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Abstract
Orexin/hypocretin neurons of the lateral hypothalamus/perifornical area project to a diverse array of
brain regions and are responsive to a variety of psychostimulant drugs. It has been shown that orexin
neurons are activated by systemic nicotine adminstration suggesting a possible orexinergic
contribution to the effects of this drug on arousal and cognitive function. The basal forebrain and
paraventricular nucleus of the dorsal thalamus (PVT) both receive orexin inputs and have been
implicated in arousal, attention and psychostimulant drug responses. However, it is unknown whether
orexin inputs to these areas are activated by psychostimulant drugs such as nicotine. Here, we infused
the retrograde tract tracer cholera toxin B subunit (CTb) into either the basal forebrain or PVT of
adult male rats. Seven to 10 days later, animals received an acute systemic administration of (−)
nicotine hydrogen tartrate or vehicle and were euthanized two hours later. Triple-label
immunohistochemistry/immunofluorescence was used to detect Fos expression in retrogradely-
labeled orexin neurons. Nicotine increased Fos expression in orexin neurons projecting to both basal
forebrain and PVT. The relative activation in lateral and medial banks of retrogradely-labeled orexin
neurons was similar following basal forebrain CTb deposits, but was more pronounced in the medial
bank following PVT deposits of CTb. Our findings suggest that orexin inputs to the basal forebrain
and PVT may contribute to nicotine effects on arousal and cognition and provide further support for
the existence of functional heterogeneity across the medial-lateral distribution of orexin neurons.
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1. Introduction
The orexins (orexin A and B; also known as hypocretin 1 and 2) are neuropeptides expressed
in neurons of the lateral hypothalamus and contiguous perifornical area (LH/PFA) of the
mammalian brain [7,34]. Consistent with the role of these peptides in arousal and modulation
of state-dependent behavior [2,38], orexin neurons are activated by a variety of different
psychostimulant drugs, including d-amphetamine [12], methamphetamine [11], modafinil
[38] and caffeine [27]. We have recently shown that acute nicotine administration also activates
orexin neurons as measured by expression of the immediate-early gene product, Fos [30].
Nicotine also upregulates expression of orexins and orexin receptors in the rat brain [22]. These
studies strongly suggest that the orexin system is a common target of acute psychostimulant
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treatment and may, in turn, mediate some of the behavioral, reinforcing, rewarding and
addictive effects of many drugs of abuse. Indeed, orexin peptides have been strongly implicated
in responses to cocaine and morphine [3,18].

While the rodent brain contains only a few thousand orexin neurons, the target projections of
this relatively small group of cells are impressively diverse [32]. One way that the orexin system
might accomplish its wide array of divergent functions is through stimulus-dependent
activation of different target projections. Some functional and anatomical heterogeneity has
already been suggested for this system, with orexin neurons of the lateral hypothalamus
implicated in the rewarding properties of natural and pharmacological reinforcers while more
medially-located orexin neurons may regulate arousal and stress responses [17]. Functional
and connectional differences across the medial-lateral gradient of orexin neurons have also
been suggested based on studies investigating Fos expression in orexin neurons as a function
of behavioral state [11] and antipsychotic drug responses [12].

Rostral targets that could contribute to the effect of orexins on arousal and attention include
the basal forebrain and the paraventricular nucleus of the thalamus (PVT). These areas receive
moderate to dense orexin innervation [10,14,23,32] and play important roles in cortical
activation in support of arousal and attention. Functionally, intrabasalis administration of OxA
promotes wakefulness [9,40], increases prefrontal cortical ACh release [14] and excites
cholinergic neurons [8]. Wakefulness-related release of OxA within the basal forebrain has
also been reported [24].

Similarly, recent studies indicate that orexins increase firing in PVT neurons, implicating a
role in wakefulness [19,20]. Collectively, these background data suggest that orexin projections
to both the basal forebrain and PVT may be part of the neural substrates underlying nicotine
effects on arousal, wakefulness and attention. Here, we combined neuronal tract-tracing using
the retrograde tracer cholera toxin b (CTb) with Fos expression to examine the effect of acute
nicotine administration on orexin neurons projecting to the basal forebrain or PVT.

