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Abstract

Ghrelin is a stomach-produced hormone that stimulates ingestive behavior and increases motivated
behavior to obtain palatable foods. Ghrelin receptors (growth hormone secretagogue receptors;
Ghsr) are expressed in the lateral hypothalamic area (LHA), and LHA-targeted ghrelin application
increases ingestive behavior in male rodents. However, the effects of LHA ghrelin signaling in
females are unexplored. Here we investigated whether LHA ghrelin signaling is necessary and
sufficient for control of ingestive and motivated behavior for food in male and female rats. Ghrelin
delivered to the LHA increased food intake and motivated behavior for sucrose in both male and
female rats, whereas increased food-seeking behavior and body weight were only observed in
females. Females had slightly higher Ghsr levels in the LHA compared to males, and importantly,
acute blockade of the Ghsr in the LHA significantly reduced food intake, body weight, and
motivated behavior for sucrose in female but not male rats. Chronic LHA Ghsr reduction in female
rats achieved by RNA inference-mediated Ghsr knockdown resulting in a 25% reduction in LHA
Ghsr mRNA abolished the reward-driven behavioral effects of LHA-targeted ghrelin, but was not
sufficient to affect baseline food intake or food reward responding. Collectively we show that
ghrelin acts in the LHA to alter ingestive and motivated behaviors in a sex-specific manner.
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1. Introduction

Ghrelin is an orexigenic peptide produced mainly in the stomach [1-5]. Circulating levels of
ghrelin are highest during fasting and prior to anticipated meals, and a sharp reduction in
ghrelin is detected immediately following food ingestion [1, 6, 7]. Both peripheral and
central administration of ghrelin induces hyperphagia, whereas pharmacological blockade of
ghrelin receptors reduces food intake [8]. The orexigenic effect of ghrelin is mediated by the
activation of the growth hormone secretagogue receptor 1A (Ghsr), with CNS targets for
Ghrs-mediated orexigenic effects originally thought to be the arcuate and paraventricular
nuclei of the hypothalamus and the nucleus of the solitary tract in the hindbrain [9-12].
However, recent work has identified extra-hypothalamic and extra-hindbrain neural targets
through which ghrelin stimulates ingestive behavior [13-15]. For example, ghrelin increases
motivation to obtain food through Ghsr action in the ventral tegmental area (VTA), the
nucleus accumbens, and the ventral hippocampus [15-18]. The endogenous role of CNS
ghrelin signaling in reward regulation is supported by data showing that pharmacological or
genetic blockade of Ghsr signaling decreases motivated behavior for food [18-21].

Ghsr expression is distributed throughout multiple areas of the brain, including the lateral
hypothalamic area (LHA) [22], a key area involved with ingestive behavior and reward-
based behavior [23-26]. Activation of LHA neurons stimulates food seeking and eating
(even in satiated rats) [27] and rodents will lever press to stimulate LHA neurons without
satiation [28-30]. More recent studies have confirmed a functional connection between
ghrelin signaling and the LHA. Ghrelin injections into the lateral ventricle, or directly into
the LHA, activate LHA neurons, as illustrated by increased c-Fos levels in this nucleus
following ghrelin injections [31, 32]. Furthermore, several groups have demonstrated that
ghrelin indirectly, or directly, activates LHA neurons that produce the orexigenic
neuropeptide, orexin (aka hypocretin) [16, 20, 31, 33]. Orexin neurons connect the LHA
with the mesolimbic dopamine neurotransmission [34] and thus, findings linking ghrelin and
orexin signaling suggest that the LHA is a critical gateway for ghrelin to affect phasic
dopamine transmission [35]. While direct intra-LHA ghrelin administration has been shown
to stimulate ingestive behavior for less palatable chow [35-37]; the role of LHA ghrelin
signaling in motivated responding for palatable food remains unexplored.

