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Brief Communications

Ghrelin Enhances Olfactory Sensitivity and Exploratory
Sniffing in Rodents and Humans
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Olfaction is an integral part of feeding providing predictive cues that anticipate ingestion. Although olfactory function is modulated by
factors such as prolonged fasting, the underlying neural mechanisms remain poorly understood. We recently identified ghrelin receptors
in olfactory circuits in the brain. We therefore investigated the role of the appetite-stimulating hormone ghrelin in olfactory processing
inrodents and humans, testing the hypothesis that ghrelin lowers olfactory detection thresholds and enhances exploratory sniffing, both
being related to food seeking. In rats, intracerebroventricular ghrelin decreased odor detection thresholds and increased sniffing fre-
quency. In humans, systemic ghrelin infusions significantly enhanced sniff magnitudes in response to both food and nonfood odorants
and air in comparison to control saline infusions but did not affect the pleasantness ratings of odors. This is consistent with a specific
effect on odor detection and not the hedonic value of odors. Collectively, our findings indicate that ghrelin stimulates exploratory sniffing
and increases olfactory sensitivity, presumably enhancing the ability to locate, identify, and select foods. This novel role is consistent with
ghrelin’s overall function as a signal amplifier at the molecular interface between environmental and nutritional cues and neuroendo-

crine circuits controlling energy homeostasis.

Introduction
Many animals rely on olfactory cues to generate behavioral re-
sponses to relevant stimuli. In particular, olfaction modulates
ingestion by localizing, and discriminating among, food sources.
Given the relationship between olfactory processing and food
intake, changes in nutritional state would be expected to modify
reactions to odors. Consistent with this, olfactory sensitivity is
enhanced by fasting and reduced by feeding in rodents and hu-
mans (Goetzl and Stone, 1947; Aimé et al., 2007), and pleasant-
ness ratings for food odors are significantly and specifically
reduced in satiated humans (Havermans et al., 2009), an effect
that is manifest in the orbitofrontal cortex (O’Doherty et al.,
2000).

Sniffing, the first stage in olfactory processing, influences ol-
factory perception (Mainland and Sobel, 2006), odorant intensity
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(Laing, 1983; Sobel et al., 2000), and odor discrimination (Mozell
and Jagodowicz, 1973; Mainland and Sobel, 2006). These psycho-
physical findings are consistent with the observation that sniffing,
even in the absence of detectable odorants, induces activity in the
olfactory bulb (Hughes et al., 1969) and piriform cortex (Sobel et
al., 1998), and increasing sniffing frequency is thought to be im-
portant in states of nutritional scarcity, when identification of
food is critical (Kepecs et al., 2007). We therefore reasoned that
manipulating hunger might influence brain circuits controlling
sniffing and olfaction.

Ghrelin is an appetite-stimulating hormone produced pri-
marily by the stomach (Kojima et al., 1999). Circulating ghrelin
increases before meals and decreases during eating (Cummings et
al., 2001; Tschop et al., 2001) and has been implicated in meal
initiation and short- and long-term energy regulation (Cum-
mings, 2006). In rodents, ghrelin administration increases food
intake and promotes fat accumulation (Tschop et al., 2000). In
humans, ghrelin potently induces hunger, stimulates food intake,
and enhances the pleasantness of meals (Druce et al., 2005).
Ghrelin also enhances the hedonic and incentive responses to
food-related cues (Malik et al., 2008). Interestingly, the growth
hormone secretagogue receptor (GHSR-1a), identified as the
only ghrelin receptor, is expressed in the facial motor nucleus
(Zigman et al., 2006), which is responsible for controlling facial
structures that are involved in sniffing movements. We therefore
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tested the hypothesis that ghrelin mediates the physiological in-
fluence of fasting on sniffing and olfactory processing in rats and
humans by increasing olfactory sensitivity and enhancing sniffing
by acting on GHSR in central olfactory processing regions.