2. Materials and methods
2.1 Animals and surgery

Male Sprague-Dawley rats (Harlan Laboratories, Birmingham, AL), weighing approximately
250–300g were pair-housed in an environmentally controlled animal facility on a 12:12 h light:
dark cycle with lights on at 07:00. Purina rat chow and water were available ad libitum. Animals
were handled daily for at least one week prior to experimentation. All experiments were
conducted during the light phase, beginning at least 2 hours after light phase onset and
concluding at least 2 hours prior to the beginning of the dark phase. Animal care and use
procedures were carried out in accordance with protocols written under the guidelines of the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved
by the Institutional Animal Care and Use Committee at the University of South Carolina.

Rats were anesthetized using sodium pentobarbital, prepared for surgery and placed in a
stereotaxic apparatus. The scalp was incised to expose the skull, and a small burr hole was
drilled above the target brain structure. The needle of a 1.0 μl Hamilton syringe containing the
retrograde neuronal tracer cholera toxin B subunit (CTb; 1% solution in artificial cerebrospinal
fluid; List Biological Laboratories, Campbell, CA) was lowered through the burr hole to the
target structure. Stereotaxic coordinates, relative to Bregma [31], used for the basal forebrain
were AP −0.8 mm, DV −8.0 mm and L +2.5 mm. This part of the basal forebrain lies at the
intersection of the substantia innominata, ventral pallidum and rostral nucleus basalis and was
chosen because it contains the cell bodies of basal forebrain cholinergic neurons that innervate
rostral cortical regions such as the prefrontal cortex. Cholinergic neurons in this region receive
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a dense innervation by orexin fibers and respond to local orexin administration by increasing
cortical acetylcholine release [14]. Stereotaxic coordinates used for the PVT were AP −2.5
mm, DV −4.9 mm and L +0.1 mm. This mid-level portion of the PVT were chosen because
different rostro-caudal levels of the PVT do not appear to be differentially innervated by orexins
[23] or differentially responsive to arousal-related stimuli such as footshock [6].

After positioning the needle tip 100 nl of the CTb solution was manually infused at a rate of
20 nl/min. Ten minutes after infusion was complete (in order to allow for diffusion of CTb
away from the needle tract), the needle was withdrawn, the incision was sutured and the animal
was returned to its home cage upon emergence from anesthesia. Each animal received a single,
unilateral CTb infusions either into the basal forebrain or PVT. Daily monitoring and handling
of the animals resumed the day following surgery.

2.2 Drugs and treatment
Following ten days of recovery, each rat (final usable N = 4 per drug condition for each brain
region) received a single systemic injection of either (−) nicotine hydrogen tartrate (2.0 mg/
kg, i.p.; equates to a free base nicotine dose of 0.7 mg/kg) or its vehicle solution (saline). This
dose of acute systemic nicotine elicits a robust Fos response in orexin neurons [30]. Two hours
after the injection, animals were deeply anesthetized with isoflurane and transcardially
perfused with 0.1 M phosphate buffer followed by 4% paraformaldehyde/0.1 M phosphate
buffer (pH 7.4). The brains were removed, postfixed overnight and transferred to 30% sucrose
solution for cryoprotection. Serial coronal sections (45 μm) were cut on a cryostat and
processed for immunohistochemistry.

