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ABSTRACT

Background: The prevalence of eating disorders, including binge eating disorder, is significantly higher in women. These
findings are mirrored by preclinical studies, which indicate that female rats have a higher preference for palatable food and
show greater binge-like eating compared with male rats.

Methods: Here, we describe a novel within-session behavioral-economic paradigm that allows for the simultaneous
measurement of the intake at null cost (Q ) and normalized demand elasticity (o) of 3 types of palatable food (low fat, high fat,
and chocolate sucrose pellets) via demand curve analysis. In light of evidence that the orexin (hypocretin) system is critically
involved in reward and feeding behaviors, we also examined the role of orexin function in sex differences of economic
demand for palatable foods.

Results: The novel within-session behavioral-economic approach revealed that female rats have higher intake (demand) than
males for all palatable foods at low cost (normalized to body weight) but no difference in intake at higher prices, indicating
sex-dependent differences in the hedonic, but not motivational, aspects of palatable food. Immediately following behavioral-
economic testing, we observed more orexin-expressing neurons and Fos expression (measure of recent neural activation) in
these neurons in female rats compared with male rats. Moreover, the orexin-1 receptor antagonist SB334867 reduced both
low- and high-cost intake for palatable food in both male and female rats.

Conclusions: These findings provide evidence of higher demand at low prices for palatable food in females and indicate that
these behavioral differences may be associated with sexual dimorphism in orexin system function.
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Introduction

Eating disorders are the most sex-differentiated psychiatric dis-
orders, with estimates of female-to-male ratios ranging from 4:1
(Hudson et al., 2007) to 10:1 (American Psychiatric Association,
2013). In clinical studies, females report a higher preference
for high-fat, high-sugar foods and carbohydrates (Asarian and
Geary, 2013) as well as enhanced neuronal responses to pal-
atable foods in key brain reward regions (Cordeira et al., 2010;
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Legget et al., 2018). These findings are generally recapitulated in
animal studies; female rats consume more palatable food and
escalate their intake of palatable food at a faster rate compared
with males (Babbs et al., 2011; Carlin et al., 2016; Hardaway
et al.,, 2016). Thus, rodents offer a valuable model system to in-
terrogate the biological factors that underpin sex differences in
eating behavior.
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Significance Statement

able food in both sexes.

A&

The prevalence of eating disorders, including binge eating disorder, is significantly higher in women. These findings are mirrored
by preclinical studies, which indicate that female rats have a higher preference for palatable food and show greater binge-like
eating compared with male rats. Here, we evaluated the demand for 3 different palatable rewards in male and female rats using
a behavioral economics paradigm. We determined that female rats have a higher demand at null cost for all 3 of the palatable
rewards. We did not observe sex differences in motivation to obtain the rewards. Furthermore, we indicate that these behavioral
differences may be associated with differences in expression of the hypothalamic neuropeptide orexin (hypocretin) between
male and female rats and show that orexin receptor-1 blockade generally reduces null cost and motivated responding for palat-

J

Specialized assays are often used to measure the contri-
bution of motivational vs hedonic processes to food intake in
male vs female rats. For example, individual differences in the
hedonic processing (“liking”) of food is typically inferred from
measuring orofacial reactions to food (Grill and Norgren, 1978;
Doyle et al., 1993; Ho and Berridge, 2013), whereas differences in
motivation for a food (“wanting”) can be measured using tasks
that require the animal to exert high amounts of physical ef-
fort (as in a progressive ratio [PR] task) or endure pain (typically
foot shock) to earn the food reward (Oswald et al., 2011; Tapia
et al,, 2019). Although informative, these assays are limited by
the fact that only 1 index (motivation or hedonia) can be meas-
ured at a time. Moreover, motivational measures such as PR do
not account for individual differences in preferred levels of food
intake. To this end, a behavioral-economic (BE) approach offers
a unique means to measure several components of reinforcer
value simultaneously and account for the effect of preferred
intake on measures of motivation. By examining consump-
tion of a reinforcer across multiple “prices” within a single ses-
sion, it is possible to derive the preferred level of consumption
under no-cost conditions (Q ) as well as demand elasticity, or
the change in consumption with increasing price (o; an inverse
index of motivation). Importantly, this approach offers a struc-
tured quantitative method to model behavior independently
of differences in preferred intake at null cost, which can vary

significantly between animals of different body weights and
sex. Although such an approach has been successfully used to
compare the reinforcing properties of drugs of abuse between
sexes (Bentzley et al., 2013; Porter-Stransky et al., 2017; Kawa
and Robinson, 2019), a within-session BE approach to study sex-
specific differences relating to palatable food intake should be
further explored.