Materials and Methods

Animals. Male rats (300—-350 g Long—Evans, Charles River and 280-350
g Wistar, Harlan) were individually housed under standard laboratory
conditions, with tap water and rat chow available ad libitum, on a 12 h
light/dark cycle. GHSR null mice (Ghsr ~/"), originally obtained from
Regeneron Pharmaceuticals, have been previously described (LeSauter et
al., 2009). All procedures were conducted under National Institutes of
Health guidelines for the use of animals in research and approved by the
University of Cincinnati Institutional Animal Care and Use Committee.

Rats were anesthetized [ketamine (50—80 mg/kg, i.p.)—xylazine (9-13
mg/kg, i.p.)] and equipped with an intracerebroventricular cannula po-
sitioned in the third-cerebral ventricle as previously described (Noguei-
ras etal., 2007). Cannula placement was assessed by injecting angiotensin
IT as described previously (Kampe et al., 2006). Osmotic minipumps
(Alzet Osmotic Pumps; Durect) delivering ghrelin (Bachem) or vehicle
(isotonic saline) were implanted subcutaneously and connected to the
intracerebroventricular cannulas via a polyethylene catheter. Beginning
immediately after surgery, ghrelin was infused (2.5 nmol/d) for 8 d, a
regimen that increases food intake and body weight (Theander-Carrillo
et al., 2006).

Biotinylated ghrelin binding. To assess the
ability of ghrelin to bind to cells in the main
olfactory bulb, 100 wm sections were processed
for binding as described previously (Cowley et
al., 2003). Briefly, saline-perfused rat brains
were removed, sectioned, and immediately re-
acted with biotinylated ghrelin (1 pum; Phoenix
Pharmaceuticals) alone or in combination
with an equal amount of unlabeled (cold)
ghrelin (1 um; Phoenix Pharmaceuticals) for
20 min at 4°C.

Expression of LacZ gene. GHSR knock-out
(ko) mice were generated by replacing the cod-
ing region of the Ghsr gene with an expression
cassette encoding the reporter gene LacZ. The
expression of [-galactosidase (B-gal), the
product of the LacZ gene, was visualized by
X-gal histochemistry (Wortley et al., 2004) or
immunofluorescence (Yi et al., 2006).

Sniffing parameters in rats. Sniff frequency
was detected using a video-based, fully auto-
mated behavior analysis system (HomeCageS-
can, Clever Sys) that recognizes, records, and
quantifies the movement of the nose tip while
the animal was either fully or partially reared in
a home-cage environment (Steele et al., 2007).
Intracerebroventricular cannulas were im-
planted at least 7 d before behavioral screening.
Saline (5 ul, i.c.v.) (n = 3) was injected on day
1 and ghrelin (1 pg/ul saline) (n = 3) was in-
jected on day 2. Sniffing behaviors were moni-
tored in ad libitum-fed (Long—Evans) rats for
24 h after ghrelin injection.

Conditioned odor aversion. Rats (n = 19,
Wistar) were habituated for 1 week to a 20 h/d
water and food restriction schedule, with food
and water limited to 1:00-5:00 P.M. (dark cy-
cle). Animals were tested daily during the fast-
ing (10:00 A.M.) and satiated (6:00 P.M.)
states, the zenith and nadir, respectively, of en-
dogenous ghrelin levels (Cummings et al,
2001). The conditioned olfactory aversion
(COA) paradigm and assessment of licking be-
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Figure 1. Ghrelin binding in rat brain areas involved in olfactory processing. Biotinylated
ghrelin (red fluorescence) binding was found on or in scattered cell bodies in the MOB (4) and
hippocampus (C). Biotinylated ghrelin binding was abolished in the MOB (B) and hippocampus
(D) when brain tissue was coincubated with unlabeled ghrelin. Arrows point to labeling, pre-
sumably at synaptic boutons, on cell bodies of neurons in the external plexiform (EPL), mitral
cell (MCL), and granular cell (GCL) layers. Arrowheads point to areas being magnified (@ and c).
Scale bar: A-D, 10 um; a, ¢, 40 wm.

