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Abstract
Obesity resistance due to elevated orexin signaling is accompanied by high levels of spontaneous
physical activity (SPA). The behavioral and neural mechanisms underlying this observation have
not been fully worked out. We determined the contribution of hypothalamic orexin receptors
(OXR) to SPA stimulated by orexin A (OXA), whether OXA-stimulated SPA was secondary to
arousal and whether voluntary wheel running led to compensations in 24-h SPA. We further tested
whether orexin action on dopamine one receptors (DA1R) in the substantia nigra (SN) plays an
important role in generation of SPA. To test this, SPA response was determined in lean and obese
rats with cannulae targeted towards the rostral lateral hypothalamus (rLH) or SN. Sleep/wake
states were also measured in rats with rLH cannula and EEG/EMG radiotelemetry transmitters.
SPA in lean rats was more sensitive to antagonism of the orexin 1 receptor (OX1R) and in the
early response to the orexin 2 agonist. OXA increased arousal equally in lean and obese rodents,
which is discordant from the greater SPA response in lean rats. Obesity resistant rats ran more and
wheel running was directly related to 24-h SPA levels. The OX1R antagonist, SB-334867-A, and
the DA1R antagonist, SCH3390, in SN more effectively reduced SPA stimulated by OXA in OR
rats. These data suggest OXA-stimulated SPA is not secondary to enhanced arousal, propensity for
SPA parallels inclination to run and that orexin action on dopaminergic neurons in SN may
participate in mediation of SPA and running wheel activity.

Obesity resistance that is accompanied by elevated orexin signaling is also associated with
high levels of spontaneous physical activity (SPA) (Kotz et al., 2012). Orexin A (OXA, also
referred to as hypocretin 1), a neuropeptide synthesized in discrete areas within the lateral,
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perifornical, and dorsomedial hypothalamus (de Lecea et al., 1998, Sakurai et al., 1998), is
crucial for normal energy homeostasis and arousal. Spontaneous physical activity stimulated
by central OXA infusion induces weight loss (Novak and Levine, 2009) while mice lacking
OXA are obese and have lower physical activity despite lower energy intake compared to
wild-type mice (Hara et al., 2001), highlighting the critical energy balance role of OXA-
stimulated SPA. Central OXA infusion also stimulates arousal and lack of endogenous
orexin or orexin receptors disrupts sleep/wake patterns, so it has been suggested that orexin-
stimulated SPA may be secondary to arousal. Spontaneous physical activity induced by
orexin also increases energy expenditure, but the contribution of this and voluntary activity
such as wheel running to total daily energy expenditure is unclear in rodents. Thus whether
the SPA increase translates into an overall daily increase in energy output remains to be
determined since there is the possibility of compensation in one physical activity
compartment for changes in another.

It is clear that activation of orexin receptors (OX1R and OX2R) modulates SPA, but the
pathway linking orexin neuronal action to SPA remains relatively undefined. The selective
OX1R antagonist, SB-334867-A, reduces OXA-stimulated increases in energy expenditure
(Kiwaki et al., 2004) and several types of physical activity (Duxon et al., 2001, Jones et al.,
2001, Rodgers et al., 2001, Kiwaki et al., 2004). Antagonism of both orexin receptors
reduces overall physical activity (Brisbare-Roch et al., 2007, Whitman et al., 2009, Winrow
et al., 2011), oxygen consumption (Li and Nattie, 2010) as well orexin B and amphetamine-
stimulated physical activity (Bergman et al., 2008, Winrow et al., 2010). In addition, it has
been found that dopamine receptor antagonists reduce OXA-stimulated physical activity
(Nakamura et al., 2000, Matsuzaki et al., 2002, Kotz et al., 2006), and a large body of work
has revealed differences in dopamine neurotransmission between obese and lean rodents
(Levin et al., 1986, Yang and Meguid, 1995, Fetissov et al., 2002, Geiger et al., 2008,
Waters et al., 2008, Rada et al., 2010, Garland et al., 2011). The sites of action for orexin on
dopaminergic neurons have not been fully established, but one possible site is the substantia
nigra (SN)(Kotz et al., 2006, Kotz et al., 2008).

Based on our past work showing elevated 24-h SPA, OXA-stimulated SPA, OXR mRNA
and protein levels in lean obesity resistant (OR) rats (Novak et al., 2006, Teske et al., 2006,
Kotz et al., 2012), we sought to investigate brain and behavior-related mechanisms
underlying these results. We hypothesized that in OR rats 1) orexin antagonists in
hypothalamus would be more effective at blocking OXA-stimulated SPA; 2) orexin agonists
would be more effective in stimulating SPA; 3) that OXA-stimulated arousal would be
similar in lean and obese rats, while OXA stimulation of SPA would be greater in lean rats;
4) propensity to run would be greater in lean rats and directly proportional to 24-h SPA
level; and 5) OXA-stimulated SPA after infusion into SN would be greater in lean rats and
that antagonism of orexin and dopamine receptors would block the induced SPA more
effectively in the lean rats.