2.3 Immunohistochemistry
A combination of single-label immunoperoxidase (Fos) and double-label immunofluorescence
(orexin plus CTb) was performed on the serial coronal sections with the rostro-caudal extent
of the hypothalamus. Briefly, all sections were initially incubated with a goat anti-Fos antibody
(1:3000; 48 h at 4°C; Santa Cruz Biotechnology, Santa Cruz, CA) followed by a biotinylated
donkey anti-goat secondary (1:1000; 1.5 h at room temperature; Jackson ImmunoResearch
Laboratories Inc., West Grove, PA) and horseradish peroxidase-conjugated streptavidin
(1:1600; 1 h at room temperature; Jackson). Fos immunoreactivity was visualized by
developing the sections in a nickel-cobalt intensified diaminobenzidine solution with 0.3 %
hydrogen peroxide, yielding a blue-black reaction product confined to the nucleus of Fos-
positive cells. After Fos staining, sections were incubated in a combined goat primary antisera
directed against CTb (1:7500; List Biological Laboratories, Campbell, CA) and rabbit primary
antisera directed against orexin A (1:3000; Oncogene Research Products, Cambridge, MA) at
4°C for 48 h, followed by incubation in CY2-labeled donkey anti-goat and CY3- labeled
donkey anti-rabbit secondary antibodies (1:1000; Jackson ImmunoResearch Laboratories Inc.,
West Grove, PA) for 3 h at room temperature. After mounting and coverslipping,
epifluorescence was visualized using a Nikon E600 microscope equipped with a mercury lamp
and filters selective for the Cy2 or Cy3 wavelengths. Fos-immunoreactive nuclei (characterized
by a black “spot” of appropriate shape and size either alone or surrounded by cytoplasmic CTb
and/or orexin immunofluorescent signal) were clearly visible under these conditions (Figure
3) but were also verified by light microscopy with the slide in the same position.
Photomicrographic images were captured with a Photometrics CoolSnap monochrome digital
camera (Roper Scientific, Trenton, NJ, USA) linked to a computer equipped with IPLab
software. Monochrome images were collected under each filter setting, digitally assigned a
pseudocolor and imported into Adobe Photoshop where minor adjustments for contrast and
brightness were made.
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2.4 Cell counts and data analysis
Because previous reports have suggested the response of orexin neurons to psychostimulants
may differ along the medial-lateral gradient of these cells [12,17,27], the number of single
(CTb)-, double (CTb plus OxA)-, or triple (CTb plus orexin plus Fos)- labeled cells were
counted in both medial and lateral sectors (defined as medial or lateral to a line bisecting the
fornix) of the LH/PFA using fluorescent microscopy under 20X magnification. Cell counts
were conducted on the hemisphere ipsilateral to the CTb deposit at two different rostrocaudal
levels of the LH/PFA corresponding approximately to 2.8 mm and 3.1 mm caudal to Bregma
(Figure 1). This part of the LH/PFA contains the highest density of orexin neurons [4]. Double-
label data were expressed as a percentage of CTb-labeled cells positive for orexin. Triple-
labeled data were expressed as a percentage of double-labeled neurons (CTb plus OxA) positive
for Fos. Data were analyzed by multivariate analysis of variance using SPSS for PC software
(v. 14.0; Chicago, IL). The source of significant (P < 0.05) main effects was determined by
post-hoc Bonferroni comparisons.

3. Results
3.1 CTb deposits and general characteristics of labeling

Basal forebrain CTb deposits were centered in the ventral pallidum and contiguous substantia
innominata (Figure 2). Some degree of overflow was observed in surrounding basal forebrain
regions such as the rostral portion of the nucleus basalis magnocellularis, ventral portions of
the globus pallidus, the ventrolateral bed nucleus of the stria terminalis and the interstitial
nucleus of the posterior limb of the anterior commissure.

Paraventricular thalamic nucleus CTb deposits were centered in the middle and anterior
portions of the PVT (Figure 3). In some cases there was minimal overlap into adjacent
intralaminar nuclei, including the mediodorsal and dorsal centromedian nuclei. In all cases the
habenula was largely devoid of CTb labeling. While PVT deposit sites always showed some
degree of hemispheric predominance, there was frequently at least some overlap across the
midline.

Peroxidase immunohistochemistry for Fos followed by immunofluorescent labeling for CTb
and orexin revealed numerous single-, double- and triple-labeled neurons in the LH/PFA. These
three labels were readily distinguishable from each other in triple-labeled preparations (Figure
4). Putative Fos labeling identified under epifluorescent conditions was verified at the light
microscopic level by turning on the light source with the slide in the same position.

3.2 Activation of basal forebrain-projecting orexin neurons by nicotine
The number and distribution (medial vs. lateral) of retrogradely-labeled neurons observed in
the LH/PFA did not differ as a function of treatment group (Figure 5A). The percentage of
retrogradely-labeled cells positive for orexin was also similar in the two treatment groups and
double-labeled cells were approximately equally distributed in medial and lateral portions of
the LH/PFA (Figure 5B). For the triple-labeling studies, ANOVA revealed a significant effect
of treatment on Fos expression in CTb/orexin double-labeled cells (F1,6 = 6.46; p < 0.05). Post-
hoc analysis indicated that the percentage of triple-labeled cells was significantly greater in
the nicotine-treated animals compared with vehicle in both sectors of the LH/PFA as well as
for this region as a whole (Figure 5C). While the overall numbers of basal forebrain-projecting
orexin cells activated by nicotine was similar (55–65%) in both sectors of the LH/PFA, the
effect in the lateral bank was particularly robust relative to vehicle treatment (roughly a 3-fold
difference; Figure 5D).
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3.3 Activation of PVT-projecting orexin neurons by nicotine
As seen in the basal forebrain CTb groups, the number and distribution of single (CTb alone)
and double-labeled (CTb + orexin) neurons observed in the LH/PFA did not differ as a function
of treatment group (Figure 6A&B). The percentage of retrogradely-labeled cells positive for
orexin was also similar in the two treatment groups and double-labeled cells were
approximately equally distributed in medial and lateral portions of the LH/PFA (Figure 6B).
For the triple-labeling studies, ANOVA revealed a significant effect of treatment on Fos
expression in CTb/orexin double-labeled cells (F1,6 = 6.46; p < 0.05). Post-hoc analysis
indicated that the percentage of triple-labeled cells was significantly greater in the nicotine-
treated animals compared with vehicle in both sectors of the LH/PFA as well as for this region
as a whole (Figure 6C). Nicotine treatment also resulted in a greater percentage of triple-
labeling in the medial sector of orexin neurons compared to the lateral sector (70% vs. 36%;
t3 = 5.644; p = 0.11). When expressed as a percentage of vehicle control, nicotine-elicited Fos
expression in PVT-projecting orexin neurons did not differ as a function of medial vs. lateral
location (p > 0.05; Figure 6D).

