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Abstract

The hypothalamic neuropeptide orexin mediates arousal, sleep, and naturally rewarding behaviors,
including food intake. Male sexual behavior is altered by orexin receptor-1 agonists or antagonists,
suggesting a role for orexin-A in this naturally rewarding behavior. However, the specific role of
endogenous orexin-A or B in different elements of male sexual behavior is currently unclear.
Therefore, the current studies utilized markers for neural activation and orexin cell-specific lesions
to test the hypothesis that orexin is critical for sexual motivation and performance in male rats.
First, cFos expression in orexin neurons was demonstrated following presentation of a receptive or
non-receptive female without further activation by different elements of mating. Next, the
functional role of orexin was tested utilizing orexin-B conjugated saporin, resulting in orexin cell
body lesions in the hypothalamus. Lesions were conducted in sexually naive males and subsequent
sexual behavior was recorded during four mating trials. Lesion males showed shortened latencies
to mount and intromit during the first, but not subsequent mating trials, suggesting lesions
facilitated initiation of sexual behavior in sexually naive, but not experienced males. Likewise,
lesions did not affect sexual motivation in experienced males, determined by runway tests. Finally,
elevated plus maze tests demonstrated reduced anxiety-like behaviors in lesioned males,
supporting a role for orexin in anxiety associated with initial exposure to the female in naive
animals. Overall, these findings show that orexin is not critical for male sexual performance or
motivation, but may play a role in arousal and anxiety related to sexual behavior in naive animals.
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Introduction

Orexin, also known as hypocretin, is a hypothalamic neuropeptide critical for feeding
behavior, (de Lecea et al., 1998; Sakurai et al; 1998, Sakurai, 2006; Benoit et al., 2008)
arousal and sleep (Chemelli et al., 1999; Lin et al., 1999, Sakurai, 2007; Furlong and
Carrive, 2007; Furlong et al., 2009; Carter et al., 2009). Orexin neurons are localized to the
lateral hypothalamic area (LHA) and perifornical dorsomedial hypothalamus (PFA-DMH)
and produce two neuropeptides, orexin-A and B (de Lecea et al., 1998; Sakurai et al., 1998).
Orexin neurons have been shown to project to brain structures involved in mediation of
arousal including the locus coeruleus, tuberomammillary nucleus and peduculopontine
tegmental nucleus (Peyron et al., 1998; Hagan et al., 1999; Horvath et al., 1999; Baldo et al.,
2003). Orexin has also been implicated in reward and motivation, specifically related to food
and drugs of abuse (Aston-Jones et al., 2009a; Aston-Jones et al., 2009b) and orexin neurons
have been shown to project to reward related brain structures in the mesolimbic system
including the ventral tegmental area (VTA) and nucleus accumbens (NAc) (Peyron et al.,
1998; Fadel and Deutch, 2002; Martin et al., 2002; Baldo et al., 2003). Orexin neurons are
activated by conditioned contextual cues associated with food and drug reward (Harris et al.,
2005; de Lecea et al., 2006; Choi et al., 2010) and have been shown to play a role in reward-
based feeding behavior (Choi et al., 2010). Moreover, intracerebroventricular (ICV) or
intraperitoneal administration of an orexin receptor 1 (ORX1) antagonist results in reduced
motivation for palatable food (Thorpe et al., 2005; Nair et al., 2008), whereas ICV orexin-A
administration can reinstate this motivation (Boutrel et al., 2005).

The role of orexin in other rewarding behaviors is currently unclear, although several studies
have implicated a role for orexin in control of sexual behavior in male rats. It has previously
been shown that orexin neurons are activated by copulation in male rats (Muschamp et al.,
2007). In addition, administration of orexin-A into the medial preoptic area (mPOA)
resulted in enhanced sexual performance evidenced by reduced latencies to mount and
intromit, and increased frequencies of mounts and intromission (Gulia et al., 2003). In
contrast, ICV administration of orexin-A attenuated sexual motivation by reducing female
preference, although only in highly sexually motivated males (Bai et al., 2009). Studies
using ORX1 antagonists have also demonstrated contradictory data, as systemic
administration of ORX1 antagonist slightly impaired sexual performance by increasing
latency to intromit without affecting other parameters of sexual behavior (Muschamp et al.,
2007), while ICV administration of ORX1 antagonist had no effect on sexual motivation
(Bai et al., 2009). Together these studies suggest that administration of exogenous orexin-A
affects sexual performance and motivation; however, endogenous orexin may not play an
important role in mediating sexual behavior (Bai et al., 2009). Therefore, the goal of the
present study was to determine if endogenous orexin is essential for male rat sexual
motivation and performance.