Significant evidence indicates that signaling at the orexin re-
ceptor 1 (OxR1) is critically involved in the motivational proper-
ties of feeding. Notably, the selective OxR1 antagonist SB334867
(SB) reduces effortful responding for palatable and high-fat foods
(Borgland et al., 2009; Cason and Aston-Jones, 2013a) and blocks
consumption of a sweetened fat mixture in a binge-like eating
paradigm (Piccoli et al., 2012). Orexin signaling also appears to
be important for hedonic processing of food, as injections of ex-
ogenous orexin increase hedonic reactions to sucrose reward as
measured by orofacial reactions (Ho and Berridge, 2013).

Here, we used a novel BE approach to directly compare males
and females in terms of their low- and high-cost (i.e., low- and
high-effort) consumption of both high-fat palatable and low-fat
palatable (LFP) food pellets as well as for a highly palatable but
non-fat alternative food (artificially) chocolate-flavored sucrose.
We found that females have higher consumption of all foods
tested at low cost (Q,) but do not differ from males with re-
spect to their motivation (a) for these foods. These differences

Table 1. Average Number of Active/Inactive Lever Responses and Pellets Earned During 2-Hour FR Training Sessions Prior to Testing

Food pellet FR Sex Active Lever Inactive Lever Pellets
HFP 1 M 275 (58) 15 (6) 215 (42)
F 195 (40) 29 (10) 121 (22)
3 M 429 (76) 18 (4) 134 (24)
F 442 (104) 15 (6) 121 (28)
10 M 627 (122) 15 (3) 61 (12)
F 731 (141) 19 (8) 70 (13)
32 M 567 (155) 16 (3) 17 (5)
F 785 (236) 12 (5) 32 (10)
100 M 395 (136) 17 (3) 3(1)
F 508 (286) 8 (4) 5(3)
LFP 1 M 213 (40) 14 (3) 159 (28)
F 101 (10) 26 (4) 81 (6)
3 M 362 (53) 16 (7) 113 (17)
F 262 (28) 27 (8) 78 (8)
10 M 1056 (137) 23 (9) 104 (13)
F 488 (76) 14 (3) 47 (7)
32 M 985 (199) 34 (16) 30 (6)
F 571 (115) 15 (3) 17 (4)
100 M 676 (165) 24 (8) 6 (1)
F 276 (103) 16 (4) 2 (1)

Abbreviations: FR, fixed ratio; HFP, high-fat palatable reward; LFP, low-fat palatable reward.

Values are n (SEM).
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are associated with sexual dimorphism in orexin system func-
tion, as female rats exhibited greater activation and numbers of
orexin-expressing neurons. Moreover, both low- and high-cost
consumption of all palatable foods was reduced by the orexin-1
receptor antagonist SB comparably in both sexes.

MATERIALS AND METHODS

Animals

Male and female Sprague Dawley rats (approximately 225-275 g
on arrival; Charles River Laboratories; n=38) were single-housed
and kept on a reverse 12-hour-light schedule (lights off at 6:00
AM, on at 6:00 pm), with all behavioral testing occurring during
the dark cycle. While rodents are social animals and benefit
from group-housing, we single-housed the rats to control and
monitor food intake for this dietary study, as done previously in
other dietary studies (Babbs et al., 2011; Cason and Aston-Jones,
2013a, 2013b; Kay et al., 2014; Bello et al., 2019). Given that rats
from this study were in the same room, they were still exposed
to olfactory, visual, and auditory contact with conspecifics and
therefore not totally isolated (Krohn et al., 2006). Furthermore,
rats received frequent handling due to the nature of this study,
which included daily training or testing. Rats were fed Harlan
Teklad 8656 (males 25 g/d, females 18 g/d; this mild food re-
striction was proportional to mean differences in body weights
between sexes) and were given ad libitum access to water. All
protocols and procedures followed the NIH Guidelines for the
Care and Use of Laboratory Animals and were approved by the
Medical University of South Carolina Institutional Animal Care
and Use Committee.