The overwhelming majority of research investigating the hyperphagic effects of CNS ghrelin
signaling has been conducted exclusively in male rodents. Very little is known about sex
differences in this system. However, recent literature suggests a possible modulatory role of
sex on ghrelinergic feeding effects. For example, ghrelin mRNA levels increase after
ovariectomy, an effect reversed by estrogen replacement [38]. Additionally, both males and
ovariectomized females are more sensitive to systemic or ventricular injection of ghrelin
than intact females, suggesting that the orexigenic potency of ghrelin is modulated by
estrogen [39]. On the other hand, only female Ghsr-null mice fed with standard chow
display reduced body weight and adiposity compared to wild type animals [40]. Thus,
existing data give little clues on how the LH ghrelin responses may differ in males and
females, but they certainly suggest that sex differences after LH-ghrelin manipulation are
likely.
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In this study we investigated the role of LHA ghrelin signaling on food intake and motivated
responding for palatable food in male and female rats. We first determined whether ghrelin
stimulates ingestive behavior and operant responding for sucrose in males and females when
administered directly into the LHA. We also assessed the effects of ghrelin intra-LHA
microinjection on hypothalamic expression of orexin in females, which has been reported to
increase in male rats after ghrelin administration. To assess whether ghrelin signaling in the
LHA is necessary for food reward behavior, we measured food ingestion, food seeking, and
motivated responding for palatable food after pharmacologically blocking LHA Ghsr
signaling. Finally, we determined the effect of chronic blockade of Ghsr by specifically
knocking down Ghsr in the LHA of female rats using an adenovirus carrying short hairpin
RNAs specifically targeting the Ghsr transcript.

2. Material and Methods

2.1 Animals

2.2 Drugs

Male and female Sprague-Dawley rats purchased from Charles River, Germany (5 weeks at
arrival) were housed in individual cages in a 12h light/dark cycle with ad /ibitum access to
chow and water, unless otherwise stated. Female rats were free cycling throughout the study.
The estrous cycle was followed in order to ensure that testing days were not biased towards a
particular phase. All phases were represented on each testing day for most testing days.
Behavioral testing was conducted during the mid-light cycle, unless otherwise stated. All
studies were carried out with ethical permissions from the Animal Welfare Committee of the
University of Gothenburg, in accordance with legal requirements of the European
Community (Decree 86/609/EEC).

Ghrelin and the Ghsr antagonist (YIL 781) [41] were purchased from Tocris and dissolved in
artificial cerebrospinal fluid (aCSF; Tocris), also used as vehicle. Drugs were stored as
aliquots at -20°C.

2.3 Brain cannulation

Guide cannulas were implanted into the LHA using the following coordinates adapted from
[42]: £1.5 mm from midline, 2.8 mm posterior to bregma, and 6.8 mm ventral from the
surface of the skull, with injector aimed 8.8 mm ventral to skull. These coordinates were
chosen to position the tip of the injector in the LHA, yet as far away as possible from other
hypothalamic Ghsr-expressing sites like the paraventricular nucleus or the dorsomedial
hypothalamus. As a result of this strategy our manipulation may not have reached the most
medial or ventral parts of the LHA, while consistently reaching the central, lateral and dorsal
LHA, as suggested by examination of India ink distribution in rat brains from this study as
well as preliminary studies. Cannula implantation surgery was performed under ketamine/
xylazine anesthesia. All rats were at least given one week to recover from surgery before
experimental testing. Dental acrylic and jeweler's screws were used to secure the cannula
and the incision was closed using an obturator as previously described [43]. Placement for
ghrelin and Ghsr antagonist injections was confirmed by microinjection of India-ink post
mortem at the same volume used throughout the study (0.5 pL). Representative image of
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intra-LHA injection is presented in Figure 1J. Only subjects with correctly placed cannulas
were included in the data analysis. All ghrelin injections were unilateral; antagonist and
AAV injections were bilateral. The latter were administered bilaterally since blocking
unilaterally leaves the other side to transmit the signal, and therefore reducing the chances of
detecting a behavioral impact of the blockade.

2.4 Operant conditioning

The operant lever press conditioning procedure is used to assess the motivation to obtain a
food reward. Training and testing were conducted in rat conditioning chambers (Med-
Associates, Georgia, VT, USA) as described previously [44, 45]. Training was conducted in
four phases in ad /ibitum fed rats. Thus, rats were not food restricted at any time during
operant training. Rats were first trained on the fixed ratio 1 (FR1) schedule in 30 min
sessions (single press on the active lever resulted in the delivery of one sucrose pellet (45
mq)), followed by FR3 and FR5 (3 and 5 presses per pellet respectively), where a minimum
of 30 responses on the active lever per session was required for advancement to the next
schedule. Finally the rats were trained in progressive ratio (PR) conditioning sessions until
stable responding was achieved. The response requirement increased according to the
following equation: response ratio = [5e(0.2 x infusion number)] — 5 through the following
series: 1, 2, 4,9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328.
Responding was considered stable when the number of pellets earned per session did not
differ more than 15% between three consecutive sessions. All operant response testing was
performed after the responses stabilized. Each PR session lasted for 60 min.

