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A Septal-Hypothalamic Pathway Drives Orexin Neurons,
Which Is Necessary for Conditioned Cocaine Preference

Gregory C. Sartor and Gary S. Aston-Jones
Department of Neurosciences, Medical University of South Carolina, Charleston, South Carolina 29425

Orexins (also called hypocretins) have been shown to be importantly involved in reward and addiction, but little is known about the
circuitry that regulates orexin neuronal activity during drug-seeking behaviors. Here, we examined inputs to the lateral hypothalamus
(LH) orexin cell field from the lateral septum (LS) using tract-tracing and Fos immunohistochemistry after cocaine (10 mg/kg) condi-
tioned place preference (CPP) in Sprague Dawley rats. We found that neurons in rostral LS (LSr) that project to LH are Fos-activated in
proportion to cocaine CPP, and that inhibition of LSr neurons with local baclofen and muscimol microinjection (0.3/0.03 nmol) blocks
expression of Fos in LH orexin cells and cocaine preference. In addition, using local inactivation in LS and orexin antisense morpholinos
in LH, we found that LSr influences on LH orexin neurons are critical for the expression of cocaine preference. These results indicate that
LSr activates LH orexin neurons during cocaine place preference, and that this circuit is essential for expression of cocaine place
preference.

Introduction
Orexins A and B (also called hypocretins A and B) are neuropep-
tides produced exclusively in hypothalamus (Sakurai et al., 1998).
Orexin neurons project throughout the neuraxis (Peyron et al.,
1998), and signal via two receptors: OX1R and OX2R (Sakurai et
al., 1998). Soon after the discovery of orexins, studies in humans
and animals revealed that disruptions in this hypothalamic pep-
tide system produced narcolepsy-like symptoms (Chemelli et al.,
1999; Lin et al., 1999; Nishino et al., 2000), indicating a role in
arousal (Sutcliffe and de Lecea, 2002).

Results from our laboratory and others reveal that orexins are
also critically involved in drug abuse and other reward behaviors
(Boutrel et al., 2005; Harris et al., 2005; Borgland et al., 2009;
Moorman and Aston-Jones, 2009; Smith et al., 2009, 2010).
Based on a variety of experiments, our laboratory proposed
that the orexin system is functionally dichotomous, such that
lateral hypothalamus (LH) orexin neurons are involved in
reward and drug abuse behaviors, but perifornical (PFA) and
dorsomedial (DMH) orexin neurons are involved in stress and
arousal functions (Harris and Aston-Jones, 2006). Additional
studies revealed that the orexin system is involved in several
addiction-related behaviors (Boutrel et al., 2005; Harris et al.,
2005; Smith et al., 2009, 2010; Sharf et al., 2010; Hutcheson et
al., 2011). Together, these and other related studies make it a
strong candidate as a potential pharmacological target in the
treatment of addiction.

Until recently, very little was known about input circuits that
regulate orexin neurons. This issue was addressed by two studies
in the last few years that mapped afferents to orexin neurons and
the different orexin hypothalamic fields (Sakurai et al., 2005; Yo-
shida et al., 2006). Other studies showed that nucleus accumbens
afferents to the LH orexin cell field are activated and involved in
beer seeking (Marchant et al., 2009; Millan et al., 2010). However,
it has not been determined whether other LH orexin afferents are
involved in drug-related behaviors.

The objective of the current studies was to identify afferents to
LH orexin neurons that are necessary for activating these cells and
driving cocaine preference. Previous studies showed that LH and,
specifically, LH orexin neurons receive inputs from lateral sep-
tum (LS) (Risold and Swanson, 1997b; Yoshida et al., 2006).
Furthermore, LS and LH orexin neurons are responsive both to
drugs of abuse (Shoji et al., 1997, 1998; Harris et al., 2007; Pa-
sumarthi and Fadel, 2008) and to contextual information associ-
ated with reward (Harris et al., 2005; Takamura et al., 2006).
Based on these previous findings, we sought to determine
whether the LS to LH orexin circuit is important in cocaine con-
ditioned place preference (CPP). Utilizing anatomical, pharma-
cological, antisense, and behavioral manipulations, we show that
LS afferents to the LH orexin area are specifically activated during
cocaine preference, and that LS influences on LH orexin neurons
are necessary for this conditioned drug effect. These results pro-
vide a circuit for contextual information to modulate LH orexin
neurons, and thereby regulate reward and drug abuse behaviors.

Materials and Methods
Subjects
Male Sprague Dawley rats (initial weight 300 –325 g, Charles River) were
pair-housed under a reversed 12 h light/dark cycle (lights off 6:00 A.M.)
and had ad libitum access to food and water. Animals were housed in a
temperature- and humidity-controlled animal facility at Medical Uni-
versity of South Carolina (MUSC) (Association for Assessment and Ac-
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creditation of Laboratory Animal Care-accredited). All experiments were
approved by the Institutional Animal Care and Use Committee at MUSC
and conducted according to specifications of the NIH as outlined in the
Guide for the Care and Use of Laboratory Animals. A total of 141 rats
were used in these experiments.