First, it was determined when during sexual behavior orexin neurons are activated, testing
the hypothesis that orexin neurons are activated upon introduction of the rewarding stimulus.
Moreover, as it has been shown that sexual experience influences sexual performance
(Dewsbury, 1969) and the rewarding properties of sexual behavior (Tenk et al., 2009), it was
determined whether sexual experience influences orexin neuron activation during mating.
Finally, it was tested whether orexin plays a critical role in sexual motivation and
performance using cell body specific lesions of orexin neurons.

Materials and Methods

Adult male Sprague Dawley rats (200-250g) were obtained from Harlan (Indianapolis, IN)
or Charles River Laboratories (Sherbrooke, Quebec, Canada) and housed individually or in
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pairs depending on the individual experiment (see below) in Plexiglas cages. The colony
room was maintained on a 12/12 reversed light-dark cycle (lights off at 10 am) and food and
water were available ad libitum except during behavioral testing. Female Sprague-Dawley
rats were obtained from Harlan (Indianapolis, IN) or Charles River Laboratories
(Sherbrooke, Quebec, Canada) were bilaterally ovariectomized and implanted
subcutaneously with 5% 17-B-estradiol benzoate silastic capsules. Sexual receptivity was
induced by subcutaneous injections of progesterone (500 pg in 0.1ml of sesame oil)
approximately 4 h prior to mating sessions. All procedures were approved by the Animal
Care Committees at the University of Cincinnati and the University of Western Ontario and
conform to guidelines outlined by the National Institute of Health and the Canadian Council
on Animal Care. All behavioral testing was conducted during the first half of the dark phase
under dim red illumination, except when noted otherwise.

Experimental Design

cFos expression studies—Male rats (n=48) were housed individually and half of the
animals gained sexual experience in the home cage during 5 twice weekly mating sessions.
Mating tests were performed in the home cage to eliminate arousal and cFos expression
induced by exposure to a different mating arena and exposure to conditioned cues associated
with prior mating (Balfour et al., 2004). A receptive female was introduced into the home
cage and males were allowed to mate until one ejaculation or for 60 minutes. During each
test sexual behavior was observed. The total number of mounts and intromissions, as well as
the latencies to first mount and intromission (the time from presentation of the receptive
female to the first mount or intromission), and ejaculation (the time from the first
intromission to ejaculation), were recorded (Agmo, 1997). The remaining half of the animals
remained sexually naive. These animals were housed in the same room as the sexually
experienced males, were handled and exposed to odors and sounds associated with mating,
however did not mate. Naive and experienced animals were each further subdivided into 6
experimental groups (n=4 per group). The 6 naive and experienced groups included: Control
males with no exposure to sexual behavior (Home Cage); males exposed to a non-receptive
female in the home cage for 15 minutes (Anestrous Female). Males could investigate and
interact, however did not mate due to lack of female receptivity; males exposed to the smells
of a receptive female placed in a wire mesh box on top of the home cage for 15 minutes
(Estrous Female); males that displayed mounts, but not intromissions or ejaculation with
vaginally masked females (Mount); males that displayed mounts and intromissions only
(Intromission); and males that mated to one ejaculation (Ejaculation). One hour after the end
of the test, males were sacrificed to analyze cFos expression. Sexually experienced groups
were matched on parameters of sexual behavior and there were no significant differences
between groups prior to the final test. Moreover, there were no significant differences
between naive and experienced groups in numbers of mounts plus intromissions during the
final test.

Perfusions: cFos expression—All males were deeply anesthetised with sodium
pentobarbitol (270 mg/mL) and were transcardially-perfused with 4% paraformaldehyde
(500 mL; PFA). Following perfusion brains were removed immediately and post-fixed for
one hour in the same fixative then transferred to 20% sucrose solution for cryoprotection.
Brains were sectioned on a freezing microtome (Microm, Walldorf, Germany) in coronal
sections of 35 um and collected in 4 parallel sections in cryoprotectant solution (30%
sucrose in 0.1 M PB containing 30% ethylene glycol and 0.01% sodium azide) and stored at
—20°C until further processing.