1. EXPERIMENTAL PROCEDURES
1.1 Animals

Male Sprague-Dawley and selectively-bred obesity prone (OP) and OR rats (Charles River,
Kingston, NY) were housed individually in either wire-hanging cages or solid-bottom cages
in corn cobb bedding with a 12-h light/12-h dark photo-cycle (lights on at 0600 h) in a
temperature controlled room (21–22 °C). Rodent chow (Harlan Teklad 8604) and water
were allowed ad libitum. Studies were approved by the Institutional Animal Care and Use
Committee at the Minneapolis VA Health Care System and the University of Minnesota.
Four sets of rats were used. The first set of rats was used for studies one and two. A second
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set of rats was used for study three and the third for study four. A fourth set of rats was used
for studies five and six.

1.2 Surgery
Animals were anesthetized with Ketamine (50 mg/kg) and Xylazine (15 mg/kg) and 26-
gauge stainless steel unilateral cannulae (Plastics One, Roanoke, VA) were directed towards
the rostral lateral hypothalamus (rLH) or SN as described previously (Kotz et al., 2006,
Teske et al., 2006). Stereotaxic coordinates were determined from the rat brain atlas of
Paxinos and Watson (Paxinos et al., 1985). The coordinates for the rLH and SN,
respectively, were as follows: −2.2 and −5.3 mm posterior, 1.9 and 2.4 mm lateral to
bregma, and 7.3 and 7.6 mm below the skull surface. For all cannulations, the incisor bar
was set at 3.3 mm below the ear bars. A dummy stylet was placed in the guide cannula that
extended to the tip of the cannula after surgery and between injections. Animals were
allowed to recover from surgery for at least seven days before experimental trials began.
One OP, one OR, and two Sprague-Dawley rats died of unknown cause after surgery.

In study three, animals were implanted with electroencephalogram (EEG) electrodes,
electromyogram (EMG) electrodes and a transmitter (F40-EET, Data Sciences International,
St. Paul, MN) to allow recording of sleep/wake states by radiotelemetry in addition to the
rLH cannula as described previously (Mavanji et al., 2010). After cannula implantation,
bilateral surface EEG electrodes (3.1mm posterior and 1.5mm lateral to bregma) (Paxinos et
al., 1985) were secured through bur holes to contact the dura to record future cortical EEG.
Then two leads were secured in the nuchal muscles to record EMG. The transmitter was
placed in a blunt dissected channel across the animals flank. Animals were returned to
plastic solid-bottom cages with corn-cob rodent bedding after surgery and remained in the
solid-bottom cages through out the duration of this study.

1.3 Drugs
Orexin A (American Peptides, Sunnyvale, CA), the selective OX2R agonist (Ala11, D-
Leu15-Orexin B (Asahi et al., 2003) (Tocris, Ellisville, MO), and the selective dopamine 1
receptor (DA1R) antagonist (SCH3390) (Sigma, St. Louis, MO) were dissolved in artificial
cerebrospinal fluid. The selective OX1R antagonist (SB-334867-A) was provided as a gift
by GlaxoSmithKline and was dissolved in 5% dimethyl sulfoxide in sterile water. Artificial
cerebrospinal fluid was used as the vehicle control for studies with OXA and SCH3390.
Five percent dimethyl sulfoxide in sterile water was used as the vehicle control for studies
with SB-334867-A. All drugs were stored at 4°C for less than 48-h.

1.4 Injections
A volume of 0.5 μl was injected slowly over 30 s with a 33-gauge injector (Plastics One,
Roanoke, VA) that extended 1.0 mm beyond the tip of the guide cannula as described
previously (Kotz et al., 2002, Kotz et al., 2006, Teske et al., 2006). The injector was left in
place an additional 10 s to ensure extrusion from the tip and to minimize distribution of the
drug upwards on the cannula tract. After injection, the injector was withdrawn and the stylet
replaced. The first set of rats received 16 injections, the second set of rats received 16
injections, and the third set of rats received two injections in total. In previous studies, lack
of extensive tissue damage after 50 repeated injections as measured by gliosis around the
injection site and light microscopy at 100x was demonstrated (Picker et al., 1999). Cannula
placement was verified physiologically based on the reported SPA response to 250pmol/
0.5uL OXA in the rLH in OP, OR and Sprague-Dawley rats (Teske et al., 2006) and the
SPA response to 500pmol/0.5uL orexin A in the substantia nigra in Sprague-Dawley rats
(Kotz et al., 2008). Rats in the current studies were deemed to have correctly placed
cannuale if the respective SPA response to OXA was within the mean +/− standard
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deviation reported in these studies (Kotz et al., 2006, Teske et al., 2006). Based on this
physiological verification, 54 out of 58 rats had correctly placed cannulae and these data
were included in the analyses. Based on this verification and our previous experience with
rLH and SN cannulations (Sweet et al., 1999, Kotz et al., 2002, Thorpe et al., 2005b, Kotz et
al., 2006, Teske et al., 2006), we are confident that a high percentage (≈95%) of the animals
had correctly placed cannulas. Injections were performed between 0800 and 1100h and at
least 48-h elapsed between injections.