Drug treatments
Cocaine HCl (NIDA) was dissolved in 0.9% sterile saline. The OX1R antag-
onist SB-334867 (SB; 1-(2-methylbenzoxazol-6-yl)-3-[1,5]naphthyridin-
4-yl urea hydrochloride, generously provided by NIDA) was suspended in
2% DMSO and 10% 2-hydroxypropyl-�-cyclodextrin (Sigma) in sterile wa-
ter; 15 or 30 mg/kg was given in a volume of 4 ml/kg (intraperitoneally) 30
min before the preference test session. Vehicle was delivered at the same
volume as the SB solution.

Cannula surgeries and injections
Retrograde tracing. Cholera toxin b subunit (CTb) microinjections into
LH were made using methods similar to those described in previous
publications (Delfs et al., 1998; Chen et al., 1999). In brief, rats were
anesthetized with ketamine/xylanine (56.5/8.7 mg/kg, i.p.) and placed in
a stereotaxic apparatus. A midline scalp incision was made and a small
hole was drilled through the skull above LH. With the dura removed, a
glass pipette (10 �m tip diameter) was lowered
into the LH orexin field [anteroposterior (AP)
�2.8, ML 1.7, DV �8.8 from skull surface),
and 30 nl of CTb (0.5% dissolved in 0.1 M phos-
phate buffer, Sigma) was unilaterally delivered
via pressure injection. The pipette was left in
place for 15 min after the injection to allow for
CTb diffusion and to minimize backflow up
the pipette tract. CTb injections that diffused
outside LH or PFA/DMH areas due to back-
flow up the pipette tract were not included in
these studies. Animals were handled daily and
allowed 1 week of recovery before behavioral
testing.

Differences between rostral LS (LSr) and
caudal LS (LSc) afferents to LH were noted in
the tract-tracing studies. Based on these differ-
ences, we defined the rostral LS as (from
bregma), AP 2.2–1.4, ML 0.8 – 0.3, DV �4.8 –
5.6 from skull surface, and the caudal LS as
(from bregma), AP 1.3– 0.5, ML 0.9 – 0.3, DV
�4.8 –5.7 from skull surface (Paxinos and
Watson, 1998).

LSr inactivation. Rats were deeply anesthe-
tized and guide cannulae (22 gauge) were uni-
laterally or bilaterally placed 2 mm above LSr as
described above. Guide cannulae were perma-
nently fastened to the skull using acrylic ce-
ment and obturators were inserted to prevent
blockage. Before the CPP test, injector cannu-
lae (28 gauge) were lowered through and 2 mm
below the guide cannulae to infuse artificial
CSF (aCSF) (n � 6) or the GABAA/B receptor
agonists baclofen plus muscimol (B-M, 0.3/
0.03 nmol in aCSF, 0.3 �l, n � 6 and 7 for
unilateral and bilateral studies, respectively).
The injector cannulae were kept in place for 1
min to allow for diffusion of the drug. A counterbalanced within-subjects
design was used in bilateral LS inactivation experiments. Missed B-M
injections were used as anatomical controls in these bilateral inactivation
studies (n � 8).

LS-LH orexin disconnection. Guide cannulae (22 gauge) were im-
planted with the tip of one 2 mm above one LS, and the other 2 mm above
the ipsilateral or contralateral LH for unilateral control and bilateral
disconnection studies, respectively. One day after the last conditioning
session, an injector cannula (28 gauge) was inserted into LH to microin-
fuse orexin antisense (AS) (Vivo-Morpholino 0.15 nmol/0.3 �l in 0.5 mM

phosphatebuffer,GeneTools,5�-GTATCTTCGGTGCAGTGGTCCAAA
T-3�) or control antisense (Ctrl AS) that targets a human �-globin intron
mutation (Vivo-Morpholino standard control, 0.3 �l, Gene Tools, 5�-
CCTCTTACCTCATTACAATTTATA-3�). Six days later (during peak
orexin knockdown in LH; see below and Reissner et al., 2012), aCSF or
B-M (0.3/0.03 nmol, 0.3 �l) was injected into LS 5 min before the CPP
test session. Missed B-M or orexin antisense injections were used as
anatomical controls in these bilateral disconnection studies. After behav-
ioral testing, animals were killed, and orexin knockdown and cannulae
placements were verified. These manipulations in LSr/LH yielded the
following groups with respective n-values: aCSF/AS (n � 6); missed B-

Figure 1. Injections of CTb in orexin cell fields. a, Schematic representation depicting the extent of CTb diffusion at injection
sites in LH (red) or PFA/DMH areas (blue). Each CTb injection was plotted at 50% opacity so that darker colors represent overlapping
injection sites across animals. b, c, Representative immunofluorescence labeling for orexin (green) and CTb (red) in LH (b) and PFA
(c) orexin areas that received CTb injections. Scale bar, 200 �m.

Table 1. Mean (�SEM) number of crosses during CPP test

Group Number of crosses

Experiment 1
Vehicle 42 (4.7)
SB (15 mg/kg) 52 (5.3)
Vehicle 46 (3.0)
SB (30 mg/kg) 40 (3.1)

Experiment 3
aCSF 39 (5.3)
B-M 44 (6.4)
Missed B-M 39 (3.7)

Experiment 4
aCSF 43 (5.2)
B-M 54 (7.2)

Experiment 6
aCSF/AS 40 (4.0)
B-M miss/AS 34 (4.0)
aCSF/AS miss 45 (10.9)
B-M/Ctrl AS 36 (5.0)
B-M/AS 38 (8.5)
Unilateral B-M/AS 45 (7.6)
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M/AS (n � 7); aCSF/missed AS (n � 8); B-M/Ctrl AS (n � 6); B-M/AS
(n � 6), and unilateral B-M/AS (n � 8).