Immunohistochemistry—All incubations were performed at room temperature with
gentle agitation. Free floating sections were washed extensively with 0.1M saline buffered
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sodium phosphate (PBS). Sections were blocked with 1% H,0, (30% stock solution) in PBS
for 10 minutes, then extensively rinsed again with PBS. Sections were incubated with an
incubation solution (PBS containing 0.1% bovine serum albumin and 0.4% Triton X-100)
for 1 hour. Primary antibody incubations were performed in the incubation solution
overnight at room temperature. Following staining sections were rinsed in PBS, mounted
onto plus charged glass slides and coverslipped with dibutyl phthalate xylene (DPX).

cFos/Orexin—One series of sections was immunoprocessed for cFos and orexin. Sections
were incubated overnight with a rabbit raised antibody recognizing cFos (rabbit anti-cFos,
sc-52; 1:10 000, Santa Cruz Biotechnology, Santa Cruz, CA) followed by 1 hour incubations
with biotinylated goat anti-rabbit (1:500, Vector Laboratories, Burlingame, CA) and an
avidin horseradish peroxidase complex (1:1000, ABC kit, Vector Laboratories, Burlingame,
CA). Sections were incubated for 10 minutes in 0.02% diaminobenzidine (DAB) (Sigma, St.
Louis, MO) in 0.1M phosphate buffer (PB) containing 0.012% hydrogen peroxide and
0.08% nickel sulfate, resulting in a blue-black reaction product. Sections were then
incubated overnight with a rabbit raised antibody recognizing orexin-A (rabbit anti-orexin-
A, H-003-30; 1:20 000, Phoenix Pharmaceuticals, Burlingame, CA) followed by a 1 hour
incubation with biotinylated goat anti-rabbit and ABC, as described above. Finally, the
sections were incubated for 10 minutes with 0.02% DAB in 0.1M PB containing 0.012%
hydrogen peroxide, resulting in a reddish brown reaction product.

All antibodies have been characterized previously (Chen et al., 1999; Satoh et al., 2004;
Solomon et al., 2007). Immunohistochemical controls included omission of primary
antibodies, western blot analysis demonstrating single bands at appropriate weight (cFos),
and loss of immunohistochemical orexin signal with orexin B-saporin lesions (orexin).

Data Analysis

cFos/Orexin—Neurons labelled for orexin or orexin and cFos were counted bilaterally in
three representative sections per animal known to contain maximal numbers of the orexin
neuronal population (Sakurai et al., 1998) spanning —2.3 mm to —3.6 mm from bregma
(Paxinos and Watson, 1998) (Figure 1), using a drawing tube attached to a Leica microscope
(Leica Microsystems; Wetzlar Germany), by an observed blinded to experimental groups.
The PFA-DMH and LHA were delineated based on the location of the fornix (Figure 1a).
Percentages of orexin neurons expressing cFos were calculated and averaged per hemisphere
for each animal, and group means were calculated. Statistical significance between groups
was determined using a two-way ANOVA with sexual experience and sexual behavior
during final test as factors followed by Fisher’s LSD tests with a 95% confidence level.

Orexin Lesion Studies

Surgery—Males were housed individually and given one pre-test mating session with a
receptive female prior to lesion and sham surgery. Sexual behavior was recorded as
described above and groups were matched based on parameters of mating behavior. Male
rats were anesthetized with isoflurane (Abbot Laboratories, St. Laurent, Quebec, Canada)
using a Surgivet Isotec4 gas apparatus (Smiths Medical Vet Division, Markham, Ontario,
Canada) and placed in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA) with a gas
mask covering the nose and mouth to maintain anaesthesia. An incision was made to expose
the skull and lambda and bregma were found and determined to be level. A hole was drilled
in the skull using a dremel drill (Dremel, Racine, WI) and glass micropipettes (40um
diameter, World Precision Instruments Inc, Sarasota, FL) filled with the a targeted toxin
orexin-B saporin (IT-20, Advanced Targeting Systems, San Diego, CA; 200ng/uL in PBS);
or unconjugated toxin BLANK-saporin (IT-21, Advanced Targeting Systems, San Diego,
CA; 200ng/pL in PBS; sham controls) were lowered into the hypothalamus. This targeted
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toxin has been shown to bind with a high affinity to cells expressing orexin receptor 2
(ORX?2) and with a significantly lower affinity for cells expressing ORX1 (Gerashchenko et
al., 2001), and has been shown to specifically ablate orexin neurons in the hypothalamus
(Frederick-Duus et al., 2007). Bilateral infusions of 1 pL (2 per hemisphere) were injected at
the following coordinates: AP = —2.8 and —3.2; ML = 0.7 and 0.8; DV = —9.0 (Paxinos and
Watson, 1998). After each infusion the needle was left in place for 3 minutes to allow
diffusion. Needles were slowly removed and wounds were closed with wound clips. Two
weeks following lesion surgery, all males were tested for sexual experience during four
mating trials and were then subjected to the runway and/or elevated plus maze test (see
below). Surgeries were performed in three different cohorts, separated by several weeks, to
reach sufficient numbers of animals per group.