2.5 LHA-targeted ghrelin microinjection effects on food intake, body weight, locomotor
activity andfood motivated behavior

To test the effects of ghrelin, ad libitum-fed male (n=14-15) or female (n=23-24) rats were
injected with ghrelin (1.0 ug) or vehicle (aCSF) and operant conditioning responses were
tested 10 min after injection. Food seeking was assessed as the number of head pokes into
the feeding chamber during the 60 min operant session. Chow intake was measured 1 and 24
h after the operant testing sessions. Each treatment was counterbalanced where each
condition was separated by a two-day period. Locomotor activity was measured using
horizontal infrared beams in the operant chambers (Med-Associates).

2.6 Effects of pharmacological LHA-targeted blockade on food intake, body weight,
locomotor activity and food motivated behavior

For experiments examining the effect of Ghsr blockade, rats were fasted overnight, and
injected with YIL 781 (25 ug) or vehicle (aCSF) in the LHA at the start of the light cycle
[n=5 (female rats) and n=9 (male rats)]. Behavior and body weight were measured as
described above.

2.7 LHA dissections and gene expression

LHA tissue was collected by micro punch dissection of cryostat sections. Serial 80 u m
sections through figures 23-33 in the Paxinos and Watson rat brain atlas (second edition,
1986) were collected with the help of landmarks such as the fornix, optic tracts, and the third
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ventricle to identify LHA. RNA was isolated using the RNeasy Lipid Tissue Mini Kit
(Quiagen) and gene expression levels were quantified by quantitative real-time PCR (qPCR)
using Tagman gene expression kits from Life Technologies (primer information: Orx1
Rn00565995 ml; Ghsrl Rn00821417_m1; actin beta Rn00667869 _m1). Comparative
threshold cycle method [46] was used to quantify relative mMRNA expression.

2.8 Ghsr knockdown in female rats

To knockdown the expression of Ghsr in the LHA, an adeno-associated virus (AAV)
containing short hairpin RNAs (shRNA) for RNA interference targeting the Ghsr transcript
was used (AAV2-GFP-rGHSR-shRNA, Vector BioLabs). A scrambled shRNA expressing
GFP was used as control (AAV2-GFP-U6-shRNA, Vector BioLabs). Female rats (n=12 per
treatment group, each rat in this study received one microinjection of ghrelin and one of
vehicle followed by a PR test one week prior to the AAV infusion) were trained in the
operant conditioning test until stable responding was obtained on PR. Before surgery, rats
were divided into two groups which were matched for body weight and PR-performance.
After surgical implantation of bilateral LHA-directed guide cannulae (as described above),
control (GFP AAV) or Ghsr-targeting (Ghsr AAV) AAV was infused bilaterally into the
LHA (0.5 pl/hemisphere over a 5 min period). Microinjectors were left in place for an
additional 10 min after infusion to allow for diffusion of injectate. Body weight and food
intake were measured daily post AAV construct infusion, except for days where fasting or
food restriction was applied. Motivation to self-administer sucrose was assessed using a PR
schedule 3 and 7 days after AAV injections, since previous work indicated that RNAI-
induced effects can emerge already one week after injections [47]. Before the PR test on day
14, rats were food restricted overnight since food deprivation has previously been shown to
be effective in increasing circulating ghrelin levels in both male and female rats [53]. On
days 17 and 20 additional PR tests were conducted following counterbalanced ghrelin or
vehicle injections to confirm that the knockdown was functional i.e. sufficient to block or
attenuate LHA-driven responses to ghrelin. Four weeks after the AAV infusion, rats received
free choice of a high-fat/high-sugar diet (HFHS; which consisted of a choice of chow, water,
lard or 30% sucrose water). Three weeks later, adipose tissue and brains were collected. The
LHA was dissected as described above to assess Ghsr expression using gPCR. An LHA-
containing coronal section (10 um) was collected from each brain to verify correct
placement of AAV injections.

2.9 Statistical analysis

3. Results

All the data are presented as mean * Standard Error of the Mean (SEM). Statistical
significance was analyzed using t-test or one- or two-way ANOVA with Holm-Sidak's
multiple comparison tests, when appropriate (GraphPad Software, Inc., San Diego, CA). P-
values lower than 0.05 were considered statistically significant.