Reward Pellets

Three different rewards were utilized during this study. The LFP
reward was a 45-mg grain-based pellet (Bio-Serv, Frenchtown,
NJ). This pellet delivers 0.85 kcal/g from protein, 0.34 kcal/g from
fat, and 2.16 kcal/g from carbohydrate. The main fat sources are
soybean oil and porcine animal fat. This pellet also contains
banana flakes, beet pulp, sucrose, fructose, and dextrose, con-
tributing to the palatability. The pellet contains a standard min-
eral and vitamin mix. The high-fat palatable reward (HFP) was
a 45 mg Pellet (Bio-Serv). This pellet delivers 0.72 kcal/g from
protein, 2.11 kcal/g from fat, and 1.77 kcal/g from carbohydrate.
The fat sources are hydrogenated cottonseed oil and soybean
oil. This pellet also contains dextrose and sucrose contributing
to the palatability. The pellet also contains a standard mineral
and vitamin mix. Lastly, the chocolate-flavored sucrose pellet
(CSP) is a 45-mg Chocolate-Flavored Sucrose Pellet (Bio-Serv) re-
ward. This pellet delivers 3.5 kcal/g from carbohydrate. This is an
artificially flavored chocolate pellet and only contains sucrose
and dextrose; there is no fat. There are no vitamins or minerals.

Behavioral Economics Paradigm

Rats were trained to lever press for food rewards in an operant
chamber (Med Associates) housed inside a sound attenuating cu-
bicle, which contained a red house light, 2 retractable levers with
white cue lights above them, a food hopper, and a tone generator.
Rats underwent fixed-ratio 1 (FR1) training followed by FR3, FR10,
FR32 and FR100, each for a minimum of 2 days during which they
were required to meet criteria of at least 60 lever presses/d (there
was no minimum lever press criteria for FR100). Animals that did
not progress through each FR value were removed from the study

(n=2). After 2 days of FR100 training, rats started BE training and
testing. During the 105 minutes BE session, a 5 minute “active
period” was signaled by the illumination of the house light and
extension of the levers. During the active periods, responses on
the active lever resulted in delivery of a reward pellet on an FR
schedule. The first active period was the highest schedule of re-
inforcement (FR100) followed by FR32, FR10, FR3, and FR1. There
was no maximum for pellets earned during training or testing.
Instead, between each of these active periods, there was a 20
minutes time-out period signaled by darkness in the chamber
and retraction of the levers; the time-out and the reverse-order
of FR schedules were employed to limit satiation. Responses on
an inactive lever were not reinforced. This design produced full
demand curves (see Figure 1e). Rats were trained on a minimum
of 6 BE sessions and until a (demand elasticity) varied by less
than 25% across the last 3 days.

Peripheral Administration of the Selective Orexin-1
Receptor Antagonist (SB334867)

Once the rats reached a stable baseline «, they were treated with
SB (0, 30 mg/kg; i.p.) in a counterbalanced fashion 30 minutes
prior to BE testing. This dose of SB was selected based on pre-
vious studies indicating that this dose reliably affects motivated
reward seeking, including for food (Fragale et al., 2019; James
et al., 2019a, 2019b; Barson, 2020; Mohammadkhani et al., 2020;
Wiskerke et al., 2020). The drug and vehicle were prepared as de-
scribed previously (Smith et al., 2009).

Locomotor Testing

Locomotor analysis was evaluated at the end of the study, as de-
scribed previously (Smith et al., 2009). Animals were given SB or
vehicle (counterbalanced between groups) 30 minutes prior to a
120-minute test session.

Tissue Preparation

A subgroup was re-stabilized on BE for CSP; the next session
animals were killed 90 minutes after P___ (point of highest re-
sponding, determined on that test day). Animals were an-
esthetized with an overdose of ketamine/xylazine, perfused
transcardially with 0.9% saline and 4% paraformaldehyde in 0.1
M phosphate buffered saline, and brains were collected. This
time point was chosen because Fos expression is maximal at
60-90 minutes after a behavioral manipulation. Brains were kept
in 4% paraformaldehyde for 24 hours and then submerged in a
20% sucrose-azide solution. Coronal brain sections were cut at
the level of the lateral hypothalamus on a cryostat at 40 pm thick
and stored in phosphate buffered saline-azide.