4. Discussion
This study demonstrates that orexin efferents to both basal forebrain and PVT are robustly
activated by acute nicotine treatment and suggests that orexin neurons projecting to these
telencephalic regions are components of the neural substrates underlying nicotine effects on
arousal and attention.

Activation of orexin neurons by acute nicotine is consistent with our previous findings [30].
However, the target projections of orexin neurons expressing Fos following nicotine treatment
has not been demonstrated. Here, triple-labeled neurons (CTb + orexin + Fos) were found in
both lateral and medial sectors of the LH/PFA following vehicle or nicotine treatment in
animals receiving either basal forebrain or PVT retrograde tracer deposits. Consistent with a
variety of previous reports [11,12,27], we found that the medial bank of orexin neurons show
higher basal (or, perhaps more accurately, vehicle injection-elicited) levels of Fos expression.
Lateral bank orexin neurons, however, tend to show greater relative increases in Fos expression
following drug treatment. This has been interpreted in terms of a dichotomy between arousal
and reward, as many of the manipulations that preferentially activate lateral orexin neurons
include cues previously paired with drug or food reward whereas stressful stimuli such as
footshock exert a greater effect on medial orexin neurons [18]. However, another—not
incompatible—possibility is that medial bank orexin neurons may set the “background” level
of orexin activity that fluctuates more broadly across the sleep wake cycle whereas the lateral
bank may be more responsive to acute manipulations that link orexin activity with phenomena
such as drug responses, novelty and reward. In this regard, it is interesting that acute nicotine
treatment had a greater relative effect (vs. vehicle) on lateral orexin neurons that project to the
basal forebrain whereas its relative effect on PVT-projecting orexin neurons was approximately
the same in medial and lateral banks. Most PVT neurons appear to be responsive to orexin A
and/or orexin B and the prefrontal cortex is a prominent site of projection from orexin-activated
PVT neurons [19,20]. This raises the possibility that orexin inputs to the PVT may help to
facilitate global cortical activation related to general arousal [37] whereas orexin projections
to the basal forebrain may activate components of this region (such as the basal forebrain
cholinergic system) that mediate more stimulus-specific attentional processes[15,36]. These
speculations await rigorous empirical testing.

The rodent hypothalamus contains only a few thousand orexin neurons, with estimates ranging
from /hemisphere. Given the widespread target projections of this system, there is almost
certain to be some degree of collateralization of individual orexin neurons to innervate multiple
forebrain targets. Indeed, such a phenomenon has been demonstrated for orexin projections to
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the basal forebrain and locus coeruleus[10]. Thus, it is possible that some orexin neurons may
innervated both the basal forebrain and PVT. Several questions regarding such potential
collateralization—including the degree, whether or not orexin neurons collateralizing to
innervate both targets are more likely to originate from the medial or lateral banks, and whether
they are differentially sensitive to nicotine treatment—await additional elegant anatomical
studies combining multiple tract-tracers with pharmacological manipulations.

Nicotine may exert different effects on lateral vs. medial banks of orexin neurons innervating
basal forebrain or PVT via differential effects on afferents that selectively target these parts of
the orexin system. Elegant transgenic approaches have revealed several potential candidates
for mediating this phenomenon, including basal forebrain cholinergic neurons and several
brainstem regions[35]. Furthermore, it has been shown that other hypothalamic inputs
preferentially target medial orexin neurons, whereas most brainstem inputs target the lateral
bank[43]. This suggests that nicotine may exert a greater effect on lateral hypothalamic orexin
neurons by preferential activation of brainstem inputs to this region.