3.1 Male and female rats respond differently to acute LHA-targeted ghrelin injections

Intra-LHA ghrelin microinjection induced a robust escalation in food reward behavior, as
indicated by increased number of sucrose rewards earned in male and female rats (Fig 1A).
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Two-way ANOVA analysis indicates a significant effect of drug (F (1, 46) = 16.61,
p<0.0005), but not sex (F (1, 46) = 0.06, p>0.05), and no interaction (F (1, 46) = 0.06,
p>0.05). Likewise, increased number of lever presses emitted for the sucrose rewards were
detected for both sexes (Fig 1B; two-way ANOVA analysis indicates a significant effect of
drug (F (1, 46) = 14.34, p<0.0005), but not sex (F (1, 46) = 0.02, p>0.05), and no interaction
(F (1, 46) = 0.03, p>0.05), without changes in food seeking (Fig 1C) in male rats. Unlike the
response in males, the female rats also increased their food-seeking behavior (Fig 1C). Two-
way ANOVA analysis indicates a significant effect of drug (F (1, 44) = 6.26, p<0.05), and
sex (F (1, 44) = 4.92, p<0.05), but the interaction did not reach significance (F (1, 44) =
1.88, p=0.17). Locomotor activity was not affected by the treatment (Fig 11): drug (F (1, 39)
=0.043, p>0.05), sex (F (1, 39) = 0.061, p>0.05), interaction (F (1, 39) = 0.47, p>0.05).
Locomotor activity was measured in all females but only half of the males. The increase in 1
h food intake was more potent for male rats (Fig 1D,E), with ghrelin-injected male rats
consuming more than three-fold the amount they ate while injected with vehicle, while
female rats increased their intake an average of 50%. Two-way ANOVA analysis indicates a
significant effect of drug (F (1, 45) = 34.45, p<0.0005), but not sex (F (1, 45) = 3.20,
p=0.08), and a significant interaction (F (1, 45) = 7.0, p<0.05). At 24 h, food intake in males
was not altered, but remained elevated 24h after the LHA-targeted ghrelin microinjection in
female rats (Fig 1F,H). Two-way ANOVA analysis indicates a significant effect of drug (F
(1, 35) = 6.443, p<0.05), and sex (F (1, 35) = 24.99, p<0.0005), but the drug x sex
interaction did not reach significance (F (1, 35) = 0.26, p>0.05). Since 24h chow intake
differed significantly between males and females injected with vehicle, in order to directly
compare the response magnitude between the sexes data are also presented as % of vehicle
intake, to account for the baseline differences, with this transformation it is clear that food
intake is elevated above baseline in females but not males (Fig 1G). In line with the
increased 24h food intake in females they also displayed increased body weight gain
(1.04+1.48 for vehicle and 4.67+1.07 for ghrelin, p<0.05).

3.2 Ghsr and orexin expression in the LHA

Since a different pattern of response was found in male and female rats, we compared the
mMRNA levels of Ghsr in the LHA of male and female rats. We found that the female rats
have approximately 30% more Ghsr mRNA compared to male rats (Fig 2A). Since little is
known about the potential neurochemicals targeted by ghrelin in the LHA of female rats, we
microinjected ghrelin into the LHA of the female rats and measured orexin gene expression.
We found that orexin mRNA was increased after ghrelin treatment in female rats (Fig 2B).

3.3 Ghrelin receptor activation in the LHA is necessary for normal regulation of food
reward and body weight in female but not male rats

Acute pharmacological blockade of LHA Ghsr by bilateral microinjection of YIL 781 led to
reduced food reward (Fig 3A-B) but not food-seeking behaviors (Fig 3C) in female but not
male rats. Two-way ANOVA analysis for food rewards earned indicates a significant effect
of drug (F (1, 12) = 12.8, p<0.005), and sex (F (1, 12) = 7.3, p<0.05), interaction showed a
strong trend to significance (F (1, 12) = 3.9, p=0.07). Two-way ANOVA analysis for the
number of active lever presses indicates a significant effect of drug (F (1, 12) = 4.35,
p<0.05), and sex (F (1, 12) = 4.38, p<0.05), but no significant interaction (F (1, 12) =
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0.4157, p>0.05). Locomotor activity was not altered in either sex (Fig 3D; no significant
effect of drug (F (1, 12) = 0.12, p>0.05), or sex (F (1, 12) = 0,123, p>0.05), and no
significant interaction (F (1, 12) = 0.03, p>0.05). Food intake at 1 h was slightly reduced in
females (Fig 3E,F), but this trend did not reach statistical significance. Two-way ANOVA
analysis indicates no significant effect of drug (F (1, 11) = 0.10, p>0.05), but a significant
effect of sex (F (1, 11) = 29.20, p<0.0005), the interaction did not reach significance (F (1,
11) = 1.04, p>0.05). At 24 h, food intake was reduced in female rats only (Fig 3G,H). Two-
way ANOVA analysis on grams consumed during 24h indicates a significant effect of drug
(F (1, 12) = 9.43, p<0.0005), and sex (F (1, 12) = 75.58, p<0.0005), and a significant
interaction (F (1, 12) = 11.75, p<0.005). This sex difference remains significant when data
are transformed as % of vehicle value in order to account for baseline intake differences in
male and female rats (Fig 3L). For 24h body weight change 2-way ANOVA indicates a
significant effect of drug (F (1, 12) = 7.1, p<0.05), a significant effect of sex (F (1, 12) =
9.78, p<0.05), but the interaction was not significant (F (1, 12) = 1.74, p=21); Fig 3I.