Orexin antisense
To confirm the effectiveness of orexin knockdown, a separate group of
animals received unilateral LH injections of orexin antisense or control
antisense, as described above. Animals were killed and perfused 6 or 14 d
after injection (6 d postinjection: n � 7 for orexin AS and control AS, 14 d
postinjection: n � 8 for orexin AS) and LH sections were stained for
orexin or melanin concentrating hormone (MCH), a neuropeptide that
is localized in LH but not in orexin neurons.

Conditioned place preference
CPP experiments followed procedures previ-
ously used by our laboratory (Harris and Aston-
Jones, 2003; Harris et al., 2005, 2007). The CPP
apparatus consisted of two distinct compart-
ments that were separated by a removable parti-
tion. One compartment had a grid floor with
solid black walls, and the second compartment
consisted of a mesh floor with black and white
striped walls. The compartments were equipped
with 8 photocell beams that automatically mea-
sured activity and time on each side. The CPP
chambers were located in environmental isola-
tion boxes to reduce outside distraction. On the
first day (pretest), the partition had a doorway
that allowed the animal to have free access to both
sides of the chamber for 15 min, and the time
spent on each side was recorded automatically.
None of the animals displayed an initial bias in
this pretest session (�100 s time difference
between sides). Two days later, animals were con-
ditioned for 3 consecutive days. During condi-
tioning the animals were injected with cocaine
(10 mg/kg) or saline and confined to one side of
the chamber by a solid partition for 30 min. As in
previous studies in our laboratory, conditioning
occurred in morning and afternoon sessions (at
least 4 h apart) (Harris and Aston-Jones, 2003;
Harris et al., 2005, 2007). Control animals re-
ceived an injection of saline on each side of the
chamber on conditioning days (n � 6). Addi-
tionally, cocaine-conditioned rats that did not
show a preference (�75 s more time on the co-
caine side) were included in the control group in
the tract-tracing experiments (n � 7). Two to 6 d
after the last conditioning session, animals were
tested for cocaine preference in a 15 min session
with free access to both sides of the chamber. The
preference score was calculated as the time spent
on the cocaine side minus the time spent on the
saline side. Animals that were saline conditioned
or cocaine conditioned and did not show prefer-
ence were combined because there was no differ-
ence in preference scores (t(11) � 0.45, p � 0.7) or
percentage of CTb neurons that were Fos-
positive in LS (t(11) � 1.5, p � 0.2) between these
groups. Where mentioned, a counterbalanced
within-subject design was used to test for cocaine
preference in some groups.

Immunohistochemistry
Procedures to stain for Fos, orexin, CTb, and
MCH were similar to those published previously
by our laboratory (Delfs et al., 1998; Harris et al.,
2005, 2007). For Fos staining in CTb- or orexin-
positive neurons, rats were deeply anesthetized
with ketamine/xylanine (100/20 mg/kg, i.p.) 90
min after the conditioned place preference test
and were then perfused transcardially with cold

0.9% saline followed by 4% paraformaldehyde. Brains were cut into 40-�m-
thick tissue sections and processed to visualize Fos or orexin. Fos was visu-
alized by incubating the sections in rabbit anti-Fos (1:5000, Santa Cruz
Biotechnology) overnight, incubation in biotinylated donkey anti-rabbit
secondary antibody (1:500, Jackson ImmunoResearch Laboratories) for 2 h,
and incubation in avidin-biotin complex (ABC, 1:500) for 1.5 h. Finally,
sections were incubated in 3,3�-diaminobenzidine (DAB, Sigma) and nickel
ammonium sulfate, producing a purple-black reaction product in the nu-
cleus. Subsequently, CTb was visualized by incubating the same tissue sec-
tions in goat anti-CTb (1:20,000, List Biological Laboratories) overnight, and

Figure 2. Rostral LS neurons that project to LH are activated during cocaine CPP. a– c, Conditioned place preference scores (a)
and activation of rostral (b) and caudal (c) LS afferents to LH and PFA/DMH orexin cell fields during cocaine (Coc) preference tests
(*p � 0.0002 indicates significant difference from LH Ctrl in LSr). Note significant preference and Fos induction in rostral, but not
caudal, LS cells that project to LH but not those that project to PFA/DMH areas. d, Significant positive correlation between
preference scores and percentages of LH-projecting LSr neurons (CTb-labeled) that are double labeled with Fos (Pearson’s corre-
lation, r � 0.66, *p � 0.001). No correlation between preference scores and percentages of LS neurons that project to PFA/DMH
areas was detected (data not shown). Open circles, saline conditioned; closed circles, cocaine conditioned. e, Representative
photomicrographs of CTb (brown neurons) and Fos labeling (black nuclei) following cocaine preference test show an increase in Fos
expression in LSr, but not LSc, neurons that project to the LH orexin area. Double-labeled CTb/Fos neurons are indicated with black
arrows. Scale bar, 100 �m. f, High-magnification inset of the field depicted in e, upper right, showing a Fos-positive CTb neuron in
LSr. Scale bar, 20 �m. LH Ctrl n � 13, LH Coc n � 8, PFA/DMH Ctrl n � 7, PFADMH Coc n � 6.
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then biotinylated donkey anti-goat secondary (1:
500, Jackson ImmunoResearch Laboratories),
followed by ABC (1:500). Finally, sections were
incubated in DAB to yield a brown reaction prod-
uct in the cytoplasm. For visualization of Fos in
orexin neurons, Fos was stained as described
above followed by incubation in goat anti-orexin
(1:1000, Santa Cruz Biotechnology), biotinylated
donkey anti-goat (1:500), and avidin-biotin
complex (1:500). Finally, sections were incubated
in DAB to produce a brown reaction produce in
the cytoplasm.