1.5 SPA measurement
SPA was measured using customized, high precision racks of infrared activity sensors (Med
Associates, St. Albans, Vermont) placed around a square acrylic cage (17.0″ × 17.0″) as
previously described (Teske et al., 2006). Briefly, ambulation was detected by two I/R
arrays in the x and y-axes and vertical movement was detected by a third elevated x array
and thus movement was simultaneously detected in all three axes. From the SPA
measurements, the sum of time spent ambulating (locomotor activity) and vertical (rearing
or standing) were calculated and will be referred to as “time spent moving”. Prior to the start
of the studies, animals were acclimated to SPA chambers for 140 min on three separate
occasions. Continuous SPA was measured for 140 min post-injection. Since handling
involved in the injection procedure results in increased SPA for up to 20 min post-injection
independent of treatment, the first 20 min of data post-injection data were excluded in the
data analysis (Kotz et al., 2002). Thus, the data analyses were performed on time spent
moving measured in the 20–140-min post-injection period. Data are reported in the 1-h and
2-h time periods.

1.6 EEG/EMG recording and determination of behavioral states
EEG and EMG were recorded and behavioral states determined as described previously
(Mavanji et al., 2010). The EEG/EMG recordings were facilitated with the implanted
transmitter with EEG/EMG leads, that transmit EEG/EMG by radiotelemetry to a receiver
(PhysioTel RPC-1). Electroencephalogram signals (1.0–30.0 Hz bandpass) and EMG signals
(30–100.0 Hz bandpass) were amplified, filtered, recorded, digitized and visualized with a
Data Exchange Matrix and Dataquest A.R.T 4.1 software (Data Sciences International, St.
Paul, MN). Sleep/wake behavioral states were manually scored in consecutive 10 s epochs
based on EEG/EMG waveforms. The EEG/EMG data were classified into one of the
following four behavioral states as described previously (Mavanji et al., 2010): (1) slow-
wave sleep (SWS); (2) rapid eye movement sleep (REM); (3) quiet wake; and (4) active
wake (AW). Percent time spent in each state was calculated from the scored data. Data are
reported in the 1-h time period.

1.7 Wheel running
Wheel revolutions were determined in running wheels (Model 80850, width 4.3″, diameter
14″ and run distance 1.10 m/revolution, Layafette Instruments, Lafayette, IN) that were
attached by a tunnel to solid-bottom cages (Model 80852, 19″ × 10.5″ × 8″) with corn cobb
bedding. Wheel revolutions were counted with an optical sensor (Model 86060),
downloaded to a PC computer with a USB computer interface (Model 86056A) and
visualized with AWM software (Layafette Instruments, Lafayette, IN). Food and water were
available ad libitum.

1.8 Specific experimental designs
1.8.1 Study 1. Effect of the OX1R antagonist and orexin A in the rLH on SPA in
3–4 month old rats—The OX1R antagonist (250, 650, 1050 pmol/0.5 μl) or vehicle was
injected into the rLH in a randomly assigned latin-square counter-balanced design (OP, N =
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10; OR, N = 9; Sprague-Dawley, n = 8). Twenty minutes later OXA (250 pmol/0.5 μl) or
vehicle was injected into the rLH.

1.8.2 Study 2. Effect of the OX2R agonist in the rLH on SPA in 3–4 month old
rats—The OX2R agonist (250, 650, 1050 pmol/0.5 μl) or vehicle was injected into the rLH
(OP, N = 10; OR, N = 8; Sprague-Dawley, N = 8). One OR rat died of unknown cause
during this study. Mean body weight was calculated from body weights taken on the first
day of study one and the final day of study two.

1.8.3 Study 3. Effect of orexin A into the rLH on arousal in 3–4 month old rats
—Orexin A (500 pmol/0.5 μL) or vehicle was injected into the rLH in a separate set of OP
and OR rats (N = 6/group) and EEG/EMG was recorded for 140 minutes post-injection.
Data were manually scored to determine time spent in sleep/wake states and reported as the
percentage of time spent in each sleep/wake state. In our previous work, we demonstrated
that doses below 500 pmol of OXA failed to increase SPA (Teske et al., 2006) in OP rats.
Thus the 500 pmol dose of OXA was chosen since we were interested in determining
whether OXA-simulating arousal was secondary to OXA-stimulated increases in SPA.
Sprague-Dawley rats were excluded in this study and the next based on our finding that
Sprague-Dawley and OP rats had similar behavioral profiles (Teske et al., 2006, Teske and
Kotz, 2009).

