm to a
normal Tb of 36°C for a few hours (become euthermic) before returning to low Tb. During
these euthermic inter-bout arousals (IBAs), animals do not eat and spend most of the time
undergoing sleep (Torke and Twente, 1977; Heller and Ruby, 2004). Some male GMGS
emerge from hibernation in late February, but females tend to remain torpid through mid-
March. During the spring and summer months, GMGS reproduce and are euthermic and
normophagic (Dark, 2005). GMGS tend to forage in the morning and evening, but are
opportunistic feeders (Kenagy et al., 1989).

Little is known about the physiological controls of food intake in hibernators. Ghrelin is a
recently discovered orexigenic gut/brain peptide that has various physiological effects; its
effects on food intake and lipogenesis are well documented (Cummings, 2006; Strassburg et
al., 2008), but it also appears to have effects on animal behavior that have not been clearly
elucidated. Some of the evidence is apparently contradictory. For instance, in a 2006 study,
ghrelin injected into lateral cerebral ventricles of rats increased exploratory behavior and
spontaneous locomotor activity in rats (Jaszberenyi et al., 2006), contrary to the results of a
2005 study during which ghrelin injected into lateral cerebral ventricle of rats decreased
spontaneous locomotor activity while increasing food intake (Castaneda et al., 2005). In the
latter study, the increase in food intake was immediate, while the decrease in activity took
some time to appear. This suggests that ghrelin first increases food-seeking behavior, but
later increases energy saving behavior (Castaneda et al., 2005). Ghrelin injected peripherally
in Siberian hamsters (Phodopus sungorus) increased foraging behavior, food hoarding, and
food intake, but had no effect on spontaneous locomotor activity (Keen-Rhinehart and
Bartness, 2005).

The ghrelin receptor, growth hormone secretogogue receptor 1 (GHSR1), is found in various
areas of the central nervous system. The majority of expression is in the hypothalamus, with
some expression in the cerebral cortex and the dorsal vagal complex of the medulla
oblongata (Kojima et al., 1999; Cowley et al., 2003; Hou et al., 2006). In non-hibernators,
one action of ghrelin is to stimulate phosphorylation and activation of AMP-activated
protein kinase (AMPK) in the hypothalamus, which in turn phosphorylates and deactivates
acetyl Co-A carboxylase (ACC), a committed step in fatty acid synthesis (Andersson et al.,
2004, Kola et al., 2005, Kohno et al., 2008). There is some evidence that modification of
these enzymes is required for the orexigenic effects of ghrelin (Kohno et al., 2008, Lage et
al., 2010).

In addition to increasing food-seeking behavior, ghrelin has been shown to alter other
behaviors. Ghrelin injected intraperitoneally (IP) and intracerebroventricularly increased
food intake and anxiogenic behavior in rats (Asakawa et al., 2001; Carlini et al., 2002).
Similarly, a study by Kodomari et al (2009) found that offspring of ghrelin-treated female
mice exhibited increased stress behavior (measured as increased movement from the center
of an open field).

We have recently measured ghrelin levels in the serum of hibernating and winter euthermic
GMGS, and found that ghrelin was still circulating in the blood even at low tissue
temperature (Healy et al., 2010). In order to determine the effects of ghrelin on hibernators,
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we hypothesized that peripherally injected ghrelin would cause an increase in food intake
and activity in GMGS during the three seasons during which they are euthermic and eating,
but that ghrelin injected into aphagic GMGS in the winter season would have no effect. As
ghrelin’s orexigenic effect may be dependent on the modification of AMPK and ACC, we
expected that hypothalamic concentrations of these peptides would be low in the control
animals, but would increase in reaction to injected ghrelin. We also hypothesized that since
injected ghrelin should increase positive energy balance within the animal by stimulating
food intake, animals injected with ghrelin would have an increased level of serum non-
esterified fatty acids (NEFAs) when compared with saline-injected controls.