To confirm LH orexin antisense-mediated
knockdown, tissue was processed for the visual-
ization of orexin and MCH. MCH was visualized
by incubating sections in rabbit anti-MCH (1:
2500 Phoenix Pharmaceuticals), biotinylated
goat anti-rabbit antibody (1:500, Jackson Immu-
noResearch Laboratories) for 2 h, and avidin-
biotin complex (1:500) for 1.5 h. Detection of
MCH was performed with DAB-nickel, as de-
scribed above for Fos. Subsequently, orexin was
visualized as described above. Tissue sections were mounted on glass slides,
dehydrated in alcohols, and coverslipped.

To confirm that CTb injections were localized in an orexin cell field,
tissue sections were reacted with rabbit anti-orexin and goat anti-CTb
antibodies as described above and then incubated for 2 h in Alexa Fluor
488 anti-rabbit and Alexa Fluor 594 anti-goat secondary antibodies (1:
500, Invitrogen). Tissue sections were mounted on glass slides with Fluo-
romount (Electron Microscopy Sciences) and coverslipped.

Histological verification of cannula sites
For brain regions that were not immunohistochemically stained, pon-
tamine sky blue (2% in 0.5 M Na acetate, 300 nl) was injected through the
cannulae before perfusion and sections were mounted directly on slides
and counterstained with neutral red to confirm cannulae placements.

Data analysis
GraphPad Prism v5 was used for statistical analysis. Data are expressed as
means (�SEM). Preference scores were analyzed by calculating the time
spent in the cocaine-paired side minus the time spent in the saline-paired
side during the CPP test. The resulting preference scores were compared
within or between groups using Student’s t test or ANOVA.

The percentages of CTb neurons with Fos, or orexin neurons with Fos,
were averaged across two sections per animal and compared between
control and cocaine groups, or vehicle and B-M groups, using Student’s
t tests. The cell counts for all experiments were manually counted by a
blind observer with a point-counter using Openlab image processing
software (Improvision, Ltd.) on a Macintosh computer that was linked to
a microscope and digital camera. CTb-positive neurons were counted in
the LS, ipsilateral and contralateral to the injection site. However, be-
cause the number of CTb-positive neurons in the contralateral LS was
negligible (�3 CTb-positive neurons per section), only counts in the
ipsilateral hemisphere are reported. Correlations between percentages of
CTb neurons that were Fos� and preference scores were obtained using
Pearson’s correlation coefficient test.

In the orexin antisense studies, counts of orexin and MCH neurons in LH
and PFA/DMH areas were compared in injected (orexin antisense, control
antisense, and 14 d recovery from orexin antisense) or noninjected sides
across 4 sections per animal. Counts of remaining orexin neurons were com-
pared between groups using a one-way ANOVA. When a significant F-value
was obtained, pairwise comparisons were performed using a Newman–
Keuls test.

Results
Experiment 1: OX1R antagonist attenuates expression of
cocaine place preference
Rats were given cocaine CPP conditioning as described in Materials
and Methods. To examine the role of OX1Rs in the expression of

cocaine preference, conditioned rats received an injection of the
OX1R antagonist SB-334867 (15 or 30 mg/kg, i.p.) or vehicle 30 min
before the preference tests in a within-subjects design. We found that
SB-334867 at 30 mg/kg blocked expression of cocaine preference
compared with vehicle (Veh 248 � 43; SB 26 � 57, t(6) � 3.1, p �
0.02; paired t test, n � 7) whereas 15 mg/kg SB-334867 did not
significantly attenuate preference for the cocaine-paired side (Veh
318 � 51; SB 207 � 34, t(7) � 2.1, p � 0.07; paired t test, n � 8). This
treatment had no significant effect on general motor activity (t values
�1.6, p � 0.05), as measured by the number of crosses between the
two chambers (Table 1).

Figure 4. The LS is necessary for cocaine preference. Cocaine-conditioned animals received
bilateral injections of B-M or aCSF into LSr before a CPP preference test (n � 7). Injections of
B-M outside of LS were used as an anatomical control (B-M miss, n � 8). Bilateral microinjec-
tions of B-M into LSr significantly attenuated cocaine preference. *Significantly different from
aCSF and B-M misses, *p � 0.05, using one-way ANOVA followed by Newman–Keuls post hoc
tests.

Figure 3. Cannulae placements for unilateral and bilateral LS inactivation studies. From Experiment 3, bilateral injections of
B-M and aCSF are indicated with black rectangles (within-subjects, n � 7), and bilateral B-M injections outside of LS are depicted
by gray rectangles (n � 8). Unilateral injections of B-M and aCSF in LS are indicated with open hexagons (Experiment 4, n � 12).