1.8.4 Study 4. Propensity to run on a running wheel in 6-week old rats—A
separate set of 6-week old OP and OR rats (N = 6/group) were transferred to solid-bottom
cages attached to a running wheel (Layafette Instruments, Lafayette, IN) that were identical
in size to their home cage. Rodents were given ad libitum access to the running wheel
without prior training. Food and water were available ad libitum. Twenty-four h food intake
was determined by comparing the difference between pre-measured food pellets before and
the remaining food pellets after a 24-h period. Food spillage was not collected in these cages
as it was not possible in the solid bottom cage setting with bedding and the primary endpoint
was wheel running activity and body composition. Based on our past experience, spillage in
OR and Sprague-Dawley rats at this age is likely less than 0.77g per day. This is based on
studies in 3-month old Sprague-Dawely rats in solid bottom cages with perforated floors,
which permits spillage collelction. Then rodents were placed in the SPA chambers for a 24-h
acclimation period followed by a 24-h test period. Food and water were available ad libitum.
We have reported previously significant differences in 24-h food intake between OP and OR
rats at this age (Teske et al., 2006), and like, 24-h food intake, spillage can vary across
groups. To minimize the effect of this missing information on the data analysis, food intake
is expressed as a ratio of 24-h food and lean mass however, we acknowledge that similar to
the concerns over normalizing energy expenditure for lean mass, this method of normalizing
food intake values for lean mass can also be problematic (Arch et al., 2006, Butler and
Kozak, 2010, Even and Nadkarni, 2012, Tschop et al., 2012). Body composition (EchoMRI,
Echo Medical Systems, Houston, TX) was determined as described previously (Nixon et al.,
2010, Teske et al., 2012) before rodents were given access to the running wheels.

1.8.5 Study 5. Effect of the OX1R antagonist and orexin A into the SN on SPA
in 5 month old rats—The OX1R antagonist (1050 pmol/0.5 μl) or vehicle was injected
into the SN 20 minutes before OXA (250 pmol/0.5 μl) or vehicle was injected into the SN in
a separate set of rats (N = 7/group). One OR died of unknown cause during this study. Mean
body weight was calculated from body weights taken on the first day of study five and the
final day of study six.
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1.8.6 Study 6. Effect of the DA1R antagonist and orexin A into the SN on SPA
in 5 month old rats—The DA1R antagonist SCH3390 (30 pmol/0.5 μl) or vehicle was
injected into the SN 20 minutes before OXA (250 pmol/0.5 μl) or vehicle was injected into
the SN (OP: N=7; OR: N=10; Sprague-Dawley: N = 7). Two OP and one Sprague-Dawley
rat lost cannulae during this study. Study six was performed before study five.

1.9 Statistical analyses
Data were analyzed with Prism 5.0b (GraphPad Software, Inc., San Diego, CA), and an
alpha level of 0.05 was used for all statistical tests. Data were expressed as mean ± SEM.
Spontaneous physical activity and sleep/wake data (studies 1–3, 5, 6) were analyzed by two-
factor repeated-measures ANOVA. When significant main effects or an interaction were
observed, the data were separated by phenotype and then analyzed by one-factor repeated-
measures ANOVA followed by Fisher’s PLSD test to compare individual treatment means
within each phenotype. To determine differences within a give treatment across phenotypes,
data were analyzed by ANOVA followed by Fisher’s PLSD test. Data in the 1-h, 1–2 and 2-
h post-injection time periods were analyzed separately. Main effects for group and treatment
were not significant in the 1–2 h period for studies 1, 2, 3, 5 and 6 (data not shown). Hence,
results in the two-hour period were due to effects that occurred in the one-hour period. We
report data from the two-hour period when results from the one and two-hour periods were
similar as defined as being both statistically significant. Two rats were statistical outliers
(greater than twice the standard deviation) in study six and there data were excluded. Body
weight, percent fat mass, food intake and running wheel revolutions were analyzed by
ANOVA or t-test followed by Fisher’s PLSD test to determine difference between
phenotypes. Linear regression was used to analyze the relationship between running wheel
revolutions and 24-h time spent moving.

2. RESULTS
Obesity resistant rats weighed significantly less than both OP and/or Sprague-Dawley rats
(Table 1). Obesity resistant rats had significantly less body fat despite similar food intake
compared to OP rats (Table 1).

2.1 Study 1. The OX1R antagonist in the rLH reduces OXA-stimulated SPA most effectively
in OR rats

To determine whether the OX1R receptor in the rLH mediated the elevated SPA response to
OXA after infusion into the rLH in OR rats, the OX1R antagonist was infused prior to OXA
into the rLH. Two-factor repeated measures ANOVA indicated a significant interaction
between phenotype and treatment two-hour post-injection (P = 0.0008, Figure 1). When the
data were separated by phenotype to compare effects of the OX1R antagonist on OXA-
stimulated SPA within each phenotype, the analysis indicated a significant treatment effect
on SPA. Orexin A infused into the rLH significantly increased SPA relative to vehicle in all
phenotypes (Figure 1). Spontaneous physical activity stimulated by OXA was significantly
greater in OR rats compared to both OP and Sprague-Dawley rats in the two-hour post-
injection period (P < 0.05 and P < .0005, respectively, Figure 1). Pretreatment with the
OX1R antagonist reduced SPA stimulated by OXA in OR and Sprague-Dawley rats but had
no effect on OXA-stimulated SPA in OP rats (Figure 1). All three doses of the OX1R
antagonist reduced OXA-stimulated SPA in OR rats (250 pmol: P < 0.05, 650 pmol: P <
0.005, 1050 pmol: P < 0.0005) but only the highest dose of the OX1R antagonist reduced
OXA-stimulated SPA in Sprague-Dawley rats (P < 0.05).
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2.2 Study 2. Selective stimulation of OX2R in the rLH increases SPA for a longer duration
in OP and Sprague-Dawley rats compared to OR rats