Sexual Behavior—All males were tested for sexual behavior during 4 mating sessions
conducted every second day in the home cage. During each session, males mated with a
receptive female to one ejaculation or for 60 minutes, whichever came first. Mating behavior
was recorded as described above and copulation efficiency was also calculated [numbers of
intromissions/(numbers of mounts + numbers of intromissions)]. Statistical differences in
parameters of sexual performance were compared between lesion and sham groups for each
trial using a one way ANOVA with lesion surgery as a factor and Fisher’s LSD test with a
95% confidence level, or when appropriate, non-parametric tests were run using a Kruskal-
Wallis one-way ANOVA with lesion surgery as a factor and Dunn’s test with a 95%
confidence level. In addition, data for each group were compared to the pre-surgery data
using paired t-tests.

Sexual Motivation: Runway Test—Following testing of sexual behavior, a subgroup of
the now sexually experienced males were tested for sexual motivation using a straight
runway apparatus (MED Associates Inc., St. Albans, VT) (120 cm long; Lopez et al., 1999).
Males habituated to the runway apparatus over two subsequent 10 minute trials conducted
on the same day. Next, two test trials were conducted. During the first trial, a stimulus
animal (estrous female, anestrous female or male) was placed in a goal box with perforated
dividers at the end of the runway. A fan was used to blow the scents of the stimulus animals
towards the male. Experimental males were placed in the start box, the door was opened to
allow access to the runway, and time to reach the goal box was recorded. Once reaching the
goal box, males were given 30 seconds to interact with the stimulus animal behind the
screen. An identical second trial followed 1 hour later. Statistical significance between times
to reach the goal box between trial 1 and trial 2 were analyzed using paired t-tests with a
95% confidence level. Statistical significance between groups was determined using a one-
way ANOVA with lesion surgery as a factor followed by Fisher’s LSD tests with a 95%
confidence level.

Anxiety-like Behavior: Elevated Plus Maze—A subgroup of the now sexually
experienced males were tested for anxiety-like behavior to determine if effects of orexin
lesions on sexual performance or motivation were due to changes in anxiety or arousal.
Males were exposed to the elevated plus maze apparatus (EPM; MED Associates Inc., St.
Albans, VT) in a brightly lit room during the end of the light phase. The EPM consisted of 4
arms each 50 cm in length extending from a central junction and was elevated 75 cm. Two
arms of the maze were open to the outside environment and the other two were enclosed
with dark siding 40 cm high. Animals were placed on the EPM and monitored for five
minutes. Time spent in open and closed arms, and total numbers of entries into each arm
were recorded using photobeam arrays. Statistical significance between groups was
determined using a one-way ANOVA with lesion as a factor followed by Fisher’s LSD tests
with a 95% confidence level.
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Perfusions and mating-induced cFos—Following all behavioral testing, all males
were deeply anesthetised with sodium pentobarbitol (270mg/mL) and were transcardially
perfused with 500 mL of 4% PFA for lesion verification as described previously. In
addition, to test the effects of orexin lesions on mating-induced cFos expression, groups of
sham and lesion males mated until one ejaculation. One hour following ejaculation, males
were transcardially perfused with 4% PFA as described above. Half of the males in this
group were not introduced to a female and were perfused from the home cage to serve as
unmated controls.

Immunohistochemistry—Brains were sectioned using a freezing microtome in 4 parallel
series of 35 um coronal sections and stored as described above. For lesion verification, one
series of sections containing the hypothalamus from all lesion experiments was single
labelled for orexin using the same rabbit anti-orexin-A and DAB protocol described above.
One series of sections from the animals that mated was stained for cFos and orexin as
described above.

Lesion Verification—In each animal, numbers of orexin neurons immunoreactive for
orexin were counted bilaterally in the PFA-DMH and LHA in 3 sections expressing
maximal numbers of orexin cells in non-surgery controls, —2.3 mm to —3.6 mm from
bregma as described above. Cells per hemisphere were averaged for each animal, and group
means were calculated. Non-surgery control animals (from cFos experiments) were used to
determine intact/baseline numbers of orexin neurons and data are expressed as percentages
compared to the non-surgery control males (Figure 2). Males that had fewer than 20%
orexin cells compared to non-surgery control animals were included in the lesion group.
Animals with greater than 20%, but fewer than 80% were included in a partial lesion group.
Sham controls did not have significant changes in numbers of orexin cells. Statistical
significance between sham, partial and complete lesion animals was calculated using a one-
way ANOVA and Fisher’s LSD test with a 95% confidence level.