2. Methods and Materials
2.1. Animals

Adult GMGS of both sexes were trapped in Larimer County in the spring and early summers
of 2008–2009 and kept in an animal facility at Colorado State University under an approved
IACUC protocol. Animals were provided with cotton for nesting material, ad libitum food
(Harlan Teklad 8640; Madison, WI, USA) and water, and maintained in a warm room
(20°C) under natural photoperiod (Paragon Sun Tracker EC72ST; Invensys Controls, Carol
Stream, IL, USA) until the beginning of November, when the temperature was reduced to
5°C and animals were kept in constant darkness (to mimic natural burrow conditions) for the
remainder of the hibernation season.

2.2. Ghrelin injection experiment
Animals were randomly assigned to two groups, one group to be injected IP with ghrelin
(n=18), and the other with saline (control, n=18). These two groups were then broken down
into four smaller groups each: Summer (animals had been normophagic and consistently
euthermic for 2 months, n=4/group), Autumn (animals were hyperphagic, at twice their
normal food intake, n=4/group), Winter (animals had been aphagic and heterothermic for 2
months, n=7/group), and Spring (animals had been euthermic and normophagic for less than
1 month, n=3/group). All groups contained both male and female GMGS. Mouse/rat ghrelin
(Bachem Corporation, H-4862) was dissolved in 1 ml sterile saline and used immediately.
On one day of each season, 1-ml syringes with 25 gauge needles were prepared with either
50μl saline or 50μl ghrelin solution (at a dose of 50μg/kg, which is within the range used to
elicit an orexigenic response in most rodents (Chen et al., 2004; Keen-Rhinehart and
Bartness, 2005)). GMGS were weighed and were injected IP with saline or ghrelin solution.
Cumulative food intake (in grams) was measured for each animal at 2 and 6 hours after
injections (each animal was injected at 1000 hrs. and food intake was measured at 1200 and
1600 hrs.). All animals had food and water available ad libitum. Behavior was remotely
monitored via video camera for 6 hours following the injections; at the end of this period,
food intake was measured and animals were weighed again.

2.3. Hypothalamic dissection
Animals in the summer group were treated as described above, with the exception that
behavior, food intake, and body mass were monitored for only two hours. Two hours after
injections, animals were anesthetized with an intramuscular injection of ketamine-
acepromazine-xylazine (75%-20%-5%). Blood samples were collected by cardiac puncture.
Samples were allowed to coagulate before being centrifuged, and serum was removed and
stored at −80°C until analysis. Animals were euthanized by decapitation; brains were
removed, flash-frozen in 2-methylbutanol and stored at −80°C until use. Animals in the
winter group were aroused from torpor to euthermia at 0700 hrs. and allowed to regain
normal euthermic function for three hours, at which point saline or ghrelin was injected as
described above. Two hours after injection, animals were euthanized as described above.
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Hypothalami from all brains were dissected out (using stereotaxic ground squirrel brain atlas
by Joseph et al. (1966)) and homogenized in 0.5ml lysis buffer with protease inhibitor
cocktail, centrifuged, and the supernatant removed. Homogenates were frozen at −80°C
until assayed.

2.4. Neuropeptide analysis
Protein concentration was determined by BCA assay and Western Blots were performed on
hypothalamus homogenate. Briefly, sample proteins were separated by SDS-PAGE and
transferred to nitrocellulose. Equal amounts of protein were added to each gel, as confirmed
by β-actin. The membranes were blocked in TBS with 5% milk powder and incubated
overnight on an orbital shaker at 4°C in primary antibody (diluted 1:1000 for phosphorylated
AMPK (pAMPK), total AMPK, phosphorylated ACC (pACC), total ACC, and β-actin).
Antibodies were obtained from Cell Signaling (Phospho-AMPKα (Thr172) Rabbit mAb
#2531, AMPKα (23A3) Rabbit mAb #2603, Phospho-Acetyl-CoA Carboxylase (Ser79)
Antibody #3661, Acetyl-CoA Carboxylase (C83B10) Rabbit mAb # 3676, β-actin Antibody
# 4967). After washing in TBST, membranes were incubated at room temperature for 1 hr in
HRP-conjugated secondary antibody (1:2000) and HRP-conjugated anti-biotin antibody
(1:1000). After further washing in TBST, membranes were developed by
chemiluminescence (Amersham ECL Plus from GE Healthcare), and imaged on a STORM
imager (GE Healthcare). Protein expression was quantified using ImageQuant (GE
Healthcare) and normalized against β-actin.

