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Abstract
Background—The lateral hypothalamic neuropeptide, orexin (or hypocretin), is implicated in drug
addiction. While a role for orexin has been shown in reward and dependence, the molecular and
neural mechanisms are unclear. Here, we investigated the mechanism and neuroanatomical basis of
orexin’s role in morphine withdrawal.

Methods—C57BL/6J mice received chronic morphine followed by naloxone (0 or 1 mg/kg, s.c.)
to precipitate withdrawal. Prior to naloxone, mice received SB-334867 (0 or 20 mg/kg, i.p.), an orexin
1 receptor (Ox1r) antagonist. Using immunohistochemistry, c-Fos, a marker of cell activation, was
quantified in the nucleus accumbens (Acb), lateral hypothalamus (LH), ventral tegmental area
(VTA), and locus coeruleus (LC). Retrograde tracing with fluorogold (FG) was performed to
determine whether orexin neurons project directly to the Acb.

Results—SB-334867 prior to naloxone significantly attenuated withdrawal symptoms. Withdrawal
was accompanied by an increase in c-Fos expression in the Acb shell (AcbSh), which was reduced
by SB-334867, but had no effect on the VTA or the LC. Morphine withdrawal increased c-Fos
expression in the dorsomedial (DMH) and perifornical (PFA) regions, but not in the lateral region
of the LH (LLH). Orexin neurons do not appear to form direct connections with the Acb neurons.

Conclusions—Altogether, these data demonstrate that orexin, acting via Ox1r, is critical for the
expression of morphine withdrawal. AcbSh activation during withdrawal is dependent on Ox1r
function and is likely mediated by indirect action of LH orexin neurons.

INTRODUCTION
Many models of drug addiction include both positive and negative reinforcement as key
components. Continued drug use is partly a result of positive reinforcement from rewarding
effects of drug taking, and negative reinforcement from withdrawal that accompany cessation
of drug taking. The mesocorticolimbic dopamine (DA) system, originating in the ventral
tegmental area (VTA) and projecting to terminal regions such as the nucleus accumbens (Acb),
amygdala, and prefrontal cortex, has been identified as an essential neural network in which
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drug-induced neuroadaptations occur that lead to both types of reinforcement. The reinforcing
effects of drugs of abuse are associated with increased dopaminergic neurotransmission (1,2)
in the Acb (3-6). During cocaine self-administration, animals will lever-press to maintain
elevated DA levels (7). In contrast, decreased accumbal DA levels have been associated with
morphine withdrawal (8-10).

Drug abstinence results in somatic (“physical”) withdrawal as well as motivational
(“psychological”) withdrawal. Some evidence suggests that these components of withdrawal
are mediated by distinct neural systems. In morphine dependent animals, opiate antagonists in
the locus coeruleus (LC) (11-14) and the periaqueductal gray (13,15) precipitate robust somatic
withdrawal syndromes whereas infusions into the Acb generates only a few somatic symptoms
(13). Administration of opiate antagonists directly into the Acb and amygdala in morphine
dependent animals results in motivational withdrawal as indicated by the attenuation of lever
pressing for food (16) and conditioned place aversion (17). However, other experimental data
suggest some overlap among these neural systems exists. For instance, direct administration
of opioid antagonists in the amygdala of morphine-dependent animals is associated with
moderate somatic withdrawal (13). Furthermore, systemic DA agonist administration
attenuates both conditioned place aversions and somatic withdrawal symptoms in morphine-
dependent animals treated with naloxone, while increasing phosphorylation of GluR1 in the
Acb (18), indirectly implicating the Acb in both withdrawal components. Altogether, these
findings suggest a role for limbic structures in both somatic and motivational withdrawal.

The lateral hypothalamus (LH) has also been shown to be involved in reinforcement and
neuroadaptations in response to drugs of abuse. Evidence for the role of the LH in positive
reinforcement comes from the work of Olds and Milner (19), which showed that animals will
robustly lever-press for LH electrical self-stimulation. Furthermore, animals will self-
administer opiates, such as morphine, directly into the LH (20,21) and administration of an
opioid antagonist directly into the LH blocks systemic heroin self-administration (22).
Similarly, opioid administration directly into the LH results in a conditioned place preference
(CPP) effect (23). We have previously presented evidence demonstrating a role for the LH in
negative reinforcement by implicating orexin (also called hypocretin), a hypothalamic
neuropeptide, in morphine dependence and withdrawal (24).