Lesion Specificity—To verify that lesions were restricted to orexin neurons, one series of
sections containing the hypothalamus from a subset of sham and lesion animals (n=20) was
immunoprocessed for melanocyte concentrating hormone (MCH), a hypothalamic peptide
that has overlapping location (but no colocalization) with orexin neurons (Broberger et al.,
1998), using a rabbit-raised antibody recognizing MCH (rabbit anti-MCH, H-070-47; 1:150
000, Phoenix Pharmaceuticals, Burlingame, CA) and DAB as described previously. MCH
neurons express ORX1 (Backberg et al., 2002) but not ORX2 (Volgin et al., 2004), and are
not significantly reduced following orexin B-saporin treatment (Frederick-Duus et al.,
2007). MCH immunoreactive cells were counted bilaterally in two sections per animal
(sham: n=7; lesion n=>5), using alternate sections to those analyzed for orexin neurons.
Lesions did not significantly reduce numbers of MCH neurons in either PFA-DMH or LHA
(Table 1; Figure 2b, d; PFA-DMH: p=0.47; LHA: p=0.33). Furthermore, mating induced
cFos expression was counted bilaterally in one representative section per animal (sham: n=4;
lesion n=3), using alternate sections to those analyzed for orexin neurons. Lesions did not
affect mating-induced cFos expression in the PFA-DMH or LHA (Table 1; PFA-DMH:
p=0.53; LHA: p=0.82). Finally, representative sections used for orexin cell counts (animals:
sham: n=6; lesion: n=6) were Nissl counterstained using cresyl violet (5 g cresyl violet
acetate (C-5042, Sigma, St. Louis, MO), 0.5 g of sodium acetate trihydrate (S209, Thermo
Fisher Scientific, Ottawa, Ontario, Canada), 1L double distilled water with glacial acetic
acid (AX0073-6, EMD Chemicals, Mississauga, Ontario, Canada) at pH: 3.14). Counts of
Nissl stained neurons were performed in standard areas of analysis (250 pum x 200 um) in
the general location of orexin neurons. Numbers of Nissl-stained neurons did not differ
between sham and lesion groups (Table 1; PFA-DMH: p=0.23; LHA: p=0.33).
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Since a deficiency in orexin has been show to contribute to narcolepsy in mice (Chemelli et
al., 1999), dogs (Lin et al., 1999) and humans (Siegel, 1999; Nishino et al., 2000; Peyron et
al., 2000; Thannickal et al., 2000) animals were observed to ensure the absence of a
narcoleptic phenotype. Animals were observed for the duration of all behavioral tests
reported in this study and did not display any characteristics of narcolepsy.

Mating-induced cFos expression in lesion animals—Numbers of cFos-
immunoreactive cells were counted bilaterally in 3 sections per animals in standard areas of
analysis in the ventral tegmental area (VTA; 900x900 pm), mPOA (400x600 pum); nucleus
accumbens (NAc) core and shell (400x600 pum) and the prelimbic, infralimbic and anterior
cingulate sub-regions of the medial prefrontal cortex (mPFC) (600800 pum per sub-region)
by an observed blinded to experimental groups. Counts were averaged for each animal, and
group means were calculated. Statistical significance was calculated using a two-way
ANOVA with sexual experience and lesion as factors followed by Fisher’s LSD test with a
95% confidence level.

Orexin neuron activation during sexual behavior

A significant increase in cFos expression in orexin neurons was observed following sexual
behavior in both the PFA-DMH (F(s 31) 63.4; p<0.001; Figure 3a) and LHA (F(s 31) 10.4;
p<0.001; Figure 3b), with no effect of sexual experience. Specifically, in both sexually naive
and experienced animals, all experimental groups of males displaying different parameters
of sexual behavior (investigation of anestrous female, exposure to estrous female odors,
display of mounting, intromissions, or ejaculation) showed equal induction of cFos
compared to home cage controls with a higher percentage of orexin cells activated in the
PFA-DMH (60-80%) versus the LHA (14-33%), without differences between the
experimental groups. These results suggest that orexin neurons are activated following
exposure to the stimulus female without further activation during sexual performance.
Moreover, the activation is not dependent on incentive salience of the female stimulus as
both non-receptive and receptive females induced activation in sexually experienced males.

Effects of orexin lesions

Sexual Behavior: Orexin lesions resulted in facilitation of sexual behavior (mount latency:
F(2,47) 3.962; p=0.034; intromission latency: H=9.104; p=0.011). During the first mating
trial, lesion males showed shorter latencies to mount and intromission compared to sham
animals (mount latency: p=0.03; intromission latency: p=0.01; Figure 4a—b) and compared
to latencies during the pre-surgery mating trial (mount latency: p=0.02; intromission latency:
p=0.03; Data not shown). Partial lesion males did not differ significantly from sham males,
and neither group differed from the pre-surgery mating trial. Effects of lesions on mount and
intromission latencies was attenuated with sexual experience, as there were no differences
between groups, during any of the subsequent trials (trial 4 shown in Figure 4a-b).
Ejaculation latencies (Figure 4c), numbers of mounts (Figure 4d) and intromissions (Figure
4e) as well as copulation efficiency (Figure 4f) did not significantly differ between groups
during any of the trials or within each group between the first mating trial and the pre-
surgery test.