Immunohistochemistry

Sections from the hypothalamus were processed for Fos
immunohistochemistry as done previously (Mahler and
Aston-Jones, 2012). Briefly, every 6th section through the
hypothalamus was selected to visualize orexin neurons
throughout the longitudinal axis of the lateral hypothal-
amus. Sections were incubated in a rabbit anti-Fos primary
antibody overnight (1:1000; Millipore ABE457), followed by
2 hours in a donkey anti-rabbit secondary (1:500, Jackson
ImmunoResearch Laboratories, West Grove, PA). The same
sections from the hypothalamus were then processed for
Orx-A immunohistochemistry in a goat anti-Orx A primary
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Figure 1. Establishment and validation of a behavioral-economic (BE) procedure for palatable food. Active lever presses at each price during the within-session BE
protocol were similar across sexes (a, LFP [low-fat palatable reward]; b, HFP [high-fat palatable reward], ¢, CSP [chocolate sucrose palatable reward]). However, body
weights were significantly higher in males compared with females (d). An example demand curve from the within-session protocol (e) and strong demand curve fits
(R?=0.974+0.023) across all animals supports feasibility of the BE procedure for palatable food. Estrus cycle was evaluated in female rats; Q, and o values did not differ
between estrus and proestrus (f and g); all rats were either in estrus or proestrus (except for 1 rat in diestrus) at the time of testing. ***P<.0001.

antibody overnight (1:1000, Santa Cruz Biotechnology, Santa
Cruz, CA) and then incubated for 2 hours in a donkey anti-
goat secondary antibody (1:500, Jackson ImmunoResearch
Laboratories, West Grove, PA).

Quantification of Immunoreactivity

Photomicrographs were collected using Openlab image processing
software (Improvision) and a Leica microscope (10x magnifica-
tion). The number of orexin-positive neurons (brown reaction
product) and neurons double-labeled for Fos + orexin were quan-
tified using a point-counter tool (Image]) bilaterally through the
main rostrocaudal extent of the hypothalamic orexin neuron re-
gion (2-3 sections/rat) by an experimenter blind to experimental
groups. For all cell counting, the number of immunoreactive cells
was averaged across all sections for each rat.

Estrous Cycle Monitoring

Throughout FR training and BE testing, estrous cycle was evalu-
ated via vaginal lavage as described previously (Cox et al., 2013;
Bello et al., 2019).

Experimental Design

Male and female rats were randomly divided into groups to re-
ceive either the LFP or HFP. All animals were given FR training
and then BE testing. Animals were stabilized on BE over a
minimum of 6 days and then tested with vehicle or SB. A sub-
group of animals received SB and vehicle testing 1 day apart
(n=13); however, the majority of animals were given a minimum
of an additional 3 sessions between testing days. Once com-
pleting SB and vehicle testing, all animals were switched to the

CSP reward. Rats were tested for a minimum of 6 days on BE
for CSP until demand stabilized and were then retested under
vehicle/SB. Because demand for CSP and the effects of SB did
not differ between those rats with a history of LFP vs HFP, groups
were collapsed to make 2 groups (male CSP, female CSP). Next,
animals (n=28) underwent locomotor testing. Four sessions
were administered: habituation, baseline testing, vehicle testing,
and SB testing (counterbalanced with vehicle and SB). Finally,
a subgroup of animals was retested on BE for CSP until stable
behavior was again achieved. In the following session, demand
was measured in real-time, and animals were perfused 90 min-
utes following P__ (as described above; n=14).

max

Data Analyses

An exponential demand equation was applied to BE data to gen-
erate demand curves, o, and Q, values (Hursh and Silberberg,
2008). To normalize Q, values, the raw Q  value was multi-
plied by calories provided by a particular pellet and divided
by the animal’s body weight in grams. Differences in baseline
BE values between males and females were examined using a
2-way ANOVA (sex x diet). Effects of vehicle and SB were ana-
lyzed by calculating the percent change relative to baseline fol-
lowed by repeated measures 2-way ANOVAs (sex x treatment)
for each food type. Overall locomotor activity was analyzed
using a 2-way repeated-measures ANOVA (time x treatment).
To determine the relationship between SB on locomotor activity
and BE parameters, we correlated the percent change in loco-
motor activity following SB (vs vehicle) to the percent change in
behavior following SB (vs vehicle) using Pearson’s correlations.
For immunohistochemistry, the number of orexin-expressing
neurons, and the percentage of Fos+ orexin neurons were ana-
lyzed using 2-way ANOVA (sex x region).
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Figure 2. Females have higher demand at null cost for all palatable foods compared with males. Within-session behavioral-economic (BE) analyses revealed that fe-
male rats had higher demand at null cost (Q;; panel a) for all palatable foods (low-fat palatable reward [LFP], high-fat palatable reward [HFP], and CSP [chocolate sucrose
palatable reward]) compared with male rats when consumption was adjusted for kcal/kg. In contrast, female and male rats did not differ significantly on demand at
null cost (Q,; calories consumed, without adjustment for body weight; panel b) or demand elasticity («; panel c). Data depict mean values (+SEM) from 3 BE sessions.