Ghrelin receptor (GHSR) localization in mouse brain areas involved in sniffing and olfactory behaviors. A, B, Cresyl violet-
stained coronal sections of MOB (4) and brain (B), with boxes indicating regions shown at higher magnification in ¢, D, and G—J. Box 1, MOB
glomerular layer (Gloml) (shown in G); box 2, MOB, junction between external plexiform (EPL), mitral cell (MCL), and granular cell (GCL)
layers (H); box 3. anterior cortical amygdala (C, /); and box 4, piriform cortex (D, /). C=J, Immunofluorescent and histochemical staining of
X-galin tissues from ko mice. E-J, 3-galimmunofluorescence was seen in the pituitary (E) and hypothalamus (F); in cellsin the MOB Gloml
(G; cell bodies, arrow) and in MOB mitral cells (H; cell body, arrow; dendrite in EPL, arrowhead); and in neurons (arrows) in the cortical
amygdala (/) and piriform cortex (/). Ill, Third ventricle. C, D, Scattered cells positive for 3-gal histochemical staining were visible in the
cortical amygdala (€) and piriform cortex (D). Scale bar: D-G, I, J, 50 m; H, 33 um; €, 100 um.
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and rosemary chicken odor (both undiluted,
formulated by Givaudan). Three sniffing trials
were collected for each odorant and six for air.
A specialized software program (Frank et al.,
2006) identified the initiation of sniffing, re-
corded sniff pressure at 10 ms intervals,

summed sniff pressures, and measured each

sniff’s duration during a 5 s sampling period.
The sum of the pressure values was defined as
the sniff magnitude. The subjects were also
asked to rate the pleasantness of the odors im-
mediately after each trial using a visual analog
scale [scores ranging from —5 (slightly un-

pleasant) to 15 (best smell ever)]. The order of

Seconds

stimulus presentation was randomized. The
average sniff magnitude and odor pleasantness
ratings were used for data analysis.

The SMT was administered twice for each
subject at each study visit, always after a 10 h

Saline

fast. The first test was performed before any
infusions, and the second was administered 45

min after the infusion of either 0.9% saline or
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synthetic human ghrelin (Bachem) at 1, 3, or 5
pg/kg/h (i.v.), on four separate occasions in a
counterbalanced fashion (Tong et al., 2010).
The infusion days were at least 3 d apart.
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Figure 3.

up to 2 h, and also increased sniffing throughout the dark phase.

havior and odorized water consumption using a two-tube device have
been described previously (Aimé et al., 2007). Briefly, rats were first
trained to drink pure water in the experimental cage for 3 d. Then, for 2 d,
the water was odorized with isoamyl acetate (ISO, Sigma) at 1:100,000
(10 77), a dilution at which ISO can be detected only via olfaction in rats
(Slotnick et al., 1997). During this training, ISO consumption above 0.5
ml was followed (15 min later) by an injection of malaise-inducing LiCl
(10 ml/kg, 0.15 M, i.p.). Rats failing to display a COA were given a second
LiCl injection.

After this, during the behavioral testing period, rats were offered a
choice between pure water and water odorized with ISO at 10 ~ 109079,
10 %, or 10 7 on sequential days. The establishment of COA was con-
firmed at the end of the test period. Ghrelin (2.5 nmol/d, i.c.v.) was
delivered throughout the behavioral test via an osmotic minipump im-
planted 3 d prior. Lick responses were analyzed using SciPy and MySQL
database software (Open Source Licenses). An olfactory detection index
(ODI) was calculated as the proportion of the number of licks from the
pure water tube relative to the total number of licks from both the odor-
ized and pure water tubes. Higher ODI values indicated an increased
ability to detect the ISO odor, less odorized water consumption, and
enhanced odor detection. Average ODIs at each ISO concentration were
compared between saline (n = 9) and ghrelin (n = 10) treatment groups.

Human sniffing behavior. Healthy, nonobese subjects (n = 9, range
1850 years) were recruited from the greater Cincinnati area (7 males, 2
females; mean age 26 * 3.8 years, mean body-mass index 24.1 = 1.2
kg/m?). Subjects with a history of asthma, seasonal allergies, or nasal
steroid use were excluded. All subjects provided written informed con-
sent as approved by the University of Cincinnati Institutional Review
Board.