Runway test: Orexin lesions did not affect sexual motivation assessed in a straight runway
test in sexually experienced males. Over the course of two test trials, lesion males ran
significantly faster towards an estrous female in the second trial compared to the first trial
(p=0.03; Figure 5). Such increased run time is indicative of sexual motivation (Lopez et al.,
1999). Partial lesion and sham males also ran faster towards an estrous female during trial 2
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(p=0.03), although this failed to reach significance in sham males (p=0.052). None of the
groups showed increased speed to run towards an anestrous female or a male during trial 2.
Moreover, no significant differences were observed between sham, partial and lesion males
on speed to run towards any stimulus animal on neither trial 1 nor trial 2, demonstrating lack
of differences in general activity on the runway.

Anxiety-like behavior: Results thus far suggest that lesions may facilitate initiation of
sexual behavior in naive animals via a potential effect on responses to novelty and/or
anxiety-like behaviors when the males encounter a novel female. In support, lesion males
showed decreased anxiety-like behavior on the EPM, seen as a decreased percentage of time
spent in the closed arms, (p=0.012; Figure 6) and an increased percentage of time on the
open arms (p=0.023; Figure 6) compared to sham males. Partial lesions had no significant
effect. These data further support that lesion decreased anxiety-like behavior.

cFos Expression: To assess whether endogenous orexin contributes to mating-induced
neuronal activation in orexin-innervated brain regions, analysis of mating-induced cFos
expression in the VTA, NAc core and shell, mPOA and the mPFC was conducted. In both
lesion and sham males, mating significantly increased cFos in all of the analyzed brain areas
compared to unmated controls (Table 2). Lesions did not affect neural activation, as sham
and lesion animals did not differ in baseline or mating-induced cFos expression.

Discussion

These studies investigated the role of endogenous orexin in sexual performance and
motivation in the male rat. It was found that orexin is not essential for sexual motivation or
performance. Instead, orexin neurons are activated by the female stimulus, independent of
the hormonal status of the female or sexual experience of the male. Moreover, removal of
endogenous orexin by orexin cell-specific lesions decreased anxiety-like behaviors and
facilitated initiation of sexual behavior in sexually naive males. Thus, the results of this
study support a role for orexin in arousal (de Lecea et al., 2006; Harris and Aston-Jones,
2006; Sakurai, 2007; Boutrel et al., 2009; Furlong and Carrive, 2009; Furlong et al., 2009)
and anxiety (Suzuki et al., 2005; Davis et al, 2009; Li et al., 2010), but do not support a
critical role for orexin in sexual motivation or performance.

The results of these studies further clarify the role of endogenous orexin and the apparent
contrasting findings of the previous studies examining the role of orexin in male sexual
behavior using pharmacological tools. Intra-mPOA infusions of exogenous orexin-A led to
increased sexual arousal and improved sexual performance, suggesting that orexin may act
in the mPOA to increase motivation and performance of sexual behavior (Gulia et al., 2003).
However, in contrast, ICV infusions of orexin-A attenuated sexual motivation and arousal
(Bai et al., 2009), while an orexin receptor antagonist had no effect on sexual arousal (Bai et
al., 2009), indicating endogenous orexin may not play a role in sexual motivation. Finally,
ORX1 blockade by systemic injections was shown to only slightly impair copulatory
performance (Muschamp et al., 2007). From these conflicting studies, a few conclusions can
be drawn. First, application of exogenous orexin-A may affect behavior, but ORX1 blockade
is without major effects, suggesting a minor role for endogenous orexin in regulation of
male sexual behavior (Bai et al., 2009). The current results support this possibility. The
current studies using removal of orexin, by orexin cell-specific lesions indicate that
endogenous orexin is not essential for sexual motivation or performance, in line with
observations by Bai et al (2009). It is important, however to note that lack of effects of
orexin lesions on sexual motivation in the runway may be due to the fact that animals had
gained sexual experience prior to sexual motivation testing, therefore lack of effect in the
runway test may have been due to the sexual experience of the males. Future experiments
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may address this caveat by testing the effects of orexin lesions on sexual motivation in naive
males.