3.4 Chronic LHA-targeted Ghsr knockdown in female rats does not alter reward or body

weight

In order to follow up on the significant results of the acute Ghsr blockade in female rats and
determine whether reward and ingestive behavior regulation is able to cope with a chronic
reduction in LHA Ghsr, we bilaterally injected GFP AAV or Ghsr AAV into the LHA of
female rats. Testing female rats was prioritized, over testing male rats, after the negative
antagonist results in males. Experimental timeline (Fig 4) provides the timing of PR tests
and maintenance diet changes relative to AAV infusions. Chow intake and body weight were
measured daily for four weeks after the injection (Fig 4A-B); Ghsr knockdown did not alter
the food intake or weight of the rats. Since no significant effect was found in rats fed a chow
diet, rats were switched to a HFHS diet after four weeks, to determine whether this
metabolic challenge could uncover the impact of chronic Ghsr reduction in the LHA.
However, even under the HFHS diet conditions intake of chow (Fig 4D), lard (Fig 4E), sugar
water (Fig 4F), and body weight (Fig 4C) were not altered by the Ghsr reduction in the
LHA. Brown and white adipose tissue weight, measured at the termination of the
experiment, was also not altered by the treatment (Fig 4G). LHA-targeted Ghsr AAV
treatment reduced Ghsr mRNA by 25% in the LHA compared to the control group (Fig 4H).
This reduction was sufficient to abolish the reward (Fig 5A-B) and food seeking (Fig 5C)
responses to LHA-targeted ghrelin microinjections. Food intake actions of ghrelin, however,
remained intact (Fig 5E). Locomotor activity was not altered (Fig 5D). Food reward
responses in ad libitum-fed or food-restricted rats were not altered by the Ghsr AAV
compared to control construct infused rats (Table 1). Because ghrelin was previously shown
to play an important role in the potentiation of ingestive and motivated behavior by food
restriction, overnight food-restricted rats were offered chow and chow intake was measured
at 1 h. No significant differences were found between the control and Ghsr knockdown
group (5.2+0.3 and 5.0+0.4 control and Ghsr knockdown group respectively).
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4. Discussion

The present study reveals that ghrelin potentiates ingestive and motivated food-driven
behaviors via Ghsr activation in the LHA in both male and female rats. While the
pharmacological effects were present in both males and females, the endogenous relevance
(based on the antagonist data primarily, but also the AAV data) was only important in
females. Female rats also expressed higher levels of Ghsr in their LHA. Collectively our
results reveal sex differences in ghrelin's actions on the LHA. The revealed differences
varied based on the behavioral parameter measured and the way ghrelin signaling was
targeted.

Results show that ghrelin controls a wide array of feeding-associated behaviors by acting
directly on the LHA, and that these effects were more pronounced in females than males.
These data are in agreement with previous studies showing that LHA-directed ghrelin
application increases ingestive behavior for chow in males [35-37]. The changes in food
reward motivated behavior demonstrated in the present study are very much in line with
previous data showing that intra-LHA ghrelin increases accumbal dopamine
neurotransmission [35]. Since ghrelin has previously been shown to impact on other non-
food associated behaviors, many of which are tightly linked to the mesolimbic dopamine
signaling (e.g., impulsivity, novelty seeking, and reward-derived from substances of abuse
[17, 48-50]), it is possible that some of these non-food-based behaviors are also controlled
by Ghsr in the LHA, and also that this control may differ between the sexes.