Orexin-containing neurons are restricted to a few regions of the LH - the lateral region of the
lateral hypothalamus (LLH), perifornical area (PFA), and dorsomedial hypothamalus (DMH)
(25-27) - and have been shown to project broadly throughout the brain (26,28,29). The orexin
ligands, orexin A and orexin B, arise from the precursor peptide prepro-orexin by proteolytic
processing (27,29) and activate the two G-protein coupled receptors, orexin 1 receptor (Ox1r)
and orexin 2 receptor (Ox2r) (27). Interestingly, the orexin receptors and orexinergic
projections from the hypothalamus are localized in regions previously shown to play a role in
drug addiction, such as the VTA (26,30-32), Acb, substantia nigra (26), and LC (33,34). Orexin
neurons located in the LH innervate several regions along the trajectory of the
mesocorticolimbic pathway (26,32). Ox1r mRNA is colocalized with the selective DA
neuronal marker tyrosine hydroxylase (TH) in the VTA and in vitro activation of orexin
receptors activates dopaminergic VTA neurons leading to excitation (34), whereas activation
of orexin receptors in the Acb leads to inhibition (35). In the LC, orexin has been shown to
excite neurons primarily via Ox1r activation (36).

Early studies suggest a role of orexin in sleep regulation as orexin knockout mice are narcoleptic
and loss of orexin neurons leads to narcolepsy (25,37-39). Further behavioral experiments have
expanded beyond sleep regulation to orexin’s role in general arousal, feeding, and metabolism
(40,41) and suggest a possible role of orexin in drug and natural reinforcement. For instance,
animals that express conditioned place preference (CPP) in response to morphine, cocaine, or
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food express increased c-Fos activation in orexin neurons of the LH, and blockade of orexin
receptors attenuates the CPP effect in response to the above stimuli (42). Systemic
administration of orexin A leads to increased reinstatement of extinguished lever-pressing for
cocaine (43) and blockade of the Ox1r at the level of the VTA significantly blocked the
development, but not the expression, of cocaine sensitization (44). By using orexin knockout
mice, our laboratory has previously shown that orexin neurons respond to morphine withdrawal
and that orexin mutant mice demonstrate attenuated somatic morphine withdrawal symptoms
(24).

Although it is clear that orexin is important in components of drug addiction, little is known
about the neural circuits and mechanisms by which orexin mediates drug dependence. In the
present study, pharmacological Ox1r blockade, c-Fos analysis, and retrograde tracing
techniques are used to establish a role for Ox1r in naloxone-precipitated somatic morphine
withdrawal.

MATERIALS AND METHODS
Subjects

Subjects were 72 male C57BL/6J mice, obtained from Jackson Laboratories, between 8-12
weeks of age, prior to the onset of the experiments. Mice were housed in groups of five and
maintained on a 12:12 hour light:dark cycle with ad libitum access to food and water except
during the morphine withdrawal observation session.

Morphine Treatment and Withdrawal
For chronic morphine treatments, mice (n=36) were injected with escalating morphine doses
(20, 40, 60, 80, 100 and 100 mg/kg, i.p.) every 8 hours for 2.5 days. To assess morphine
withdrawal, each mouse was injected with naloxone (0 or 1 mg/kg, s.c.) two hours after the
last morphine injection. Mice were removed from their home cage and placed in a standard
clear plastic mouse home cage without the bedding, which served as the observation chamber.
Withdrawal sessions took place in the early phase of the light, or inactive, cycle; naloxone
injections were administrated four hours into the light cycle. Prior to naloxone treatments, the
presence of Straub tail was noted to confirm morphine dependence (45). The occurrence of
each withdrawal symptom (jumping, paw tremors, gnawing, head swoops, tremors, wet dog
shakes, ptosis, and backward walking) was counted by an investigator blind to treatment
conditions for 20 minutes following naloxone treatment. To evaluate the severity of
withdrawal, a global withdrawal score was computed by multiplying the sum total obtained
for each sign by a constant and adding the scores for each sign.

The constant assigned to each symptom, designed to reflect the severity and occurrence of a
particular symptom, was adapted from previously published global score calculations for both
rats (46) and mice (47,48). Jumps and paw tremors were multiplied by 0.1; gnawing, ptosis,
and head swoops were multiplied by 0.5; tremors, wet dog shakes, and backward walking were
multiplied by 1.0. To assess the effects of orexin antagonism in the expression of morphine
withdrawal, mice received an injection of SB-334867 (0 or 20 mg/kg, i.p.), an Ox1r antagonist,
20 minutes prior to naloxone injections and global withdrawal scores were calculated.

Immunohistochemical Studies
Please see Supplemental Methods.