2.5. Serum metabolites and hormones
Serum NEFA concentrations were determined by a commercially available colorimetric
assay from Wako Chemicals (HR Series NEFA-HR (2)), using a BioTek Synergy HT
microplate reader. Serum ghrelin was measured with an enzyme immunoassay from Phoenix
Pharmaceuticals (EK031-31) as previously described (Healy et al., 2010).

2.6. Activity analysis
A small video camera (Sony Handycam DCR-HC20) was set approximately 6 feet from
animal cages to stream directly into a laptop computer capturing the 6 hours after injections.
After animal sacrifices, videos were analyzed for behavioral activity for each squirrel (only
the initial two hours of post-injection behavior are reported here). Behaviors were
categorized as inactive (animal in nest, not moving), non-specific activity (animal visibly
moving around either in nest or outside of nest), nesting (animal moving cotton around cage
or fluffing cotton in nest), feeding (animal observed putting food in mouth or keeping head
in food bowl >5 seconds), grooming (animal observed licking, scratching, etc. either in or
outside of nest), or drinking (animal’s mouth on water sipper or head in water bowl).
Behavior in all videos was analyzed by one person to minimize variation. This individual
was familiar with the behavioral ethogram but blind to animals’ experimental condition.

2.7. Statistics
Statistics were performed using Graph Pad Prism 5. Differences in food intake, body mass,
NEFAs, and neuropeptide levels between control and experimental groups were determined
by Student’s t-test. Differences between food intake and body mass between seasons were
tested using a 1-way ANOVA with Student-Newman-Kuels post-test. Behavioral
differences between seasons and experimental groups were tested using a 2-way ANOVA
with Bonferroni post-test. All differences were considered significant at p≤0.05.
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3. Results
3.1. Food intake

Animals injected with ghrelin significantly increased food intake compared with saline
controls during all four seasons (Fig. 1). In spring, GMGS ate an average of 1.5g over a two
hour period when injected with saline, but 4g per 2 hours when injected with ghrelin. In
summer, saline-injected animals averaged 1.25g over a 2 hour period, while ghrelin-injected
animals ate 6.5g. In autumn, animals injected with saline ate about 2g over 2 hours, while
ghrelin-injected animals averaged 4.5g over the same time period. In winter, when
hibernators are normally aphagic, saline-injected animals did not eat, but five of seven
ghrelin-injected animals initiated food intake, eating a mean of 0.85g over a 2 hour period
(Fig. 1).

3.2. Body mass
Animals injected with ghrelin either gained more mass or lost less mass than animals
injected with saline in all seasons (Table 1). These differences were statistically significant
in summer and autumn, but not different in spring and winter.

3.3. Neuropeptides
Western blots were performed to determine expression of total and phosphorylated forms of
AMPK and ACC. In summer, ghrelin-injected animals had significantly increased levels of
both total and phosphorylated AMPK and ACC when compared with saline controls (Fig.
2). Winter animals injected with ghrelin significantly increased the phosphorylated
(activated) form of AMPK compared with saline controls (Fig. 3). There was no effect of
ghrelin on total AMPK or phosphorylated or total ACC in winter animals.

3.4. Serum ghrelin and NEFAs
Animals injected with ghrelin had increased serum ghrelin concentrations when compared
with saline control, both in summer and winter (Fig. 4).

Ghrelin-injected winter animals also showed higher NEFA concentrations than saline-
injected controls (Fig. 5).

3.5. Behavior
Videos recording the two hours after injections were analyzed to determine what effects
peripherally injected ghrelin would have on behavior. In general, animals injected with
ghrelin were more active than those injected with saline, especially in feeding and nesting
behaviors, but these differences were not always statistically significant (Table 2).