Sniffing behavior was evaluated using the sniff magnitude test (SMT)
as described previously (Frank et al., 2003, 2006). Briefly, a canister was
placed ~2 cm beneath the nose, and subjects were instructed to take a
single, natural sniff as would be taken when sampling a perfume or food.
The stimuli used were as follows: nonodorized air, baby power odor
(baby power fragrance oil, 50% dilution, The Good Scents Co.), banana
odor (isoamyl acetate, 1% dilution, Sigma-Aldrich), and tomato odor

Sniff behavior was recorded for 24 h in rats after intracerebroventricular administration of ghrelin or vehicle control.
Intracerebroventricular ghrelin (compared to intracerebroventricular vehicle) resulted in acutely increased sniffing frequency for

Statistical analysis. The ODI was compared
between rat groups receiving ghrelin or saline
(control), at each odor concentration, using a
two-sample ¢ test. In the human study, changes
in sniff magnitude and odor pleasantness rat-
ing, before and after saline or ghrelin infusions,
were compared within subjects using a one-
factor ANOVA. Average values are presented
as mean * SEM unless specified otherwise. A p value <0.05 was consid-
ered statistically significant. Data analysis was performed using Graph-
Pad Prism version 5.0 (GraphPad Software).

Results

Ghrelin receptor localization in sniff and olfaction pathways
Ghrelin binding and expression patterns of ghrelin receptors in
olfactory bulbs and brain centers processing olfactory signals
were assessed to determine whether ghrelin might directly mod-
ulate odor-induced activity in circuits of the central olfactory
pathway. Clearly detectable binding of biotinylated ghrelin was
seen in the olfactory bulb (Fig. 1A), suggesting that ghrelin is
involved in olfactory processing. In addition to the arcuate, lat-
eral hypothalamus, cortex, and paraventricular nucleus (PVN) as
previously shown (Cowley et al., 2003), biotinylated ghrelin
binding was also detected in the hippocampus (Fig. 1C), where
GHSR is present (Zigman et al., 2006). This binding was specific,
since it was prevented by pretreatment with an excess of unla-
beled ghrelin (Fig. 1B,D). To confirm that ghrelin binding was
due to expression of the only known receptor for ghrelin, GHSR,
LacZ-reporter gene expression was evaluated in brain regions of
Ghsr ko mice using X-gal immunofluorescent and histochemical
staining. As expected, 3-gal staining was present in pituitary (Fig.
2E) and hypothalamus (Fig. 2 F), known areas of GHSR expres-
sion (Howard et al., 1996). Moderate to high levels of B-gal ex-
pression were also detected in the glomerular (Fig. 2G), mitral cell
(Fig. 2H), and granular cell (supplemental Fig. 1C, available at
www.jneurosci.org as supplemental material) layers of the main
olfactory bulb (MOB), as well as in the accessory olfactory bulb
(supplemental Fig. 1 A, available at www.jneurosci.org as supple-
mental material). Staining was also noted in the anterior cortical
amygdala (Fig. 2C,I), piriform cortex (Fig. 2D, ] ), and PVN (sup-
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plemental Fig. 1 B, available at www.jneurosci.org as supplemen-
tal material). Overall, this evidence that ghrelin acts in these
olfactory circuits supports the hypothesis that ghrelin modulates
olfactory behavior.

Ghrelin enhances sniffing in rats

Acute intracerebroventricular ghrelin induced a rapid and robust
increase in sniffing in rats compared to controls receiving vehicle
infusions (Fig. 3). Sniffing bouts were highest immediately after
acute ghrelin injection compared to controls, and during the en-
suing dark phase, bouts of sniffing were again higher in ghrelin-
treated compared to control rats, indicating a sustained action of
ghrelin on olfactory behavior. These data are consistent with the
hypothesis that ghrelin acts in the brain to modulate sniffing
behavior.