P <.0001. n.s., not significant.

RESULTS

Establishment of a Within-Session Behavioral
Economics Procedure for Palatable Food Pellets

We first sought to establish a within-session BE procedure
for palatable food pellets (HFP, LFP, and CSP). Animals initially
underwent 2-hour training sessions for each of the FR sched-
ules; the mean number of active lever presses and pellets earned
over the last 2 days of FR responding at each price, for both
male and female rats, is presented in Table 1. Rats were then
trained on the within-session threshold procedure for a mean
of 8.87+2.59 days before reaching a stable baseline. The average
number of active lever presses at each price during the threshold
procedure for each food type is shown in Figure 1 (a, HFP; b, LFP,
¢, CSP). For all food types, there was no main effect of sex (P>.05)
nor a sex x price interaction (P>.05), indicating that responding
was similar across sexes at all prices. This is despite there being
a significant difference in body weights between male and fe-
male rats when tested on all foods (Figure 1d; P<.0001). We used
the exponential demand equation from Hursh and Silberberg
(Hursh and Silberberg, 2008) to generate demand curves for each
animal across all food pellet types (example demand curve is
shown in Figure 1e). This approach was associated with strong
demand curve fits (R?=0.974+0.023) and stable o and Q, values
across consecutive days. In a subpopulation of female rats, we
examined estrus cycle stage prior to BE testing. Only 1 rat was
found to be in diestrus at the time of testing; all others were
either in estrus or proestrus. For a and Q,, there was no main
effect of food type, and thus values were collapsed across LFP,
HFP, and CSP. Comparisons revealed no effect of estrus stage for
either parameter (P>.05; Figure 1f+g).

Females Have Higher Demand at Null Cost for All
Food Types

We next used the BE paradigm to determine sex differences
in preferred intake at null cost for each of the 3 palatable food
pellets. Q,, or estimated consumption at null cost, was used
as an index of animals’ preferred level of intake of each food
under free access conditions. Because kilocalories per pellet
differed significantly across food types (LFP: 3.35 kcal/g; HFP:
4.60 kcal/g; CSP: 3.50 kcal/g) and body weight differed signifi-
cantly between male and female rats (Figure 1d), consumption

values were normalized by multiplying Q, by the kilocalories per
45-mg pellet and divided by the rat’s body weight during testing.
Across all food types, females had higher demand at null cost
compared with males (F, ,,=29.00, P<.0001; Figure 2a); there was
no effect of food type (P=.1396) nor a sex x food type interaction
(P=.1433). Without accounting for body size, there were no sig-
nificant differences in Q; (kcals consumed; Figure 2b) for sex
(P=.1317) or food type (P=.1960) nor a sex x food type interaction
(P=.1097), indicating males and females consumed similar cal-
ories from the palatable rewards despite significant differences
in body weight (Figure 1d). In contrast to Q,, males and females
did not differ with respect to demand elasticity (o; Figure 2b) for
any food type (all main effects and interactions P>.05).

Orexin-1 Receptor Antagonist SB Reduces Demand
and Motivation in Both Male and Female Rats

We next sought to determine the effect of systemic treatment
with the OxR1 antagonist SB on demand and motivational
measures for palatable food in male vs female rats. For LFP, there
was a significant main effect of “treatment” on Q, (F, ,=20.28,
P=.0006; Figure 3a) and « (F, ,,=21.71, P=.0004; Figure 3b) values,
indicating that SB reduced both low- and high-cost responding
for this palatable food type. Despite a trend towards stronger
effects of SB on Q, in female rats (interaction: P=.0528), effects
were overall similar between sexes.

For HFP, there was a significant main effect of treatment on
Q, (F,,,=14.17, P=.0021; Figure 3c), indicating that SB reduced
null cost intake in both male and female rats. There was no ef-
fect of treatment on a (P=.2717; Figure 3d). There was no sex x
treatment interaction for Q, or a (P>.05).

For CSP, there was a significant main effect of “treatment”
on Q (F, ,,=42.71, P<.0001; Figure 3e) and a (F, ;,=21.71, P=.0004;
Figure 3f) values, indicating that SB reduced both low- and high-
cost responding. There was a significant sex x treatment inter-
action for a (F,,,=4.462, P=.0437), with Sidak post-hoc analyses
revealing that a values were significantly higher following SB in
males compared with females (P=.0017). No such interaction
was observed for Q_ (P >.05).