In summer, animals injected with ghrelin showed no significant differences in behavior from
those injected with saline. In autumn, ghrelin-injected animals spent significantly more time
nesting than saline controls. In winter, ghrelin-injected animals spent significantly less time
inactive, and more time feeding and nesting than did the controls. In spring, ghrelin-injected
animals spent significantly more time than controls in non-specific activities (generally
moving around the cage) and feeding.

By season, in the two hours after injection, control animals were most active in spring, less
active in autumn, and least active in summer and winter (Table 2). Ghrelin injected animals
were most active in spring and least active in winter, but total time active did not differ
between summer and autumn. Animals generally spent more time in non-specific activity in
spring than in other seasons.
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Ghrelin also appeared to alter the percentage of active time that animals were engaged in
specific behaviors (Fig. 6). In spring, summer, and autumn, animals spent the majority of
their active time engaged in non-specific behavior (group means ranged from 29–85%), with
considerable amounts of time spent grooming (1–52%) and nesting (3–31%). Time spent
feeding was between 1% and 16% of total time active. In winter, the majority of time active
was spent nesting (100% for saline injected animals and 80% for ghrelin-injected animals),
with 18% of time spent in random activity and 2% spent feeding in the ghrelin-injected
animals (Fig. 6). In all groups, time spent drinking was minimal and did not differ by
treatment or season, and as such was excluded from Fig. 6.

4. Discussion
The orexigenic effect of ghrelin in most mammals is well documented, but this study is the
first to show an effect of ghrelin on winter-acclimated golden-mantled ground squirrels. We
injected ghrelin peripherally into squirrels during all four seasons and measured changes in
food intake, body mass, and activity levels for 6 hours post-injection. We observed an
increase in food intake in all squirrels injected with ghrelin—animals injected with ghrelin
ate 2–4 times as much as the saline controls, even during winter when animals are normally
aphagic. Animals aroused to euthermia were induced to eat by injection of ghrelin, while
animals injected with saline remained aphagic, and indeed attempted to return to torpor
within two hours of being aroused. A similar food intake response was recently elicited in
another hibernating sciurid (Marmota flaviventris), which showed that central infusion of
the AMPK agonist 5-aminoimidazole-4- carboxamide 1 B-D-ribofuranoside (AICAR) in
winter aphagic marmots caused an initiation of food intake and cessation of torpor bouts
while saline-infused animals remained aphagic and reentered torpor even when held at high
Ta (Florant et al., 2010).

Both male and female squirrels were included in each group of ghrelin or saline injected
animals. There was no clear sex difference in response to ghrelin injection in any of our
experiments, possibly due to our small sample size. Further experimentation is needed to
clarify whether sex differences affect response to ghrelin during different seasons.

Animals injected with ghrelin generally had higher body masses than saline-injected
controls two hours after injection, probably due to the increase in food intake. These
increases were not always significant, most likely an artifact of the small sample size. Body
mass in GMGS tends to fluctuate widely throughout the day (by 2–10 grams, Florant lab
unpub. data) based on animals’ activity levels and timing of food intake, especially in
summer when ground squirrels maintain a consistently high metabolic rate (Armitage and
Shulenberger, 1972). Both saline-injected and ghrelin-injected groups of summer animals
lost body mass over the two hour post-injection period, but the mass loss was attenuated by
ghrelin-induced food intake.