Ghrelin increases odor detection in rats

Avoidance of odorized water was close to 100% for both intrace-
rebroventricular ghrelin-treated and vehicle-treated rats at the
beginning and end of behavioral testing, confirming the COA
paradigm. Fed rats treated with intracerebroventricular ghrelin
consumed significantly less odorized water at the lowest concen-
tration (10 ~'°) than those treated with saline, as reflected by the
higher ODI (85.1 * 6.5 vs 56.9 £ 9.1, respectively, t = 2.57,p =
0.02), while there were no differences at higher concentrations
(data not shown). No differences in ODI were observed in fasted
rats (74.4 = 12.3vs71.8 = 13.1,t = 0.14, p = 0.97), and there was
no significant interaction between fasting/fed state and treatment
(p = 0.23). These data suggest that central ghrelin administration
reduces the olfactory detection threshold and improves olfactory
sensitivity in fed rats.

Ghrelin enhances exploratory sniffing in humans

In humans, 45 min of ghrelin at doses of 1, 3, and 5 ug/kg/h (i.v.)
raised circulating plasma total ghrelin levels from 1049 * 270
pg/ml to 4659 = 168, 15,738 = 3633, and 23,954 = 5516 pg/ml,
respectively. The cumulative sniff magnitude increased signifi-
cantly for all three doses as compared to saline (p < 0.001 for all
comparisons after Bonferroni correction) (Fig. 4A). When indi-
vidual odorant trials were analyzed separately, both food- and
non-food-related odorant and air trials all showed increased sniff
magnitude in response to ghrelin infusion (Fig. 4 B-F). Interest-
ingly, the tomato odorant, but not the other single odorants, had
a significant and selective increase of sniff magnitude with the 1
wg/kg/h ghrelin infusion compared to saline (adjusted p = 0.03,
one-way ANOVA).

Ratings obtained after each of the sniff trials indicated no
difference in the odor pleasantness score before or after ghrelin
infusion for any of the odorants tested (p > 0.05 for all compar-
isons) (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). There was no association between odor
rating change and sniff magnitude change (data not shown).

Discussion

We have found that ghrelin, a potent orexigenic peptide, influ-
ences olfactory function in rodents and humans by modulating
sniffing behavior and olfactory detection thresholds. In addition
to these physiologic actions, our work provides neuroanatomic
support for ghrelin modulation of olfaction, since GHSR expres-
sion was observed in both main and accessory areas of the olfac-
tory bulb, suggesting a means for ghrelin to directly modulate
bulbar neuronal responses upon odorant stimulation. Collec-
tively, our results support an extended influence of ghrelin on

Tong et al. ® Ghrelin and Olfaction

[ Saline 3 Ghrelin 3 .
Ghrelin 1 @@ Ghrelin 5 Air
4 ok 4
2 2
0 0
—_~
O -2 2
N
I 4 -4
n
O -6 -6
=
[&}
£
= C Baby Powder D Banana
2 10 5
S s
c
0
2 o
o
O . -5
S 5
2
‘e 40 40
&
Tomato Rosemary Chicken
E E F
= 4 4
w , 2
0 0
2 -2
-4 -4
-6 -6
Figure 4.  The SMT was administered before and 45 min after human subjects received

ghrelin (1,3, or5 wg/kg/h) or saline intravenous infusions. Sniff magnitude changes are shown
inthe presence (hatched, gray, and black bars) or absence (white bar) of ghrelin administration,
when the following odorants were presented to subjects in random order: air (B), baby powder
(€), banana (D), tomato (E), and rosemary chicken (F). The effect of ghrelin on sniff magnitude
changes combining five odor trials is shown in A. *p << 0.05, ***p << 0.001.

food intake that now includes modulating olfaction via different
yet complementary physiological pathways.

In addition to increasing food intake per se, ghrelin enhances
food-seeking behaviors such as foraging and food hoarding
(Keen-Rhinehart and Bartness, 2005), and its plasma levels in-
crease in anticipation of eating (Drazen et al., 2006). All of these
are consistent with our finding that ghrelin controls sniff re-
sponses in rodents and humans, and previous findings that food
odors detected orthonasally appear to be predictive cues antici-
pating nutrient availability (Small et al., 2005). Importantly,
while nutritional states are known to modulate cortical neuronal
responses to odorants (Critchley and Rolls, 1996; O’Doherty et
al., 2000), the actual mechanism underlying the control of olfac-
tory perception by nutritional status remains largely uncovered.
Our finding of the presence of ghrelin receptors in olfactory cir-
cuits, as well as ghrelin-mediated modulation of odorant detec-
tion, raises a novel putative mechanism through which energy
state might interact with olfactory chemosensory processing.