Table 2. Mean (�SEM) number of CTb-, Fos-, and CTb/Fos-labeled neurons after
CTb injections in LH or PFA/DMH in cocaine and control animals

LSr LSc

Number of
CTb only

Number of Fos
only

Number of
CTb/Fos

Number of
CTb only

Number of
Fos only

Number of
CTb/Fos

LS ctrl 34.4 (3.3) 63.8 (5.3) 2.6 (1.2) 37.1 (6.8) 43 (7.0) 1.1 (0.2)
LS coc 44.0 (6.2) 60.1 (6.7) 6.7 (1.0)* 49.0 (8.8) 35.1 (5.7) 1.4 (0.4)
PFA/DMH ctrl 27.1 (6.1) 59.4 (16.4) 2.2 (0.9) 16.6 (7.3) 57.2 (13.8) 0.2 (0.2)
PFA/DMH coc 32.5 (4.2) 61.3 (4.6) 2.3 (0.8) 12.1 (3.0) 37.7 (6.3) 0.4 (0.2)

coc, Cocaine.

*LH coc � LH ctrl in number of CTb/Fos, p � 0.01.

4626 • J. Neurosci., March 28, 2012 • 32(13):4623– 4631 Sartor and Aston-Jones • A Septal-Hypothalamic Orexin Pathway in Addiction



Experiment 2: Afferents to the LH orexin field from LSr are
activated during cocaine preference
Rats were injected with a unilateral microinjection of the retro-
grade tracer CTb in an orexin cell field (LH, PFA, or DMH), as
described in Materials and Methods (Fig. 1). Two weeks later
animals were subjected to cocaine CPP and perfused 90 min after
the corresponding preference test, and tissue through LS was
stained for Fos and CTb. In this way, we sought to determine
whether LS afferents to orexin cell fields were activated (as seen by
Fos induction) during expression of cocaine preference. In ani-
mals expressing a cocaine preference (n � 8), 16% of LSr and 3%

of LSc afferents to the LH orexin area were activated during co-
caine preference, compared with 8% and 3% in LSr and LSc of
control animals (n � 13), respectively (Fig. 2b,c). A significant
Fos activation of LH-projecting neurons was specifically found in
rostral (t(19) � 4.6, p � 0.0002), but not caudal, LS (t(11) � 0.09,
p � 0.9; Student’s t tests) (Fig. 3b,c,e; Table 2). Correlation anal-
ysis revealed that the percentages of LH-projecting (CTb�) neu-
rons that were Fos-activated in LSr were positively correlated
with the preferences that corresponding animals exhibited on the
CPP test day (Pearson’s correlation: r � 0.66 p � 0.001) (Fig. 2d).
Additionally, when saline-conditioned animals were removed
from this analysis, a significant positive correlation was also
found between preference scores and percentages of LH-
projecting neurons with Fos in LSr in cocaine-conditioned ani-
mals (Pearson’s correlation: r � 0.51, p � 0.003). LSr (n � 6) or
LSc (n � 7) neurons that project to the PFA/DMH orexin area
did not show an increase in Fos activation during the cocaine CPP
test, indicating that these results were specific for afferents to LH
(t values �1.3, p � 0.05) (Fig. 2c; Table 2). No difference in the

Figure 5. Effects of LS inhibition on Fos in orexin neurons during cocaine CPP. a, b, Unilateral
inhibition of LS with B-M selectively attenuated Fos induction in ipsilateral LH orexin neurons,
but not in PFA/DMH orexin neurons or non-orexin neurons, during cocaine CPP test (*p � 0.01
indicates a significant difference when comparing B-M to aCSF in ipsilateral LH, n � 6; t test). c,
Representative photomicrographs of orexin (brown cytoplasm) and Fos labeling (black nuclei)
in LH following unilateral injections of aCSF or B-M in to LSr. Note a substantial reduction in the
number of LH orexin neurons with Fos ipsilateral to B-M injection in LS (double-labeled neurons
indicated with black arrows). Scale bar, 100 �m. d, High-magnification inset of the field de-
picted in c, lower left, showing orexin/Fos-positive cells in LH. Scale bar, 30 �m.

Figure 6. Orexin A antisense selectively decreases orexin expression. a, Representative pho-
tomicrographs of orexin (brown) and MCH (black) labeling in LH and PFA/DMH areas following
unilateral orexin AS injection in LH. Noninjected hemispheres of the same sections were used for
control measurements (Ctrl n � 7). Note the substantial reduction in the number of LH orexin-
stained but not MCH-stained neurons following antisense injection in LH (LH antisense side,
n � 7). b, A significant reduction in the number of orexin neurons, but not MCH neurons, was
detected following orexin antisense injections in LH (*p�0.001 indicates significant difference
from orexin Ctrl, 14 d recovery, and Ctrl AS using one-way ANOVA followed by Newman–Keuls
post hoc tests). Injections of Ctrl AS (antisense for human �-globin intron mutation, n � 7) in
LH did not attenuate orexin expression compared with Ctrl. Orexin expression returned to
control levels 14 d after orexin antisense injection in LH (14 d Recovery, n � 8). c, Orexin
and MCH staining in PFA/DMH areas were unaffected by orexin antisense injections in LH.
Scale bar, 100 �m.
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number of CTb-positive neurons or non-
CTb neurons with Fos was found between
groups using a one-way ANOVA (F values
�1.7, p � 0.05, Table 2).