Ghrelin-injected animals had higher serum ghrelin concentrations than those injected with
saline in both winter and summer, but the ghrelin injections led to a proportionally greater
increase in serum ghrelin in the winter than in summer. However, winter ghrelin-injected
animals ate far less than summer ghrelin-injected animals, so it is possible that the lower
metabolic and circulation rates of the winter squirrels delayed the absorption and
distribution of the injected ghrelin bolus, leading to higher circulating levels when animals
were sacrificed two hours after injection. In other mammals, ghrelin stimulates food intake
by binding to the GHSR1 receptor (in the hypothalamus or on afferent neurons of the vagus
nerve) and stimulating the release of NPY and AgRP from neurons in the hypothalamus
(Kamegai et al., 2001; Kojima & Kangawa, 2008; Seoane et al., 2003). The majority of
ghrelin receptors are found in the ARC of the hypothalamus, but ghrelin-containing neurons
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are also found in the paraventricular nucleus of the hypothalamus (Kojima & Kangawa,
2008). Usually, circulating ghrelin concentrations are directly correlated with food intake
(Cummings, 2006; Keen-Rhinehart and Bartness, 2005), but in our animals, circulating
serum ghrelin appears to have a diminished effect on the food intake of aphagic winter-
acclimated ground squirrels compared with normophagic animals. This is similar to effects
seen recently in another seasonal rodent, the photoperiodic Siberian hamster (Phodopus
sungorus), which decreases food intake and undergoes shallow torpor bouts when
acclimated to short-day length (SD). SD acclimated hamsters showed decreased sensitivity
to ghrelin when compared with long-day (LD) acclimated animals (Bradley et al., 2010).

The increase in food intake exhibited by GMGS after ghrelin injection was accompanied by
an increase of the phosphorylated (active) form of AMPK in both summer and winter, as
seen in previous research (Kohno et al., 2008). Summer ghrelin-injected animals had
increased levels of both total and phosphorylated AMPK when compared with saline-
injected controls, suggesting that in summer hibernators, ghrelin injection stimulates AMPK
release, but does not increase the rate of phosphorylation. In winter ghrelin-injected animals,
we saw an increase in the phosphorylated form of AMPK in the hypothalamus, but there
was no difference in total levels of AMPK, which suggests that ghrelin stimulated a larger
proportion of total AMPK to be phosphorylated and activated.

In mammals, the phosphorylation of AMPK usually causes the concomitant phosphorylation
and deactivation of ACC. Since ACC is a committed step in fatty acid synthesis, its
deactivation effectively causes a switch from fatty acid synthesis to fatty acid oxidation. We
measured total and phosphorylated levels of ACC in the hypothalami of ghrelin-injected and
saline-injected animals. In summer, ghrelin-injected animals had increased levels of both
phosphorylated and total ACC, as seen in previous research (Kohno et al., 2008), but we saw
no difference in either total or phosphorylated ACC between groups in the winter. Since
winter hibernators are typically aphagic and lipolytic, it is possible that ghrelin stimulated
the phosphorylation of AMPK to cause an increase in appetite, but since animals had ceased
fatty acid synthesis prior to entering hibernation, ACC was already maximally
phosphorylated.

We also found a significant increase in circulating serum NEFA concentrations after
peripheral ghrelin injection, suggesting that ghrelin increased available substrate for
mitochondrial oxidation at the same time as activating AMPK. Since ghrelin’s primary role
is to stimulate appetite, and secondarily increase fatty acid synthesis (over the long term), it
seems plausible that an increase in circulating ghrelin might initially raise circulating
NEFAs concurrently with increasing food intake, but eventually cause a decrease in
circulating NEFAs as fatty acid synthesis was stimulated (Theander-Carrillo et al., 2006). It
is also possible that due to the acute and transitory nature of the peripheral injection, and the
short time after injections in which the animals were sacrificed, that the observed increase in
NEFAs after ghrelin injection was due to the breakdown of the food recently consumed
(some food was found in the stomachs of ghrelin-injected animals). More experimentation is
necessary to clarify these results, but they seem to demonstrate that ghrelin injection
increases circulating endogenous energy availability, as seen previously in other rodents
(Andrews et al., 2008).

Activity levels of GMGS generally increased with ghrelin injections, especially random
activity and feeding/food seeking behaviors. Ghrelin has been shown to increase random
locomotor activity levels in rats and mice (Jazberenyi et al., 2006; Jerlhag et al., 2006), in
apparent contradiction to its well-known lipogenic effects. This effect on locomotor activity
may be due to ghrelin’s amplifying effect on central dopamine (DA) neurons (Jerlhag et al.,
2006). However, this increase in locomotor activity appears to be dose dependent—as
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various behaviors are stimulated by different areas of the brain (e.g. hypothalamus controls
ghrelin’s effect on feeding behavior; cerebral cortex controls ghrelin’s effect on memory),
these brain regions are also differently sensitive to ghrelin level (see Ferrini et al., 2009 for a
review). It is likely that the increase in active behavior resulting from ghrelin injections in
our experiment is due to the intensified appetite stimulus usually associated with injection of
this peptide.