Previous studies identified links between olfaction and other
appetite-modulating hormones. In rodents, the anorectic hor-
mone leptin and the orexigenic hormone orexin alter food-
seeking behavior and affect olfactory detection thresholds
(Getchell et al., 2006; Julliard et al., 2007; Prud’homme et al.,
2009). Our finding of enhanced olfactory sensitivity with con-
comitant increases in sniffing following central ghrelin adminis-
tration suggests that one of the mechanisms through which
metabolic hormones regulate olfaction may involve modulating
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sniffing. The importance of sniffing responses to olfactory func-
tion is well established, with high nostril flow rate associated with
enhanced odorant detection (Laing, 1983; Sobel et al., 2000). In
fact, even in the absence of detectable odorants, sniffing alone
is able to generate an olfactory perception (Hughes et al., 1969;
Sobel et al., 1998). Therefore, the enhanced olfactory function
we observed was likely due to both increased sniffing and
direct ghrelin action on neuronal circuits encoding olfactory
perceptions.

Our study, combined with prior reports, provides clear evi-
dence that ghrelin and its receptor, GHSR-1a, are present in cen-
tral olfactory pathways (i.e., the olfactory bulb, piriform cortex,
amygdala, brainstem, hippocampus, and the hypothalamus)
(Figs. 1, 2) (Cowley et al., 2003; Zigman et al., 2006), as well as in
brain regions involved in voluntary control of sniffing, including
sensory motor cortex and brainstem (Guan etal., 1997; Katayama
et al., 2000). It is important to note that majority of the effects
observed in our study were obtained with central ghrelin ad-
ministration, suggesting that circulating peptide may not be
necessary.

Little is known about how hunger, or specifically elevated
ghrelin levels, affects olfaction and voluntary sniffing in humans.
Sniffing is influenced not only by the characteristics of an odor,
but also by motivation factors as demonstrated in an experiment
that individuals sniff harder toward water (no odor) than pleas-
ant or unpleasant rated odors (Raudenbush et al., 1998). Intrigu-
ingly, our SMTs in humans revealed an increase in response to
ghrelin administration that was not specific to odorant type
(food- and non-food-related odors), nor even required odorant
presence (air) (Fig. 4). This finding indicates that ghrelin was
affecting exploratory sniffing rather than perceptual processing
of the odors. Moreover, contrary to our expectations, ghrelin
administration did not alter subjective odor pleasantness ratings
in humans (supplemental material, available at www.jneurosci.
org). Because hunger per se increases pleasantness ratings of food
odors in humans (Duclaux et al., 1973; O’Doherty et al., 2000),
our findings suggest that this does not depend on changes in
ghrelin. In fact, only total but not acylated (active) ghrelin level
has been associated with the pleasantness rating of 1 of the 6
essential oils (Trellakis et al., 2011). Rather, ghrelin may function
to potentiate “olfactory arousal” by increasing sniff rates and
odor detection ability. This function may extend to other sensory
modalities, as suggested by the report that ghrelin increases CNS
response to food pictures in humans (Malik et al., 2008). More
broadly, our studies contribute to further clarifying the relation-
ship between ghrelin levels and food reward.

In summary, we used a translational approach to demonstrate
for the first time that ghrelin, a unique stomach-derived hor-
mone that is known to stimulate eating and promote positive
energy balance, potentiates the efficiency of food-seeking behav-
iors by enhancing exploratory sniffing and olfactory sensitivity in
rodents and humans. Our findings indicate that the ghrelin sys-
tem represents an important molecular interface between the
environment and metabolic homeostasis, which senses nutrient
availability and regulates essential mammalian behaviors such as
food-seeking behavior.
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