We sought to determine whether selective stimulation of OX2R in the rLH would elicit a
differential SPA response between phenotypes like stimulation of OX1R by OXA. There
was a main effect of phenotype and treatment on SPA one-hour post-injection (F(2,23) = 3.9,
P = 0.0349 and F(3,69) = 10.7, P < 0.0001, respectively, Figure 2). Two-hour post-injection,
there was a main effect of treatment (F(3,69) = 4.8, P = 0.0043) but the effect of phenotype
failed to reach statistical significance (F(2,23) = 3.4 P = 0.0504). There was a treatment effect
of the OX2R agonist on SPA in all phenotypes one-hour post-injection. Overall the OR rats
had the highest levels of SPA across the dose range. The 650 pmol dose of the OXR agonist
significantly stimulated SPA in OR rats (P < 0.05) and SPA stimulated by this dose in OR
rats was significantly greater than in Sprague-Dawley rats (P < 0.05). In OP rats the highest
dose of the OX2R agonist significantly stimulated SPA in the one hour post-injection period
(P < 0.005). In Sprague-Dawley rats the 250 and 1050 pmol doses of the agonist
significantly stimulated SPA (P < .05 and P < .005, respectively). The stimulatory effect of
the OX2R agonist persisted in OP (Figure 2) but not in OR and Sprague-Dawley rats during
the two-hour post-injection period.

2.3 Study 3. OXA-stimulated arousal is similar between OR and OP rats
We determined whether OXA-stimulated SPA was secondary to arousal since OXA
stimulates both SPA and arousal. Two-factor repeated measures ANOVA indicated a main
effect of treatment on AW, SWS and REM sleep but no effect of phenotype during the one-
hour post-injection period (Figure 3). Therefore the treatment effect was similar between
phenotypes. Orexin A significantly increased AW and reduced SWS and REM sleep, and
had no effect on quiet wake during the one-hour post-injection interval (Figure 3).

2.4 Study 4. OR rats ran more than OP rats and wheel running was directly proportional to
24-h SPA

We hypothesized that OR rats would run more than OP rats and greater wheel running
would align with greater 24-h SPA levels. As expected, untrained OR rats ran significantly
more on the running wheel compared to OP rats over the 24-h period (Figure 4A). This
greater propensity to run was due to more wheel running revolutions during the light cycle
(Figure P < 0.0001: OP = 196.0 ± 38.60 and OR = 762.7 ± 27.1 wheel revolutions) since
wheel running during the dark cycle was similar between groups (P = .2427: OP = 569.9 ±
115.8 and OR = 732.3 ± 68.3 wheel revolutions). Running wheel revolutions were positively
associated with time spent moving in the SPA chambers over the 24-h period (Figure 4B).

2.5 Study 5. Pretreatment with the OX1R antagonist in the SN reduces OXA-stimulated
SPA in OR rats only

The OX1R antagonist was infused prior to OXA into the SN to determine the contribution of
OX1R to OXA-stimulated SPA and whether this effect was phenotype-dependent. Two-
factor repeated measures ANOVA indicated a main effect of phenotype and treatment one
and two-hours post-injection (1-h F(2,16) = 19.2, P < 0.0001 and F(3,48) = 13.5, P < 0.0001;
2-h F(2,16) = 19.0, P < 0.0001 and F(3,48) = 10.8, P < 0.0001, Figure 5). When the data were
separated by phenotype to determine the effect of the OX1R antagonist on OXA-stimulated
SPA within each phenotype, the analysis indicated a significant treatment effect on all
phenotypes with one exception. Unlike one-hour post-injection, there was no treatment
effect in OP rats during the two-hour post-injection period. Orexin A-stimulated SPA after
infusion into the SN was significantly greater in OR rats relative to both OP and Sprague-
Dawley rats (Figure 5). Orexin A in the SN significantly increased SPA in all phenotypes
relative to vehicle (Figure 5). Pre-treatment with the OX1R antagonist in the SN reduced
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OXA-stimulated SPA in OR rats (P < 0.05) but failed to reduce OXA-stimulated SPA in OP
or Sprague-Dawley rats (P > .05 for all comparisons).

2.5 Study 6. OXA in the SN elicits greater SPA in OR rats and antagonism of DA1R in the
SN reduces OXA-stimulated SPA in OR rats only

We tested whether OXA-stimulated SPA after infusion in the SN was phenotype-dependent
like OXA-stimulated SPA after rLH infusion. We also determined whether the elevated SPA
response to OXA in the SN in OR rats was mediated by DA1R. To do so, the DA1R
antagonist was infused prior to OXA into SN. Two-factor repeated measures ANOVA
indicated main effects of phenotype and treatment on SPA two-hours post-injection (F(2,21)
= 23.9, P < 0.0001 and F(3,21) = 14.2, P < 0.0001, Figure 6). Separating the data by
phenotype indicated a significant treatment effect on SPA for all phenotypes (Figure 6).
Orexin A significantly stimulated SPA relative to vehicle in all phenotypes and the
stimulatory effect of OXA on SPA after SN infusion was significantly greater in OR rats
relative both OP and Sprague-Dawley rats (Figure 6). The DA1R antagonist was more
effective in blocking OXA-stimulated SPA in OR rats as compared to OP or Sprague-
Dawley rats (Figure 6). In contrast to OP rats where there was no effect of the DA1R
antagonist on OXA-stimulated SPA, the DA1R antagonist blocked OXA-stimulated SPA in
OR rats. In Sprague-Dawley rats, the DA1R antagonist had no effect on OXA-stimulated
SPA in the one-hour post-injection period but blocked OXA-stimulated SPA during the two-
hour post-injection period (1-h and 2-h: P > 0.05 and P < 0.05, respectively).