Like ghrelin, the hormone orexin is involved with regulation of feeding, the sleep-
wakefulness cycle, and energy homeostasis (including thermoregulation and locomotor
activity) (Toshinai et al., 2003; Verty et al., 2010). It appears that ghrelin’s effects on food
intake in most rodents occur through the action of the orexin system (Szentirmai et al., 2007;
Toshinai et al., 2003). There is very little known about the presence or action of orexin in
hibernators, but it is possible that the effects of ghrelin are mediated through the orexin
pathway.

Hibernators represent a unique animal model for the study of human obesity and a ‘natural
knock-out’ for research on controls of food intake. These animals are normally completely
aphagic during their winter hibernation season, so it is significant that injection of a single
peptide induced GMGS to commence food intake. Further experiments are needed to
elucidate ghrelin’s effect on hibernators during the aphagic hibernation season and during
the summer hyperphagic season. Nonetheless, this initial study indicates that ghrelin does
have an effect on hibernators, even during a period of time when they do not normally eat.
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Fig. 1.
Ghrelin injected IP significantly increased mean cumulative food intake compared with
saline injected controls 2 hrs after injection in spring, summer, autumn, and winter. Bars
with different letters are statistically different (ANOVA with Student-Newman-Kuels post-
test, p≤0.05).
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Fig. 2.
In total hypothalamus homogenate from normophagic summer animals, animals injected IP
with ghrelin have statistically higher (p≤0.05) levels of total and phosphorylated AMPK and
ACC compared with saline injected controls. (A) Representative Western blots of saline-
injected (n=4) and ghrelin-injected (n=4) animals. Blots were probed for pAMPK and
pACC, then stripped and reprobed for total AMPK and ACC with β-actin for a loading
control. (B) Levels (normalized against actin) of phosphorylated vs. total AMPK and
phosphorylated vs. total ACC. (C) Ratio of phosphorylated to total AMPK and ACC in
hypothalamus after saline or ghrelin injection. * indicates significance between saline and
ghrelin-injected animals at p≤0.05 (Student t-test).
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Fig. 3.
In total hypothalamus homogenate from aphagic winter animals, animals injected IP with
ghrelin have statistically higher (p≤0.05) levels of phosphorylated AMPK compared with
saline injected controls, but there were no differences in total AMPK or phosphorylated and
total ACC. (A) Representative Western blots of saline-injected (n=3) and ghrelin-injected
(n=3) animals. Blots were probed for pAMPK and pACC, then stripped and reprobed for
total AMPK and ACC with β-actin for a loading control. (B) Levels (normalized against
actin) of phosphorylated vs. total AMPK and phosphorylated vs. total ACC. (C) Proportion
of phosphorylated to total AMPK and ACC in hypothalamus after saline or ghrelin injection.
* indicates significance between saline and ghrelin-injected animals at p≤0.05 (Student t-
test).
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Fig. 4.
Animals injected IP with ghrelin had statistically higher serum ghrelin concentrations than
saline-injected animals in summer and winter. * indicates significance between saline and
ghrelin-injected animals at p≤0.05.
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Fig. 5.
Animals injected IP with ghrelin had statistically higher serum NEFA concentrations than
saline-injected animals in winter. * indicates significance between saline and ghrelin-
injected animals at p≤0.05 (Student t-test).
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Fig. 6.
Ghrelin injection increased mean total activity compared with saline-injected controls in
spring, summer, autumn, and winter. (A) Percent of 2 hrs after saline or ghrelin injections
spent active (grey bars) or inactive (black bars) by season. (B) Percent of time spent
performing specific behaviors (e.g. non-specific activity, feeding, grooming, and nesting)
during total time active for each season after saline or ghrelin injections by season (=time
(seconds) spent in specific behavior/total time active (seconds)*100). Drinking was omitted
due to extremely small percentages.
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