Nicotine appears to activate orexin neurons via an α4β2-dependent mechanism [30]. Regional
distribution studies of nicotinic receptor subunits indicate the presence of α4 mRNA and protein
in several hypothalamic areas [39,42]. Additional studies, including demonstrations of
nicotinic receptor subunit colocalization with phenotypically characterized cell body and axon
terminal populations within the lateral hypothalamus/perifornical area, will be required to
definitively determine the receptor mechanisms underlying nicotine-elicited activation of
orexin neurons. Furthermore, the effects of chronic nicotine treatment on orexin neurons
generally and orexin projections to target regions such as the basal forebrain and PVT will
likely shed additional light on contribution of orexin transmission to the cognitive and
reinforcing correlates of nicotine addiction.

In addition to the basal forebrain and PVT, orexin neurons provide substantial inputs to other
brain regions and neurotransmitter systems that may play a role in nicotine effects on arousal
and attention. There is a rich pattern of anatomical substrates for orexin interactions with
brainstem dopamine and norepinephrine systems at both the cell body and terminal level [1,
13,16]. Evidence also suggests that individual orexin neurons may collateralize to innervate
multiple brain regions [10], further supporting a role for this system in coordinating the
response of diverse neural systems to nicotine. In addition to activating both basal forebrain
and PVT neurons that may project to the PFC, orexin and nicotine have been shown to directly
excite the same thalamocortical synapses in this target region in a manner that correlates with
attention [26]. Thus, orexinergic and nicotinic transmission may act in concert to
synergistically drive basalo-cortical and thalamo-cortical transmission in a manner that
facilitates cortex-dependent attention and arousal processes.

Given the widespread distribution of nicotinic acetylcholine receptors in the brain, the
neurotransmitter systems and brain regions underlying nicotine effects on arousal and attention
are likely diverse. Orexin neurons accounted for 25–40% (depending on sector and site of CTb
deposit) of retrogradely-labeled LH/PFA neurons from the basal forebrain and PVT; thus, a
majority of retrograde labeling was observed in non-orexin neurons of the LH/PFA. While this
part of the hypothalamus is phenotypically heterogeneous, candidate cell populations that could
contribute to these ascending projections include melanin-concentrating hormone and cocaine-
and amphetamine-regulated transcript given the anatomical distribution of these neurons and
their responsiveness to nicotine [4,21,25,29]. However, nicotine-elicited Fos expression
appears to be targeted preferentially to orexin neurons of this area [30] suggesting that non-
orexin LH/PFA neurons may not contribute substantially to nicotine effects on basal forebrain
and PVT.
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Patients with narcolepsy, a sleep disorder associated with loss of orexin neurons [28,41], show
attentional deficits even during periods of normal wakefulness [33]. Furthermore, clinical
studies suggest that tobacco use fails to enhance daytime arousal in narcoleptics [5].
Collectively, these data are consistent with a role for the orexin system in mediating certain
aspects of nicotine-elicited wakefulness.