Ghrelin's stimulatory effects on ingestive and food reward-based behaviors in the current
study were far more robust in females than males. These results seemingly contrast with two
previous studies which demonstrated that females are less sensitive to intraperitoneally or
intraventricularly administered ghrelin's chow intake stimulatory effect [39, 51], an outcome
shown to be dependent on estrogen. Interestingly, in the present study male rats displayed a
more potent chow eating stimulatory effect one hour after injection, suggesting that short-
term ingestive behavior may, in fact, be more sensitive to LHA-ghrelin treatment in males.
However, only females responded with enhanced cued food-seeking behavior (increased
activity around the food dispenser) after LHA-targeted ghrelin, suggesting that for some
feeding-associated parameters, females display more sensitivity to ghrelin than males. Other
than the different food-associated behavioral parameters evaluated, there are also other
methodological differences between the current study and these previous studies. For
example, ghrelin delivery was targeted to the LHA in the current study, whereas it was
applied systemically or intracerebroventricularly (and therefore was able to reach many
brain areas) in the previous work.

Whether LHA neurons co-express Ghsr and estrogen receptors remains unknown; other
hypothalamic areas including ventromedial, arcuate, and preoptic hypothalamus harbor
neurons that co-express both receptors [52]. Estrogen receptors are indeed expressed in the
LHA, but whether they interact with Ghsr signaling is unknown. Nevertheless, the eating
stimulatory effects of ghrelin microinjections targeting the arcuate and paraventricular
nucleus did not find any sex differences [9]. Since this study did not follow the estrous cycle
of their rats, it has been suggested that the cause for lack of reduced ghrelin-mediated
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behavioral effects in females was that these rats were acyclic [39, 51]. However, in the
current study the rats had a normal estrous cycle, and each cycle phase was represented at
the time of the injection, and thus reduced circulating estrogens are an unlikely explanation
for the differential effects of ghrelin in female rats compared to males. Moreover, since
female rats in our study did have intact circulating estrogens, it is possible that estrogen
provided an inhibitory influence on ghrelin's effects in the LHA. Future investigations are
needed to show whether the female LHA-ghrelin response can be augmented with
ovariectomy.

To the best of our knowledge this is the first study to test the CNS delivery of a Ghsr
antagonist in female rodents. When delivered to the LHA, the Ghsr antagonist was effective
in reducing fasting-induced intake and fasting-potentiated food reward in females but not in
males. In line with our results female Ghsr-null mice are more impacted by Ghsr deletion
compared to male mice, demonstrated as considerably larger fat mass reduction and body
weight compared to male Ghsr knockouts [40]. Collectively these data suggest that Ghsr
signaling, at least at the level of the LHA, is more important in the regulation of feeding
behavior and body weight regulation in females compared to males. Another potential
explanation for the differential effects of acute Ghsr blockade in males and females could be
that males may have lower levels (or insufficient amount to produce a response) of
endogenous ghrelin reaching the LHA after the overnight fast. Indeed, intact female rats
show higher levels of plasma ghrelin compared to males after overnight fast [53]. To which
extent the increased plasma levels of ghrelin translate into distribution in the brain
parenchyma is, however, unknown. Moreover, ghrelin receptor antagonists have been highly
effective after intra-parenchymal (VTA) brain injection following an overnight fast in males
[18], which indicates that overnight fasting can result in sufficient activity at the CNS Ghsr
also in males. Thus, we consider that it is more likely that in males, activity at other Ghsr-
expressing brain sites is sufficient to compensate for the lack of effect from the LHA. This
interpretation is also in line with the fact that Ghsr are expressed in the LH, and injection of
exogenous ghrelin is effective at altering food motivated behavior, as well as ingestive
behavior, in males. In summary, in males Ghsr activation in the LH is sufficient but not
necessary for feeding and food reward regulation. While in females LH Ghsr activation is
both sufficient and necessary, for the latter at least in the acute setting, which highlights the
importance of LH Ghsr signaling in females.