Importantly, although tests of general locomotor activity re-
vealed modest SB-induced reductions in general activity in both
male and female rats, individual changes in locomotor activity
did not correlate with changes in BE parameters (supplemen-
tary Figure 1), indicating that any soporific effects of SB were
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low- (Q,, panel e) and high-cost (a, panel f) responding in both males and females; posthoc analyses revealed that a values were significantly higher (motivation was
lower) following SB in males compared with females (P=.0017). **P<.01, **P<.001, ***P<.0001.

not significantly related to its effects on Q or a. We conducted
locomotor testing in locomotor analysis chambers, as done
previously (Smith et al., 2009; Bentzley and Aston-Jones, 2015;
Porter-Stransky et al., 2017). However, a limitation to these find-
ings is that locomotor analyses were conducted in a separate
chamber from the operant chamber.

Increased Orexin Cell Number and cFos+ Orexin
Cells in Female Rats During the BE Task

We euthanized a subgroup of rats 90 minutes after P__ in the
BE task for CSP; this allowed us to examine any sex differences
in orexin neuron cell number and activity (as gauged by cFos
expression) relevant to responding during the BE task. Separate

counts were made for medial (DMH/PF) and lateral (LH) orexin
cell populations. With respect to the number of orexin-expressing
neurons, we observed a significant main effect of sex (F,,,=7.448,
P=.0129; Figure 4a), indicating a higher overall number of orexin
neurons in female rats compared with males. There was a trend
towards a sex x region interaction; however, this failed to reach
significance (P=.0728), indicating that the increased number of
orexin neurons in females was not specific to the medial or lat-
eral subpopulation. Across both sexes, there was no relationship
between the number of orexin-expressing neurons in DMH/PF
or LH and any behavioral variables from the final CSP BE session
(P>.05, data not shown). We observed similar results with respect
to the percentage of cFos+ orexin neurons; a significant main ef-
fect of sex (F,,,=4.532, P=.0459; Figure 4b), but no sex x region

1,20
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expressing neurons across the dorsomedial hypothalamus/perifornical (DMH/PF) and lateral hypothalamus (LH) of the hypothalamus compared with males (a). Fe-
males also had an increased percentage of orexin cells that expressed cFos in the hypothalamus compared with males (b). Representative micrographs (40x) for males
and females are presented (c). Orexin label is brown, cFos is black. Scale bar=50 pm. *P<.05.

interaction (P=.7488), indicated that females also exhibited
greater activity in all orexin neurons during the BE task relative
to males. Interestingly, across both male and female rats, alpha
values from the final CSP BE test positively correlated with the
percentage of cFos+ orexin neurons in DMH/PF (R?=0.546, P=.006);
a similar nonsignificant trend was observed in LH (R?=0.309,
P=.061). No such relationship was observed for Q,.

Discussion

We used a BE approach to reveal sex differences in demand for
highly palatable food rewards. Females had higher demand at
null cost (Q) for an LFP reward, HFP reward, and a CSP reward
compared with males, but there was no significant difference
between sexes on an index of food motivation (demand elas-
ticity [o]). Using the OxR1 antagonist SB, we determined a role
for the orexin system in demand at null cost and motivated re-
sponding for palatable food in both males and females. Finally,
we observed significantly higher numbers of orexin-expressing
neurons as well as greater activation of orexin cells during food
seeking in female rats. Together, these findings provide evidence
of increased demand for palatable food in females and indicate
that these behavioral differences may be associated with sexual
dimorphism in orexin system function.

We describe a novel within-session BE paradigm that allows
for demand curve analysis of palatable food pellets. In these

BE sessions, consumption was measured at 5 FR schedules,
which were presented in reverse order of “price” (FR100-FR1)
with inter-trial intervals between each FR value to limit satiety;
this resulted in robust responding at all prices. Using the ex-
ponential demand equation (Hursh and Silberberg, 2008), we
generated demand curves with strong fits that were highly re-
liable over repeated sessions, as we have previously reported
for various drugs of abuse (Bentzley et al., 2014; Porter-Stransky
etal., 2017; James et al., 2019a, 2019b). We report that female rats
had higher Q, values (adjusted for body weight) compared with
males across all palatable foods. We and others have previously
suggested that Q, might reflect the hedonic value (i.e,, liking) of
a reinforcer, indicating that the pleasurable properties of palat-
able food might be higher in female rats. This interpretation is
consistent with evidence that female rats show higher intake
of palatable foods in binge-eating paradigms (Babbs et al., 2011;
Klump et al., 2013) as well as clinical evidence that obese women
report a stronger preference for high-fat and high-carbohydrate
foods, and particularly those high in sugar (Drewnowski and
Almiron-Roig, 2010). The palatable rewards administered in this
study had different levels of fat and carbohydrate, which also
contributed to the differences in caloric values. We have de-
scribed the rewards as LFP, HFP, and CSP. An alternative descrip-
tion could include “high carbohydrate palatable” (for LFP), “low
carbohydrate palatable” (for HFP), and “very high carbohydrate
palatable” (for CSP). Given that we did not determine significant