In conclusion, we have shown here that acute nicotine treatment activates orexin neurons that
project to the basal forebrain and the PVT, two brain regions that are important for arousal and
attention. Our findings suggest that orexin inputs to the basal forebrain and PVT may contribute
to nicotine effects on arousal and cognition and provide further support for the existence of
functional heterogeneity across the medial-lateral distribution of orexin neurons.
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Figure 1.
Schematic of the area used for cell counts within the LH/PFA. Cell counts were conducted at
two representative rostro-caudal levels of the LH/PFA, corresponding approximately to 2.8
and 3.1 mm caudal to Bregma. These levels contain dense clusters of orexin neurons. These
counts were conducted unilaterally on the same side as the CTb deposits. Counts were restricted
to the part of the LH/PFA containing the greatest numbers of orexin neurons as indicated by
the boxed outlines. Data were separated into the medial LH/PFA (medial to the fornix as
indicated by the dashed vertical line bisecting the box) and lateral LH/PFA (lateral to the
fornix).
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Figure 2.
CTb deposits in the basal forebrain. A. A representative photomicrograph of the core deposit
region in the basal forebrain of one animal. CTb (brown immunoreactive product) was centered
in the ventral pallidum/substantia innominata portion of the basal forebrain, with some overlap
into adjacent ventral parts of certain basal ganglia structures. Scale bar equals approximately
500 μm. B. The approximate extent of the largest (black fill) and smallest (gray fill) basal
forebrain deposits from all animals is plotted schematically at several rostro-caudal levels of
the basal forebrain. Numbers represent approximate distance (in mm) from Bregma. Although
half of the animals received deposits in the left hemisphere and half in the right, all deposits
are represented in the same hemisphere for clarity. See text for further description of basal
forebrain deposit distributions. CP, caudate-putamen; GP, globus pallidus; ic, internal
capsule.
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Figure 3.
CTb deposits in the PVT. A. A representative photomicrograph of the core deposit region in
the PVT of one animal. CTb (brown immunoreactive product) was centered in the PVT, with
minimal overlap into adjacent intralaminar thalamic nuclei. No labeling in the habenula was
observed. Black immunoreactive product indicates Fos labeling on this double-immunolabeled
section from a nicotine-treated animal. Scale bar equals approximately 500 μm. B. The
approximate extent of the largest (black fill) and smallest (gray fill) deposits for all animals is
plotted schematically at several rostro-caudal levels of the PVT. Numbers represent
approximate distance (in mm) from Bregma. Although deposits generally showed a
hemispheric preference, there was generally some degree of overlap across the midline.
Although this preference was equally distributed between right and left hemispheres all
deposits are represented in the same hemisphere for clarity. See text for further description of
PVT deposit distributions. PVT, paraventricular thalamic nucleus; LHb, lateral habenula;
MHb, medial habenula; 3v, third ventricle.
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Figure 4.
Representative photomicrograph demonstrating combined immunofluorescence and
immunoperoxidase triple-labeling for CTb, orexin and Fos in the LH/PFA. Green (Cy2)
immunofluorescence indicates retrograde labeling (i.e., CTb), red (Cy3) labeling indicates
orexin immunofluorescence and black nuclear labeling indicates Fos immunoreactive
peroxidase product. Examples of single-labeled CTb-positive neurons (asterisk), retrogradely-
labeled cells positive for Fos (white arrowheads), single-labeled orexin neurons (thin white
arrow) and triple-labeled neurons (thick white arrows) can be clearly seen. In all cases, Fos
immunoreactivity was verified with light microscopy. Scale bar equals approximately 50 μm.
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Figure 5.
Cell counts in the LH/PFA following basal forebrain CTb deposits. A. CTb-labeled neurons
in the LH/PFA. Retrogradely-labeled neurons were equally distributed across medial and
lateral banks of the LH/PFA and did not differ as a function of drug treatment. B. Double-
labeling for CTb and orexin in the LH/PFA. A substantial portion (20–30%) of the retrogradely-
labeled neurons in the LH/PFA were also immunoreactive for orexin A. Double-labeled cells
were equally distributed across medial and lateral banks of the LH/PFA and did not differ as
a function of drug treatment. C. Triple-labeling for CTb, orexin and Fos in the LH/PFA. Acute
nicotine (2.0 mg/kg) treatment increased the percentage of CTb/orexin double-labeled neurons
that were positive for Fos. This effect was significant in both medial and lateral banks of the
LH/PFA. D. Triple-labeled cell counts expressed as a percentage of vehicle control values.
*P < 0.05 vs. vehicle.
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Figure 6.
Cell counts in the LH/PFA following PVT CTb deposits. A. CTb-labeled neurons in the LH/
PFA. Retrogradely-labeled neurons were equally distributed across medial and lateral banks
of the LH/PFA and did not differ as a function of drug treatment. B. Double-labeling for CTb
and orexin in the LH/PFA. A substantial portion (25–35%) of the retrogradely-labeled neurons
in the LH/PFA were also immunoreactive for orexin A. Double-labeled cells were equally
distributed across medial and lateral banks of the LH/PFA and did not differ as a function of
drug treatment. C. Triple-labeling for CTb, orexin and Fos in the LH/PFA. Acute nicotine (2.0
mg/kg) treatment increased the percentage of CTb/orexin double-labeled neurons that were
positive for Fos. This effect was significant in both sectors of the LH/PFA but was especially
prominent in the medial bank, where approximately 70% of PVT-projecting orexin neurons
were activated by nicotine. D. Triple-labeled cell counts expressed as a percentage of vehicle
control values. *P < 0.05 vs. vehicle. #P < 0.05 vs. lateral.
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