Ghrelin, at the level of the LHA, increased orexin gene expression in female rats. Thus, for
both males and females, ghrelin may alter food-motivated behavior at the level of the LHA
via orexin neurons [16, 20, 31, 33]. Orexin neurons project to the mesolimbic sites,
including the VTA [34] and have been shown to increase motivated responding for sucrose
in female rats. However, previous studies also indicate sexual dimorphisms in the orexin
system. Female rats express higher levels of orexin receptors in the hypothalamus [54], and
orexin up-regulation upon fasting is enhanced in females compared to male [55]. Moreover,
orexin-driven regulation of food motivation differs in males compared to females. For
example, CNS pharmacological blockade of orexin signaling does not alter food-motivated
behavior in female rats (but it does reduce food-motivated behavior in male rats) [56, 57].
Thus, considering how important orexins are to ghrelin's orexigenic function, the sexually

Physiol Behav. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lo6pez-Ferreras et al.

Page 10

dimorphic responses to ghrelin revealed by the current data may be partly mediated by the
differential sensitivity to orexin's actions. This hypothesis requires further investigation.

We did not find any changes in feeding, motivated responding for palatable food, or fat mass
accumulation after chronic LHA Ghsr knockdown in female rats irrespective of the
maintenance diet. In previous work, female Ghsr-null mice show reduced food intake, body
weight, and adiposity when maintained on a high-fat diet [40] whereas they have only
reduced body weight on a chow diet. One likely explanation for the different results is that
Ghsr-expressing brain areas outside of the LHA compensate for the reduced Ghsr levels in
the LHA, resulting in no net change in behavior or metabolism in rats. Another explanation
could be that the reduction of Ghsr in the LHA in the current study is too small to affect
normal physiology, since approximately 75% of Ghsr remain in the LHA after the
knockdown. Our evidence supports the first option, however, as food reward effects of LHA-
delivered ghrelin were abolished by the knockdown. Moreover, the lack of a difference in
any parameters measured between vehicle-injected knockdown and control rats, combined
with a completely abolished effect of intra-LH ghrelin in the same experiment suggests that
the lack of effect of the knockdown on food reward behavior is unlikely to be due to the
knockdown being insufficient to block ghrelin responses at the time of reward testing.
Testing female rats after the Ghsr knockdown was prioritized over testing male rats in this
study since male rat behavior was not altered by the antagonist treatment in the LH. With the
current data, while we consider it unlikely that males would show an effect of the
knockdown, we cannot eliminate this possibility.

Collectively data identify the LHA as an important locus for ghrelin-mediated control of
food intake, as well as palatable food seeking and motivation. Importantly, our data also
demonstrate that food motivation and food ingestion are differentially engaged by ghrelin in
the LHA of male and female rats (with more pronounced effects observed in females), and
highlight the importance of examining both sexes in food reward and intake studies.
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Highlights

Ghrelin stimulates food intake and food motivated behaviors by acting on the
lateral hypothalamic area (LHA) in male and female rats.

Acute Ghsr blockade in the LHA reduces food intake, body weight, and
motivated behavior for sucrose in female but not male rats.

Females have higher levels of Ghsr mRNA in the LHA compared to males.

Chronic LHA RNA inference-mediated Ghsr knockdown is not sufficient to
affect baseline food intake or food reward responding in either sex.
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Figure 1.
Ghrelin delivery to the lateral hypothalamic area (LHA) increases food reward and food

intake in male and female rats. Intra-LHA ghrelin microinjection increases the amount of
sucrose rewards earned (A) and the number of lever presses for the rewards (B) in a
progressive ratio schedule in both male and female rats. Food-seeking behavior (C; number
of head entries into the food dispenser) was not altered in male rats but was significantly
increased in female rats after LH-targeting ghrelin injection. Chow intake was also increased
at 1 h in both sexes; however, the response was more potent in males (D). In contrast, 24 h
chow intake was elevated by the LH ghrelin treatment only in females (F). Since at 24 h
chow intake differed significantly between males and females injected with vehicle, in order
to directly compare response magnitude between the sexes data are also presented as % of
vehicle intake, to account for the baseline differences (G). 1 and 24 h food intake data are
also presented as g consumed per g of body weight (E, H). Locomotor activity was not
affected by the treatment (1) Data are expressed as mean £SEM. n=14-15 (males) and
n=23-34 (females). Brain atlas and tissue section micrograph of a representative injection
placement (J). LH, lateral hypothalamus; Arc, arcuate nucleus of the hypothalamus; VMH,
ventromedial hypothalamus. *p < 0.05, ** p < 0.01,*** p < 0.005,**** p < 0.001 compared
to vehicle (aCSF).
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Figure 2.