DISCUSSION
Previous studies of SPA in OR rats have demonstrated greater sensitivity to OXA
stimulation and greater expression of orexin 1 and 2 receptors in the rLH (Teske et al.,
2006). These studies extend those observations by demonstrating that OR rats have greater
sensitivity to blockade of orexin receptors in rLH and greater short-term sensitivity to
stimulation of the orexin 2 receptor. Unlike OP and Sprague-Dawley rats, all doses of the
OX1R antagonist reduced OXA-stimulated SPA in OR rats. We further demonstrate that
orexin A increased arousal equally in lean and obese rodents, OR rats ran more and wheel
running was directly related to 24-h SPA levels. In addition, the OX1R antagonist,
SB-334867-A, and the DA1R antagonist, SCH3390, in SN more effectively reduced SPA
stimulated by OXA in OR rats. These data are novel and demonstrate that 1) orexin and
dopamine action differs between obesity resistant and prone rats, 2) OXA-stimulated SPA is
not merely due to enhanced arousal and 3) OR rats may be intrinsically more motivated to
perform physical activity. Together these data highlight critical neural pathways and brain
sites of action underlying the heightened basal and OXA-stimulated SPA response in OR
rats and supports the hypothesis that increased orexin action at the rLH contributes to
increased SPA, which is a crucial factor in obesity resistance (Teske et al., 2006, Kotz et al.,
2008, Kotz et al., 2012).

Orexin A stimulates both arousal and SPA. While we have shown that OR rats are more
responsive to treatments that stimulate SPA such as caloric restriction (Teske and Kotz,
2009), the elevated SPA response to OXA in OR rats might have been secondary to
enhanced arousal. If OXA-stimulated SPA was secondary to enhanced arousal one would
expect OR rats to have greater arousal following central OXA infusion relative to OP rats.
Instead, OXA-stimulated arousal is similar between lean and obese, indicating that greater
SPA in lean rats cannot be due to commensurate arousal (Figure 3). We acknowledge that
energy expenditure due to OXA-stimulated SPA and arousal must be determined to
distinguish which factor (SPA and arousal) contributes most to adiposity. Elevated SPA
response to OXA in OR rats suggests an intrinsic drive to be more physically active since
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previous work demonstrates central OXA modulates motivation (Thorpe et al., 2005a, Choi
et al., 2010, Sharf et al., 2010).

We measured voluntary wheel running and SPA over the 24-h period to investigate whether
a greater propensity for physical activity would parallel adiposity status and 24-h SPA. To
do so, we tested whether the propensity to run differed between OR and OP rats and whether
wheel running was associated with 24-h SPA levels. Six-week old OR rats voluntarily ran
significantly more in running wheels (Figure 4A), which was directly associated with 24-h
SPA (Figure 4B). Like high SPA levels shown previously in OR rats (Teske et al., 2006,
Kotz et al., 2008, Teske et al., 2012), this greater propensity to run appears to be intrinsic
and spontaneous in nature and could not be due to differences in learning given that we did
not train and rats were not allowed prior access to the running wheels before testing. Our
data parallel that in rats selectively-bred for high aerobic capacity, where rats with high
capacity for running also displayed high SPA levels (Waters et al., 2008, Novak et al.,
2010). Together these data show that greater voluntary exercise correlates with elevated 24-
h SPA levels, and shows no indication of compensation for increases in one activity with
decreases in another. Nonetheless we acknowledge that other processes likely moderate
differences in running wheel activity in our study since only 22% of the variance wheel
running was accounted for by SPA and that compensatory changes in SPA after wheel
running would be best tested with SPA and wheel running measured simultaneously.
Overall, these findings would be expected to contribute to lower adiposity levels in OR rats
(Teske et al., 2012).