Experiment 3: Inhibition of LSr
attenuates cocaine preference
Next we sought to examine whether LSr
bilaterally is necessary for cocaine prefer-
ence. Bilateral cannulae were directed at
LSr and animals were conditioned in co-
caine CPP (Fig. 3). We found that inacti-
vation of LSr by local microinjections of
B-M before the CPP test significantly at-
tenuated cocaine preference compared
with aCSF (n � 7) or injections of B-M
outside of LS (n � 8) (one-way ANOVA:
F(2,19) � 5.9, p � 0.01) (Fig. 4). No signif-
icant effect on general motor activity was
observed between groups by one-way
ANOVA (F(2,19) � 0.3, p � 0.05) as mea-
sured by the number of crosses between
the two chambers (Table 1).

Experiment 4: Inhibition of LSr reduces
orexin neuronal activity specifically
in LH
To determine whether LSr projections ac-
tivate LH orexin neurons (as indexed by
Fos induction) during the expression of
CPP, animals received a unilateral can-
nula directed at LSr and were then condi-
tioned in cocaine CPP. Before the CPP
test, conditioned animals received a uni-
lateral infusion of the GABAA/B receptor
agonist cocktail B-M (to inhibit neuronal
activity) or aCSF through this cannula
(Fig. 3; n � 6). Ninety minutes following
the preference test, animals were perfused
and hypothalamic sections were immu-
nohistochemically stained for orexin and
Fos. Compared with vehicle injections, we
found that unilateral infusion of B-M into
LSr before the CPP test significantly re-
duced Fos expression selectively in LH
orexin neurons ipsilateral (Student’s t
test: t(10) � 3.1 p � 0.01), but not con-
tralateral (t(10) � 0.02, p � 0.9), to the
injected side (Fig. 5). No significant
changes in Fos expression in PFA/DMH
orexin, or in non-orexin neurons in any
orexin cell field, were detected (t values �1.6, p � 0.05). No
differences in preference scores were observed between unilateral
B-M or aCSF injections in LSr (average preference scores for
aCSF 222 � 84 vs B-M 194 � 28; t(10) � 0.6, p � 0.5), indicating
that the decrease in Fos was not due simply to decreased prefer-
ence behavior, and that intact LS to LH projections in one hemi-
sphere is sufficient for preference expression.

Experiment 5: Selective knockdown of orexin in LH using
orexin A antisense
Orexin A antisense was used to selectively knockdown orexin in
LH neurons. Animals received a unilateral injection of orexin

antisense (n � 7) or control antisense (n � 7) and were killed 6 d
postinjection. Additional animals that received orexin antisense
injections were killed 14 d postinjection to examine recovery of
orexin expression (n � 8). Immunohistochemical staining for
orexin A and MCH (localized in LH but not colocalized in orexin
neurons) (Elias et al., 1998) was performed to verify the specific-
ity of orexin knockdown. We found that injection of orexin A
antisense into LH selectively reduced the number of neurons
expressing orexin 6 d postinjection compared with the nonin-
jected control hemisphere, control antisense, or 14 d post-
antisense injections (14 d recovery) in LH (one-way ANOVA:
F(3,25) � 10.1, p � 0.0002) (Figs. 6a,b). No change in the number

Figure 7. Bilateral disconnection of LS and LH orexin neurons blocks expression of cocaine preference. a, Schematic of bilateral
disconnection showing unilateral inhibition of orexin expression in LH orexin neurons with orexin antisense and contralateral
inhibition of LS with B-M before the preference test. b, Cocaine preference was significantly attenuated following knockdown of
orexin in LH with orexin AS and inhibition of contralateral LS with B-M (*p � 0.01 indicates significant difference from all other
groups using one-way ANOVA followed by Newman–Keuls post hoc tests). Control injections of aCSF, missed B-M injections nearby
but outside of LSr (B-M miss), missed orexin antisense nearby but outside of LH (AS miss), control antisense in LH (Ctrl AS) or B-M
in LSr and orexin AS in ipsilateral LH did not reduce cocaine preference. n-values for each group: aCSF/AS (n � 6); missed B-M/AS
(n � 7); aCSF/missed AS (n � 8); B-M/Ctrl AS (n � 6); bilateral B-M/AS (n � 6), and unilateral B-M/AS (n � 8).
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of orexin neurons in PFA/DMH areas or number of MCH neu-
rons in LH was observed (one-way ANOVA F values �1, p �
0.05) (Fig. 6c). A recovery of orexin expression in LH to control
levels was observed 14 d after orexin antisense injection (Ctrl vs
14 d recovery: Student’s t test: t(13) � 0.01, p � 0.9) (Fig. 6b).