differences in Q, between rewards, we hypothesize that both
fat and carbohydrate content contributed to the reward pal-
atability. However, while not statistically significant, females
revealed the greatest Q values for the HFP reward compared
with LFP and CSP; males did not reveal any differences in Q, be-
tween rewards. Further investigation will be necessary, but it is
possible that high fat is a stronger driver for reward in females
compared with other types of palatable rewards.

We also examined demand elasticity (o), or sensitivity of de-
mand to changes in price, which reflects animals’ willingness to
“work” to maintain their preferred level of food intake (Bentzley
et al,, 2014). Unlike PR breakpoints, a values self-normalize to
differences in baseline consumption (Q,), thus allowing for the
comparison of elasticity across reinforcers and body weights in-
dependent of consumption. Interestingly, we observed no sex
differences in a across all food types, indicating that the mo-
tivational properties of palatable foods under high-cost condi-
tions are similar for male and female rats. Collectively, our data
indicate that female rats consume higher amounts of palat-
able foods under low-cost conditions compared with male rats
but show no difference in intake at higher prices. The ability
to simultaneously measure motivational vs putative hedonic
properties of palatable food within an individual subject and
session using the BE paradigm thus offers significant advan-
tages over alternative approaches (home cage intake or PR) to
interrogating biological systems contributing to differences in
feeding behaviors.

A major advantage of the demand analysis approach is the
ability to investigate how within-session measures of food de-
mand are affected by pharmacological intervention. Because the
orexin system is important for motivated seeking of rewards,
including food, here we tested the effect of SB on demand meas-
ures for each of the palatable foods. We administered a 30-mg/
kg dosage of SB given previous work indicating this dosage is
effective at reducing motivated seeking of rewards with little to
no effect on general motor activity (Moorman and Aston-jones,
2009; Smith et al.,, 2009; LeSage et al., 2010; Porter-Stransky
et al,, 2017; James et al., 2019b; Mohammadkhani et al., 2020).
We show that for both sexes, SB reduced Q, for all types of pal-
atable food. Further investigation will be necessary to deter-
mine whether lower doses of SB would result in sex-dependent
reduction of Q.. SB also reduced animals’ willingness to work
for both LFP and CSP (and tended to do the same for HFP), as
indicated by higher demand elasticity (higher o values). These
findings are consistent with evidence linking orexin signaling
with both low- and high-effort intake of palatable food (Barson,
2020). SB is also effective at reducing food-seeking behaviors in
paradigms where effortful responding is required to earn food
reward. For example, SB reduces PR breakpoints in rats trained
to respond for sucrose or sweet-fat pellets (Borgland et al., 2009;
Choi et al., 2010; Kay et al., 2014); similar effects are observed
following viral-mediated knockdown of orexin neurons in the
hypothalamus (Schmeichel et al., 2018). The orexin system ap-
pears to be especially important for regulating reward seeking
under conditions of augmented motivation (Mahler et al., 2014).
SB reduces intake of palatable foods at doses that do not af-
fect regular chow intake (Alcaraz-Iborra et al., 2014; Vickers
et al., 2015), and greater effects of SB are observed when ani-
mals are food restricted (Cason and Aston-Jones, 2013b; Kay
et al., 2014). Moreover, in the case of cocaine demand, SB is
only effective when drug infusions are paired with conditioned
stimuli (Bentzley and Aston-jones, 2015), which are known to
imbue additional motivational valence (Robinson and Berridge,
1993; Mahler and Berridge, 2009; Anselme et al., 2013). Thus,
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the fact that animals in the current study were mildly food re-
stricted and pellet deliveries in the BE program were paired with
light- + tone-conditioned stimuli likely contributed to the effects
of SB reported here. Together, these data indicate that OxR1 ant-
agonists effectively reduce both low- and high-effort responding
for palatable food in both sexes and thus might represent an
effective strategy for reducing palatable food intake in clinical
populations. Of note, here we tested the effects of SB at a single
dose (30 mg/kg) only; future studies should investigate the effect
of lower doses (e.g., 10 mg/kg) in male vs female rats, especially
because emerging evidence from the addiction field indicates
that lower doses are effective at reducing motivated behavior
specifically in high demand rats (Fragale et al., 2019; James et al.,
2019a, 2020; Mohammadkhani et al., 2020). Indeed, it is possible
female rats might be more sensitive to the Q_-reducing effects
of SB at lower doses given their higher baseline consumption
at null cost. The lack of a statistically significant effect of SB vs
vehicle on o for HFP was particularly evident in females. Given
that demand for HFP was highest (while not statistically signifi-
cant) for females, these data may indicate sex differences in re-
sponse to SB specifically for the HFP reward.