Ghsr and orexin 1 mRNA expression levels in the LHA. Expression of Ghsr differs in male
and female rats; Ghsr mRNA was detected in both male and female LHA, but males showed
significantly lower levels (A). The expression of the orexin 1 gene was increased by LHA-
targeted ghrelin microinjection in females (B). Data are expressed as mean £SEM. n=12, * p
<0.05.
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Figure 3.
Acute pharmacological blockade of Ghsr decreases food reward and intake in females but

not males. Intra-LHA microinjection of Ghsr antagonist, YIL 781 (25 ug) decreased the
amount of sucrose rewards earned (A) and the number of lever presses for the rewards (B) in
a progressive ratio schedule, without changing food seeking (C) or locomotor activity (D) in
female rats. A non-significant trend for a reduced intake was detected at 1 h in females when
expressed as g consumed (E) or grams consumed per grams of body weight (F). At 24 h
food intake was significantly reduced in females when expressed as g consumed (G) or
grams consumed per grams of body weight (H). Body weight gain was lower in female
treated with the antagonist compared to antagonist treated males (I). Acute Ghsr blockade
did not affect any of the parameters measured in male rats. Wherever vehicle-injected male
and female behavior differed these parameters were also presented as % change from vehicle
baseline (J-L). Data are expressed as mean SEM. n=5 (female rats) and n=9 (male rats). *p
<0.05, ** p < 0.01,*** p < 0.005,**** p < 0.001 compared to vehicle (aCSF).
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Chronic GHSR reduction in the LHA does not affect energy balance in female rats. Body

weight gain (A) and chow intake (B) were not affected by the LHA-targeted Ghsr

knockdown mediated by the Ghsr AAV injection. Similarly after HFHS diet challenge the
body weight (C), chow (D), lard (E), and 30% sucrose water (F) intake were not altered by
the knockdown. Fat mass in brown, gonadal and inguinal adipose tissues (BAT, GWAT and
IWAT respectively; G) was also not altered. Seven weeks after AAV construct injections
Ghsr mRNA expression was reduced by ~25% in the LHA of rats treated with Ghsr AAV
compared with controls (H). Representative AAV construct injection location (I). ARC:
arcuate nucleus; VMH: ventromedial hypothalamus. Blue represents the DAPI nuclear stain.
Timeline provides the timing of PR tests and maintenance diet changes relative to AAV

infusions. Data are expressed as mean £SEM. n=12 (female rats) per treatment group.
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Figure 5.

Ghsr knockdown in the LHA abolishes food reward impact of LHA-targeted ghrelin.

Ghrelin increased the amount of sucrose rewards earned (A) and the number of active lever
presses for sucrose (B) in control rats but not in rats with Ghsr knocked down. Similarly
Ghsr knockdown was sufficient to abolish the food-seeking behavior potentiation induced by

ghrelin (C). No changes in locomotor activity were detected (D). The knockdown was,

however, not sufficient to attenuate the ghrelin-induced elevation in chow intake (E). Data

are expressed as mean =SEM. n=12 (female rats). * p < 0.05, ** p < 0.001, #p < 0.1.
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Table 1

Progressive ratio operant testing results from ghrelin receptor knockdown (Ghsr AAV) and control rats. On
days 3 and 7 the rats were fed ad libitum. On day 14 the rats were food restricted overnight. n=12.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

DAY POST AAV INFUSIONS | MEASURED PARAMETER | CONTROL Ghsr AAV SIGNIFICANCE
DAY 3 REWARDS EARNED 7.2+0.5 6.7+1.1 P=0.7; NS
ACTIVE LEVER 85.8+14.3 106.7+33.4 P=0.6; NS
FOOD SEEKING 88.3+14.5 106.6+24.7 P=0.5; NS
LOCOMOTOR ACTIVITY 1384.3+155.9 | 1309.8+109.2 | P=0.7; NS
DAY 7 REWARDS EARNED 8.3+0.7 8.0+0.7 P=0.8; NS
ACTIVE LEVER 134.2+23.0 116.3+21.1 P=0.6; NS
FOOD SEEKING 114.3+15.4 122.8+18.1 P=0.7; NS
LOCOMOTOR ACTIVITY 1098.0+131.3 | 891.3+137.5 P=0.3; NS
DAY 14 REWARDS EARNED 9.6+0.4 9.3+0.9 P=0.8; NS
ACTIVE LEVER 173.0£21.0 187.0+34.0 P=0.7; NS
FOOD SEEKING 154.6+15.9 161.3+22.8 P=0.8; NS
LOCOMOTOR ACTIVITY 1090.8+107.9 | 1135.6+124.1 | P=0.8; NS
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