Experiment 6: LS regulation of LH orexin neurons is
necessary for cocaine preference
We used a bilateral disconnection technique to determine
whether LS regulation of LH orexin neurons specifically is neces-
sary for cocaine CPP expression (n � 6 – 8 per group) (Fig. 7a).
Using orexin A antisense, conditioned animals received a unilat-
eral knockdown of orexin in LH. Control antisense injections in
LH and orexin antisense injections outside of LH were used as
controls (Fig. 8). Six days after the antisense injection (during
peak orexin knockdown) (Reissner et al., 2012), animals received
a unilateral injection of B-M or aCSF in contralateral LS, and then
were tested for cocaine preference. B-M injections outside of LS
were also used as an anatomical control for bilateral disconnec-
tion studies (Fig. 8). Unilateral injections of orexin antisense in
LH and B-M in ipsilateral LS were used as an additional control
group. Bilateral disconnection of LSr-LH had a significant effect
on preference scores (one-way ANOVA: F(5,36) � 4.3, p � 0.004).
Post hoc tests of significance demonstrated a significant difference
in preference scores between the bilateral disconnection group
(B-M/AS) compared with all other groups (Newman–Keuls test,
p � 0.01), but preference scores in the control experiments
(aCSF/AS, missed B-M/AS, aCSF/missed AS, B-M/Ctrl AS, and
unilateral B-M/AS) did not differ from each other (Newman–
Keuls test, p � 0.05) (Fig. 7b). No significant effect on general
motor activity was observed between groups (one-way ANOVA:
F(5,36) � 0.5, p � 0.05), as measured by the number of crosses
between the two chambers (Table 1).

Discussion
In the current studies we provide evidence
that orexin, the LSr, and LSr-LH orexin
circuits are importantly involved in co-
caine CPP. First, we demonstrated that
blockade of OX1R attenuates cocaine
preference. Second, we revealed that LSr
afferents to the LH orexin area were Fos-
activated during the expression of cocaine
preference, and that this Fos activation
was correlated with preference scores.
Third, we showed that inactivation of LSr
with B-M blocked cocaine preference and
selectively reduced Fos expression in LH
orexin neurons during CPP test. Finally,
we showed that inactivation of LSr, com-
bined with decreased expression of orexin in
contralateral LH, blocked cocaine prefer-
ence. Together, these results indicate that
LSr and LSr-LH orexin circuits are necessary
for cocaine CPP.

OX1R transmission is necessary for
cocaine preference
Previous studies found that LH orexin Fos
activity is elevated with cocaine prefer-
ence (Harris et al., 2005), but it was un-
clear whether orexin is necessary for
cocaine preference. Using the OX1R an-
tagonist SB-334867, we showed that acti-

vation of OX1R is necessary for cocaine preference. The effective
dose of SB (30 mg/kg) did not affect the animal’s ability to per-
form the task, as there were no differences in the number of
crosses between chambers during the test. Recently, Sharf and
colleagues reported that SB-334867 (20 mg/kg) did not attenuate
cocaine preference in mice (Sharf et al., 2010); this may be due to
the lower dose used in that study, or indicate possible species
differences in orexin’s involvement in cocaine CPP. In any case,
our results are consistent with previous data showing that OX1R
is important in several drug-seeking behaviors in rats (Boutrel et
al., 2005; Lawrence et al., 2006; Smith et al., 2009, 2010).

LS afferents to LH orexin field are involved in cocaine
preference
We found that LSr afferents to the LH orexin area, but not inputs to
the adjacent PFA/DMH areas, were activated during cocaine prefer-
ence. In addition, activity in these LH afferents was positively corre-
lated with cocaine preference, indicating that LS projections to LH
are involved in cocaine preference. Furthermore, we demonstrated
that the Fos response in LSr neurons projecting to LH was dependent
on a preference for the cocaine-paired side, as cocaine-conditioned
animals without a preference did not show increased Fos induction.
In addition, we showed that unilateral inactivation of LS during the
CPP test reduced Fos activity selectively in LH orexin neurons ipsi-
lateral to the injection, providing further evidence that LS activates
LH orexin neurons during cocaine preference. These findings are
consistent with previous studies showing that Fos activity in LH
orexin neurons was increased with cocaine preference (Harris et al.,
2005). In our results, LSc afferents to LH, however, were not Fos-
activated during CPP test, indicating that these projections may not
be important in regulating LH orexin neurons during cocaine CPP.

Additional studies here revealed that bilateral inactivation of
LS blocked expression of cocaine preference. These results were

Figure 8. Cannulae placements in LS and LH in bilateral disconnection experiments. aCSF or B-M was injected unilaterally into
LS and orexin AS or negative Ctrl AS was injected into the ipsilateral LH (unilateral control) or contralateral LH. Injections of B-M
outside of LS (B-M miss) and antisense injections outside of LH (AS miss) were used as anatomical controls. Each shape in the legend
indicates a group of animals. For example, injections of aCSF in LS and orexin antisense in contralateral LH are indicated by black
squares, whereas injections of B-M in LS and orexin antisense in ipsilateral LH are represented with open hexagons.
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consistent with previous findings that showed LS neurons are
involved in both context and reward associations (Shoji et al.,
1997; Takamura et al., 2006; Luo et al., 2011). Finally, we used a
bilateral disconnection method with orexin antisense unilaterally
in LH and inactivation of contralateral LS with B-M to confirm
that an influence of LS afferents on LH orexin neurons is neces-
sary for cocaine preference.

To our knowledge, this is first paper that specifically targets
orexin neurons to determine which circuits regulate LH orexin
neurons during cocaine-seeking behaviors. However, other tract-
tracing studies have found that afferents to the LH orexin area are
activated during context-induced reinstatement of cocaine- or
beer-seeking in instrumental drug-seeking paradigms (Hamlin et
al., 2008; Marchant et al., 2009). Specifically, the nucleus accum-
bens shell (NAcS) and its interactions with LH orexin neurons
were found to be involved in the reinstatement of beer-seeking
(Marchant et al., 2009; Millan et al., 2010). Although several dif-
ferences between these studies and our current paradigm exist
(beer vs cocaine, instrumental vs Pavlovian tasks, extinction vs no
extinction), it would be interesting to determine whether NAcS
projections to LH orexin neurons are important in cocaine CPP.