It is also possible that the two orexin ligands and the two subtypes of orexin receptors
(ORX1 and ORX2; Sakurai et al., 1998) may regulate sexual behavior in opposite
directions. By utilizing orexin cell lesion techniques, the ligands for both subtypes of orexin
receptors (orexin-A and B) were eliminated in the current study. The two receptor subtypes
are expressed in different brain areas (Trivedi et al., 1998; Marcus et al., 2001) and have
been shown to differentially regulate memory for cue induced cocaine-seeking (Smith et al.,
2009). Previous studies on sexual behavior have primarily focussed on the role of orexin-A
and ORX1 (see discussion above). The orexin receptor antagonist SB334867 used in the
studies thus far specifically targets ORX1 which has a high affinity for orexin-A and
significantly lower affinity for orexin-B (Sakurai et al., 1998). Likewise, orexin-A has been
used as the exogenous orexin in previous studies (Gulia et al., 2003; Bai et al., 2009). Future
studies are needed to investigate the role of orexin-B and ORX2 in regulation of male sexual
behavior.

The current study tested the effects of long term loss of orexin. Muschamp et al. (2007)
suggested that a long term reduction of orexin following castration may account for the loss
of sexual motivation and performance. This hypothesis was contradicted by the current
findings as orexin cell lesions did not reduce sexual motivation or performance. It is possible
that the long term orexin loss in the current study may have resulted in compensatory
mechanisms, although no changes in mating-induced neural activation within the circuit
mediating sexual behavior were detected. Nonetheless, it is clear that reduced or lack of
orexin does not prevent sexual behavior. Moreover, the results of the current study do not
support a major role for orexin in induction of cFos expression by sexual behavior. It has
been clearly established that orexin contributes to activation of neurons in the VTA
(Korotkova et al., 2003; Borgland et al., 2006; Narita et al., 2006; Vittoz et al., 2008).
However, orexin cell lesions did not block mating-induced neural activation in the VTA, or
in any other reward-related brain regions analyzed, despite the presence of orexin-
immunoreactive fibers in close proximity to the activated neurons in sham males. Thus,
mating-induced neural activation in these brain regions does not appear to be dependent on
orexin action.

A somewhat unexpected finding of the current study was the effect of orexin lesions on
facilitation of the initiation of sexual behavior in sexual naive, but not experienced animals.
This was shown to be correlated with a reduction in anxiety-like behaviors. Therefore, the
effects of orexin lesions on sexual motivation and performance may be secondary to its
effects on anxiety and arousal. Indeed previous studies have suggested a role for orexin in
anxiety as ICV infusion of orexin-A decreased time on the open arms of the EPM in mice
(Suzuki et al., 2005). Infusion of orexin-A into the paraventricular nucleus of the thalamus
of male rats decreased time spent in the center area of an open field chamber and decreased
novel object exploration, indicating orexin may be involved in the generation of anxiety-like
behavior (Li et al., 2010). In addition, dominant male rats that show increased risk taking on
the EPM have increased levels of ORX1 mRNA in the mPFC (Davis et al., 2009). Orexin
has also been shown to alter responses to stress (Ida et al., 1999; Ida et al., 2000), and
stimulation of orexin receptors increases release of corticotrophin releasing factor (Al-
Barazanji et al., 2001; Singareddy et al., 2006), corticosterone (Ida et al., 2000; Kuru et al.,
2000) and adrenocorticotropic hormone (Kuru et al., 2000). Orexin antagonists are currently
in clinical trials for treatment of insomnia, a disorder which is often comorbid with anxiety
disorders (Sullivan and Neria, 2009), and it is hypothesized that orexin antagonists could
potentially be used to treat anxiety disorders (Mathew et al., 2008). Given the growing body
of evidence of a role for orexin in anxiety and arousal it appears orexin lesions may facilitate

Horm Behav. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Di Sebastiano et al.

Page 10

the initiation of sexual behavior in naive males by reducing anxiety-like responses
associated with the introduction of a novel stimulus, i.e. the female.

Significant activation of orexin neurons was seen following sexual arousal and sexual
behavior in both sexually naive and experienced animals in both the PFA-DMH and LHA,
with 60-80% and 14-33% of orexin cells expressing cFos, respectively. There is a body of
evidence supporting a dichotomy in orexin neuronal function within the orexin cell
population, with the PFA-DMH being critically involved in arousal and the LHA being
critical for reward-related behaviors (Harris et al., 2005; Harris and Aston-Jones, 2006,
Aston-Jones, 2009a). Hence, activation of the PFA-DMH orexin cells by the female
stimulus supports the hypothesis that orexin is activated by and is critical for arousal,
including sexual arousal in naive and experienced males, and anxiety associated with the
novel female stimulus in naive males. However, PFA-DMH cells were activated to similar
levels independent of the experience of the males and the hormonal status of the female,
suggesting that the PFA-DMH cells were activated during general arousal and not
specifically by sexual arousal. Moreover, our studies do not fully support the existence of a
completely dichotomous orexin cell population as there was significant activation of the
LHA following exposure to all parameters of sexual arousal and performance, regardless of
whether the behaviors were associated with reward. Thus, experienced males exposed to an
anestrous female showed equal levels of orexin cell activation in LHA compared to
experienced males that copulated to ejaculation. However, only the latter group will form a
conditioned place preference for mating (Tenk et al, 2009); suggesting that copulation to
ejaculation is more rewarding than other elements of mating. The current study did not
specifically test the role of orexin in sexual reward; hence future studies are needed to
address that question.