Because of recent evidence linking numbers of orexin-
immunoreactive cells with motivation for cocaine and opioids
(Thannickal et al., 2018; James et al., 2019a; Fragale et al., 2020;
Pantazis et al., 2020), we examined orexin expression in male vs
female rats. Consistent with previous studies (Johren et al., 2003),
we observed a significantly higher number of orexin-expressing
neurons in female rats compared with males, indicating that the
relationship between orexin cell numbers and reward seeking
extends to demand for palatable food. We also observed in fe-
male rats that orexin neurons exhibited greater activation (as
gauged by cFos expression) at the point of maximal responding
during the chocolate sucrose BE task. We specifically evaluated
cFos expression 90 minutes after P to capture orexin activity
relevant to this BE task. Together, these data point to an overall
enhanced orexin system functioning in females that is associ-
ated with higher demand at null cost for palatable food.

Given our reported sex differences in Qg orexin cell num-
bers, and cFos+orexin cell numbers, we hypothesize a role of
sex hormones in these differences. For example, female rats ex-
hibit increased expression of OxR1 and OxR2 during proestrus
compared with rats in other estrus stages (Silveyra et al., 2010),
revealing cycle-dependent differences in orexin. The neuroendo-
crine role of orexin is complex with site-specific effects on re-
lease of hormones (Johren et al., 2003). Orexin A has dual effects
on luteinizing hormone release in vivo; in ovariectomized rats,
i.c.v. administration of orexin-A inhibits luteinizing hormone,
whereas luteinizing hormone is stimulated in the presence of
estradiol and progesterone supplementation (Pu et al., 1998). In
the present study, estrus cycle was monitored throughout FR
training and BE testing. No significant differences were observed
in a or QO values whether females were in proestrus or estrus.
However, only 1 rat was in diestrus for their stable BE values.
Therefore, diestrus may affect the ability to reach a stable a in
this study. Further studies will need to be performed to better
understand the role of diestrus in palatable food responding and
orexin cell activation.

In conclusion, we describe a novel within-session BE ap-
proach for examining demand and motivation for palatable
food pellets. These analyses revealed that female rats have sig-
nificantly higher demand at null cost for 3 types of palatable
foods compared with males. These differences in demand were
associated with higher numbers and activity of orexin neurons
in female rats, indicating that sexual dimorphism in the orexin
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system function might underlie greater binge-like behavior in
women. We also show that the selective OxR1 antagonist SB is
highly effective at reducing demand and motivation for palat-
able foods in both male and female rats, indicating that orexin-
based therapeutics might be effective for treating disordered
eating in both sexes.

Supplementary data

Supplementary data are available at International Journal of
Neuropsychopharmacology (IJNPPY) online.

Figure S1. SB-induced changes to locomotor did not correlate
with changes in BE parameters. Locomotor behavior analyses
following SB injection revealed a modest but significant decrease
in the total distance traveled compared with vehicle injection in
both male (main effect of treatment, F,,,=6.18, P=.029, a) and
female (F,,,=9.701, P=.0098, b) rats. To determine whether these
soporific effects may have been linked to behavioral effects on
the BE paradigm, we correlated the effect of SB on locomotor
activity (% of vehicle) with the effect of SB on Q  and alpha (% of
vehicle) across all reinforcers, collapsed across male and fe-
male rats. For LFP (c), the magnitude of the effect of SB on loco-
motor activity was not correlated with change in Q, (R?=0.066,
P=.803) or alpha (R?=0.080, P=.374). For HFP (d), the magnitude
of the effect of SB on locomotor activity was not correlated with
change in Q; (R?=0.196, P=.130) or alpha (R?=0.002, P=.880). For
CSP (e), the magnitude of the effect of SB on locomotor activity
was not correlated with change in Q, (R?=0.046, P=.314) or alpha
(R?=0.006, P=.711). *P<.05. *P< .01.
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