The bilateral disconnection technique is a useful method to
reveal neural connections involved in specific behaviors (Harris
et al., 2007). One caveat of this technique is that it does not
differentiate between afferents and efferents. In other words, one
might argue that our results were due to interruption of projec-
tions from LH orexin neurons to LS. However, this alternative
explanation is not likely due to the fact that there are virtually no
orexin receptors in LS (Marcus et al., 2001). Another possible
caveat in the bilateral disconnection technique is that intermediary
synaptic connections may be involved between the areas manipu-
lated. Our finding that the LSr-LH pathway was Fos-activated dur-
ing cocaine CPP, and that inactivation of LSr reduced Fos specifically
in LH orexin neurons during CPP test, indicates that a direct projec-
tion may be responsible for the disconnection results. However, we
cannot rule out the possibility of an intermediate connection be-
tween LSr and LH orexin neurons.

LS connections with LH orexin neurons: Role in cocaine
preference
We verified that injections of orexin A antisense into LH selec-
tively attenuated orexin expression in LH, but not in PFA/DMH
areas, indicating that the results we obtained were a result of
interrupting LS afferents to orexin neurons specifically in LH.
MCH is localized in non-orexin LH neurons and has been re-
ported to be involved in cocaine seeking (Chung et al., 2009). We
found that injections of orexin antisense did not affect MCH cell
counts, indicating that the behavioral results did not involve
MCH, but rather were selective for orexin. Finally, recovery of
orexin expression in LH was observed 14 d postinjection indicat-
ing that orexin neurons were viable during behavioral testing.

Notably, dynorphin is expressed in all orexin neurons (Chou
et al., 2001) and recent results suggest that dynorphin is impor-
tant in stress-induced drug seeking behaviors (Wee and Koob,
2010). Thus, one might propose orexin antisense is somehow
interfering with dynorphin expression leading to the reduc-
tion in preference. However, results by McLaughlin and col-
leagues show that the � opioid receptor antagonist norBNI
does not block expression of cocaine preference in nonstressed
animals (McLaughlin et al., 2003), indicating that the results
obtained in the current studies are likely specific to orexin and
not dynorphin.

Lateral septum and contextual reward processing
The LS has classically been divided into dorsal, intermediate and
ventral subregions based on cytoarchitecture and neuroanatomi-
cal circuitry (Swanson and Cowan, 1979). Risold and Swanson
(1997a,b) defined multiple subregions in LS based on neu-
rotransmitter expression combined with numerous other neuro-
anatomical properties. In the current study, we targeted the
rostral portion of the LS including the rostral dorsal lateral LS and
the rostral aspect of the caudal dorsal LS as described by Risold
and Swanson (1997a). Consistent with previous studies (Yoshida
et al., 2006), we noted that LH received strong ipsilateral projec-
tions from the rostral and caudal regions of the LS; however, only
rostral LS projections to LH were Fos-activated during cocaine
preference. Accordingly, we found unilateral inactivation of LSr
and knockdown of orexin in contralateral LH significantly atten-
uated cocaine preference suggesting that an influence of LSr on
LH orexin neurons is necessary for cocaine preference.

Recently, Luo et al. (2011) identified a functional circuit from
CA3 of dorsal hippocampus through an LS relay to VTA. They
found that this circuit is necessary for contextual reinstatement of
cocaine-seeking (Luo et al., 2011). Notably, the primary relay for this
circuit is caudodorsal LS, in contrast to the more rostral LS identified
here an important regulator of LH orexin neuron function. Based on
the results of Luo et al. (2011) and our current data, we propose a
dichotomy in LS areas and drug-seeking, where the LSr activates LH
orexin neurons and the LSc excites VTA dopamine neurons during
contextual drug-seeking behaviors. Additionally, LH orexin neu-
rons project heavily to VTA (Harris et al., 2005; Borgland et al., 2006;
Moorman and Aston-Jones, 2010) raising the possibility that LSr
affects VTA activity via LH orexin neurons.

Both rostral and caudal LS have massive connections with the
dorsal hippocampus (Risold and Swanson, 1996, 1997b) and
have been implicated in spatial and contextual information pro-
cessing (Rawlins and Olton, 1982; Fraser et al., 1991; Takamura et
al., 2006; Calandreau et al., 2007). In addition, LS has strong
connections with brain regions associated with reward and mo-
tivation (hypothalamus, amygdala, and VTA) (Risold and Swan-
son, 1997b), and is important in many behaviors associated with
motivation (Olds and Milner, 1954; Prado-Alcala et al., 1984;
Cazala et al., 1998). In the current study, we show that LSr affer-
ents to LH orexin neurons are critical for the expression of co-
caine preference, a behavior that relies on contextual information
and reward processing (Bardo and Bevins, 2000; Cunningham et
al., 2006). Based on these and previous results, we speculate that
LS is an important relay between contextual and motivational
processes. Once contextual information is processed in the lateral
septum, expression of reward-related behaviors relies on output
to other brain regions such as the lateral hypothalamus.
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