Our finding that SPA stimulated by OXA into SN was greater in lean rats is consistent with
greater SPA response to OXA after infusion into rLH and hypothalamic paraventicular
nucleus (Novak et al., 2006, Teske et al., 2006). Orexin one and dopamine one receptor
antagonists were more effective at blocking OXA-stimulated SPA in OR rats and reduced
SPA levels in OR rats to that observed in obese rats. These findings accord with previous
work in Sprague-Dawley rats showing OXA infusion into the LH and SN stimulates SPA
(Kotz et al., 2002, Kotz et al., 2006, Teske et al., 2006) and DA1R antagonists block OXA-
stimulated SPA (Nakamura et al., 2000, Kotz et al., 2006). We are the first to show that
pretreatment of the SN with the OX1R antagonist block OXA-stimulated SPA. This
interaction between orexin and dopamine modulation of SPA is congruent with literature
suggesting that dopamine modulates OXA neurotransmission (Thorpe et al., 2005a, Aston-
Jones et al., 2010, Garland et al., 2011). Orexin-containing neurons project to neurons
immunopositive for tyrosine hydroxylase, the precursor required for dopamine synthesis
(Nakamura et al., 2000) and to brain areas critically involved in motor control such as the
SN, ventral tegmental area and prefrontal cortex (Fadel and Deutch, 2002). Orexin A excites
dopamine neurons (Korotkova et al., 2006) and stimulates DA1R-mediated dopamine
release (Vittoz and Berridge, 2006). Moreover, that lean and obese rats in our study had
differential response to the DA1R antagonist is consistent with mice bred for high and low
wheel running (Garland et al., 2011). Given the reciprocal projections between orexin and
dopamine containing neurons, orexin modulation of dopamine (Vittoz and Berridge, 2006,
Espana et al., 2011, Calipari and Espana, 2012, Patyal et al., 2012) and GABA release
(Korotkova et al., 2002) OXR and DAR expression in the SN (Richfield et al., 1987,
Hervieu et al., 2001) it is plausible that orexin acts on dopaminergic and GABAergic
neurons in the SN to promote SPA by stimulating dopamine release in the SN and
movement through the nigrostriatal pathway. Collectively, these studies support the idea that
differential orexin and dopamine signaling though both OX1R and DA1R may contribute to
the enhanced SPA response to OXA after infusion in the rLH and SN in OR rats, and that
orexin and dopamine neural pathways mediate SPA in a phenotype-dependent manner.
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In conclusion, we demonstrate that obesity resistant rats are more sensitive to antagonism of
OX1R and agonists of OX2R, OXA-stimulated arousal is similar between lean and obese
rats, lean rats run more on a wheel than obese rats, running is positively associated with 24-h
SPA levels and that OX1R and DA1R antagonists in SN reduced SPA in OR rats to levels
observed in obese rats. These data suggest that elevated signaling through OX1R and DA1R
may promote a greater response to SPA stimulating agents such as OXA in OR rats. Since
SPA-generated energy expenditure contributes significantly to overall energy expenditure,
these studies suggest that orexin projections from the lateral hypothalamus stimulates orexin
and dopamine signaling in the substantia nigra to promote SPA, which is congruent with
orexin and dopamine regulation of other behaviors including arousal and drug-seeking.
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ABBREVIATIONS

AW active wake

DA1R dopamine one receptor

rHL rostral lateral hypothalamus

OP obesity prone

OR obesity resistant

OXA orexin A

OXR orexin receptor

OX1R orexin one receptor

OX2R orexin two receptor

REM rapid eye movement

SPA spontaneous physical activity

SN substantia nigra

SWS slow wave sleep
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Highlights

• OX1R and DA1R antagonists reduced OXA-induced SPA more effectively in
lean rats

• OXA increased arousal equally in lean and obese rodents.