In summary, the results of these studies demonstrate that orexin is not critical for sexual
performance or motivation. Instead, orexin cell lesions were demonstrated to reduce anxiety,
suggesting that endogenous orexin is involved in increasing anxiety. Moreover, removal of
orexin resulted in facilitation of initiation of sexual behavior in sexually naive males,
suggesting that endogenous orexin may inhibit initiation of mating, possibly by increasing
anxiety in response to the novel stimulus, i.e. the female. These findings further elucidate
the neural circuitry involved in sexual performance and anxiety, and add to a growing body
of literature on the role of orexin in mediation of arousal and anxiety.
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Figure 1.
Location of orexin neurons in the hypothalamus. (A) Anatomical location of orexin neurons

in the hypothalamus. (Paxinos and Watson, 1998), Scale bar: 200 um. (B) Single labelled
orexin neurons in the PFA-DMH in an unmated control animal. (C) Orexin neurons in the
PFA-DMH expressing cFos following mating. Scale bar: 50 um. White arrow indicates a
single labelled orexin neuron; arrowhead indicates a cFos positive neuron; black arrow
indicates orexin neuron expressing cFos; Abbreviations: PFA-DMH, perifornical
dorsomedial hypothalamus; LHA, lateral hypothalamic area; f, fornix.
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Lesion verification. Representative images showing orexin (A) and MCH (B) cells in a sham
lesion animal injected with BLANK-saporin. Representative images showing loss of orexin
cells (C), but intact MCH cells (D) in a lesion animal injected with orexin B-saporin. Scale
bar: 400 um; (E) Quantification of orexin neurons in the PFA-DMH (E) and LHA (F) of
sham, partial and lesion males, expressed as percentages of non-surgery controls.* indicates
significant difference from all other groups. (p<0.001). Sham: n=35; Partial Lesion: n=45;
Lesion: n=19. Abbreviations: PFA-DMH: perifornical dorsomedial hypothalamus; LHA:
lateral hypothalamic area; f: fornix.
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Trial 1

Trial 4

Trial 1

Trial 1

Trial 4

Orexin lesions shortened latencies to mount and intromission in sexually naive males during

trial 1. Orexin lesions did not affect mating during trial 4, after males gained sexual

experience. (A) Mount Latency. (B) Intromission Latency. (C) Ejaculation latency. (D)
Number of Mounts. (E) Number of Intromissions. (F) Copulation Efficiency. * indicates

significant difference from sham. Sham: n=19; Partial Lesion: n=23; Lesion: n=7.
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Figure 5.

Orexin lesions did not affect sexual motivation in sexually experience males. Shown are
times to reach an estrous female in the runway test during both trials 1 and 2. * indicates
significant reduction in time to reach the female in trial 2 compared to trial 1. Sham: n=24;
Partial Lesion: n=26; Lesion: n=12.
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Figure 6.

Orexin lesions decreased anxiety-like behavior on the elevated plus maze. Percentage of
time spent in the closed arms (left) were decreased and percentage of time in open arms
(right) were increased in lesioned males. * indicates significant difference from sham. Sham:
n=27; Partial Lesion: n=36; Lesion: n=12.
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Table 1

Verification of lesion specificity: Analysis of the numbers of neurons stained for Nissl, MCH or mating
induced cFos demonstrated that there was no significant loss of neurons in general, MCH cells, or mating
induced neural activation in the PFA-DMH or LHA following infusions of orexin B-saporin.

Sham Lesion
PFA-DMH LHA PFA-DMH LHA
Nissl 93372 84174 82.8+3.9 75346
MCH 101.3+4.1 | 136.2+81 | 88.2+16.6 | 119.1+135
l\/liating-induced 455+6.5 30127 40.0+3.38 32050
cFos

Abbreviations: PFA-DMH, perifornical dorsomedial hypothalamus; LHA, lateral hypothalamic area; MCH, melanocyte concentrating hormone.
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