• OR rats ran more and wheel running was directly related to 24-hour SPA levels.
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Figure 1.
(study 1): Orexin A (OXA) infusion into the rostral lateral hypothalamus (rLH) stimulates
spontaneous physical activity (SPA) in obesity resistant (OR) rats to a greater extent
compared to obesity prone (OP) or Sprague-Dawley (SD) rats. Pre-treatment with the orexin
one receptor (OX1R) antagonist (SB-334867-A) in the rLH reduced SPA stimulated by
OXA in OR and Sprague-Dawley rats but failed to reduce OXA-stimulated SPA in OP rats
(Repeated measures ANOVA: OP: F(5,50) = 10.8, P < 0.0001; OR: F(5,40) = 10.9, P <
0.0001; SD: F(5,35) = 5.4, P = 0.008, respectively. All doses of the OX1R antagonist reduced
OXA-stimulated SPA in OR rats but only the highest dose of the antagonist reduced OXA-
stimulated SPA in Sprague-Dawley rats. * P < .05 as compared to vehicle/vehicle for each
phenotype, φ P < .05 as compared to vehicle/orexin A for each phenotype; γ P < .05 as
compared to vehicle/orexin A for OP and Sprague-Dawley rats. Data represent mean ±
SEM. N = 10 (obesity prone), 9 (obesity resistant), and 8 (Sprague-Dawley).
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Figure 2.
(study 2): Selective stimulation of the orexin two receptor (OX2R) receptor with Ala11, D-
Leu15-Orexin B in the rostral lateral hypothalamus (rLH) increases SPA in obesity prone
(OP), obesity resistant (OR) and Sprague-Dawley (SD) rats. Data in the one and two-hours
post-injection shown in panel A and B, respectively. (Repeated measures ANOVA 1-h and
2-h, respectively: OP: F(3,27) = 5.1, P = 0.0062 and F(3,27) = 4.0, P = 0.0171; OR: F(3,21) =
3.6, P = 0.0299 and F(3,21) = 0.8, P = 0.4841; SD: F(3,21) = 5.0, P = 0.0088 and F(3,21) = 3.0,
P = 0.0529. * p < .05 as compared to vehicle. φ p < .05. Data represent mean ± SEM. N = 10
(obesity prone), 8 (obesity resistant), and 8 (Sprague-Dawley). Please note different y-axes.
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Figure 3.
(study 3): Orexin A in the in the rostral lateral hypothalamus stimulates active wake (AW)
and reduces slow wave sleep (SWS) and rapid eye movement sleep (REM) equally in
obesity prone (OP) and obesity resistant (OR) rats during the one-hour post-injection period.
Obesity resistant rats spent zero minutes in slow wave sleep or REM sleep after the orexin A
injection. There was no effect of orexin A on quiet wake (data not shown). Two-factor
repeated measures ANOVA for the main effects of phenotype and treatment: AW F(1,10) =
0.7, P = 0.4202 and F(1,10) = 39.6, P < 0.0001. QW: F(1,10) = 0.01, P = 0.9344 and F(1,10) =
1.2, P = 0.2964. SWS: F(1,10) = 1.4, P = 0.2586 and F(1,10) = 20.6, P = 0.0011. REM: F(1,10)
= 0.5, P = 0.8284 and F(1,10) = 5.2, P = 0.0457. * p < .05, ** p < .005, and ***p < .0001 as
compared to vehicle-treated rats. Data represent mean ± SEM. N = 6/group. Please note
different y-axes.
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Figure 4.
(A) Young untrained six-week old obesity resistant (OR) rats have a greater propensity to
run on a running wheel compared to obesity prone (OP) rats. (B) Wheel running revolutions
were directly proportional to 24-h time spent moving. *P = 0.0003 for 24-h and P < .0001
for the light cycle. Data represent mean ± SEM. N = 6/group.
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Figure 5.
(study 5): The orexin 1 receptor (OX1R) antagonist (SB-334867-A) in the substantia nigra
(SN) blocked SPA stimulated by orexin A (OXA) in the SN in obesity resistant (OR) but not
in obesity prone (OP) or Sprague-Dawley (SD) rats one and two hours post-injection (Panel
A and B, respectively). Repeated measures ANOVA 1-h and 2-h, respectively: OP: F(3,15) =
3.9, P = 0.0300 and F(3,15) = 2.9, P = 0.0690; OR: F(3,18) = 7.2, P = 0.0022 and F(3,18) = 6.3,
P = 0.0040; SD: F(3,15) = 6.3 P = 0.0053 and F(3,15) 4.4, P = 0.0198. * p < .05 as compared
to vehicle/vehicle for each phenotype, φ p < .05 as compared to vehicle/orexin A for OR
rats. γ P < .05 as compared to vehicle/orexin A for OP and Sprague-Dawley rats. Data
represent mean ± SEM. N = 6 (obesity prone), 7 (obesity resistant), and 6 (Sprague-
Dawley).
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Figure 6.
(study 6): Orexin A (OXA) infusion into the substantia nigra (SN) stimulates spontaneous
physical activity (SPA) in obesity resistant (OR) rats more than obesity prone (OP) or
Sprague-Dawley (SD) rats. Pre-treatment with the selective dopamine one receptor (DA1R)
antagonist SCH3390 in the SN reduced SPA stimulated by OXA in OR and Sprague-
Dawley rats. Repeated measures ANOVA for the two-hour post-injection period: OP: F(3,18)
= 9.1, P = 0.0007; OR: F(3,27) = 6.7, P = 0.0016; SD: F(3,18) = 3.7, P = 0.0314. * p < .05 as
compared to vehicle/vehicle for each phenotype, φ p < .05 as compared to vehicle/orexin A
for each phenotype; γ p < .05 as compared to vehicle/orexin A for OP and Sprague-Dawley
rats. Data represent mean ± SEM. N = 7 (obesity prone), 10 (obesity resistant), and 7
(Sprague-Dawley).
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TABLE 1

Body weight, body composition and food intake.

Phenotype

Obesity prone Obesity resistant Sprague-Dawley

Body weight (g)

1 Studies 1 and 2 332.3 ± 6.1gδ 287.1 ± 4.2g* 356.6 ± 5.6g

1 Studies 5 and 6 426.3 ± 7.7gδ 334.0 ± 9.2g* 477.5 ± 12.6g

Study 4 155.2 ± 3.2g 118.4 ± 5.3gΦ ---

Study 4

Body fat (%): 10.3 ± 0.2 8.7 ± 0.3Φ ---

Fat-free mass (g) 124.6 ± 2.7g 97.4 ± 4.1gΦ ---

24-h food intake (g) 14.4 ± 0.7g 12.9 ± 0.5gΦ ---

24-h food intake/FFM: 0.116 ± 0.01 0.135 ± 0.01 ---

Study 1 and 2: N = 10 (obesity prone), 8–9 (obesity resistant), and 8 (Sprague-Dawley). Study 4: N = 6/group. Study 5–6: N = 7 (obesity prone), 7–
10 (obesity resistant), and 7 (Sprague-Dawley).

*
P < 0.05 versus obesity prone and/or Sprague-Dawley.

δ
P < 0.05 versus Sprague-Dawley

Φ
P < 0.05 versus obesity prone

1
ANOVA: P < 0.0001
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