Retrograde Tracing
All surgeries were performed under aseptic conditions, using sodium pentobarbital for
anesthesia. Fluorogold (FG) injections (0.05 μl of 2% FG in 0.9% saline) were made bilaterally
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using a 5 μl Hamilton microsyringe (Hamilton, Reno, NV). The coordinates for Acb injections
were: 1.2 mm rostral to bregma, ±0.5 mm from midline, and 3.5 mm below the surface of the
dura matter. Mice were perfused seven days post injections and the brains were removed and
immunostained for orexin or TH following the same immunohistochemical procedures
described above.

Drugs
Morphine sulfate (provided by the National Institute on Drug Abuse) and naloxone (Sigma,
St. Louis, MO) were dissolved in saline. SB-334867 (1-(2-methylbenzoxazol-6-yl)-3-[1,5]
naphthyridin-4-yl urea hydrochloride) was synthesized by GlaxoSmithKline (Harlow, UK) and
dissolved in 10% (w/v) (2-hyroxypropyl)-β-cyclodextrin in sterile water. The dose of
SB-334867 is consistent with other recent studies (42,50).

Data Analysis
To assess the role of orexin antagonism on the expression of morphine withdrawal, the results
were expressed as mean ± SEM of global withdrawal scores. To quantify colocalization of
orexin with c-Fos in the LH and TH with c-Fos in the VTA and LC, results wereexpressed as
mean ± SEM of percentage of c-Fos positive orexin or TH cells. Multiple two-way ANOVAs
were conducted with dose of SB-334867 and dose of naloxone as between-subject factors.

RESULTS
Ox1r blockade attenuates the expression of morphine withdrawal

To investigate the role of Ox1r in the expression of morphine withdrawal, mice chronically
injected with morphine received naloxone to precipitate withdrawal. Precipitation of
withdrawal by naloxone was accompanied by somatic behavioral signs of withdrawal. Animals
pretreated with SB-334867 (20 mg/kg, i.p.) prior to naloxone-precipitated withdrawal
demonstrated a striking reduction in several withdrawal symptoms, including tremors, wetdog
shakes, backward walking, and ptosis and global withdrawal scores were significantly lower
than animals pretreated with saline (Fig. 1). A two-way ANOVA withdose of SB-334867 and
dose of naloxone as factors revealed a significant main effect of naloxone (F(1, 33) = 485.35,
P<0.0001) and a significant SB-334867 by naloxone interaction (F(1, 33) = 16.72, P<0.0001).

LH activation accompanies naloxone-precipitated withdrawal
To characterize better the role of orexin neurons in response to morphine withdrawal, c-Fos
analysis was completed following naloxone-precipitated morphine withdrawal. The LH was
further subdivided into the dorsomedial hypothalamus (DMH), perifornical area (PFA), and
lateral area of the lateral hypothalamus (LLH) (Fig. 2A-B), and responses were evaluated
following opiate withdrawal with or without treatment with the Ox1r antagonist SB-334867
(0 or 20 mg/kg, i.p.). Precipitation of withdrawal by naloxone was accompanied by increases
in c-Fos expression in orexin neurons (Fig. 2C) in the PFA and DMH regions, whereas no
significant increase was found in the LLH (Fig. 2D, Table 1A). A mixed-factorial ANOVA
with anatomical region as the repeated measures factor and dose of SB-334867 and dose of
naloxone as between-subjects factors revealed a significant region main effect (F(2, 24) = 80.42,
P<0.0001), a significant naloxone main effect (F(1, 12) = 12.99, P<0.004), but not a significant
SB-334867 main effect nor a significant interaction. Tests of simple main effects of naloxone
dose at each location revealed a significant naloxone effect in the PFA (F(1, 12) = 5.20, P<0.05)
and in the DMH (F(1, 12) = 5.06, P<0.05), but not in the LLH. These results suggest that medial
regions of the LH are more responsive to morphine withdrawal and that local Ox1r signaling
is not critical for this response.
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Activation of the AcbSh, but not of the VTA or LC correlates with degree of morphine
withdrawal

Blockade of Ox1r with SB-334867 resulted in attenuated withdrawal symptoms but did not
alter c-Fos expression in the LH. Orexin neurons have extensive extra-LH targets that may
mediate the effects of orexin neuron activation in morphine withdrawal. To better understand
the neuroanatomical basis of orexin in morphine withdrawal, we evaluated molecular responses
to naloxone-precipitated morphine withdrawal in the VTA, Acb, and LC, following the
blockade of Ox1r via SB-334867 administration. As a marker of cell activation, the immediate
early gene c-Fos was assessed in TH-positive cells in the VTA (Fig. 3A), TH-positive cells in
the LC (Fig. 3B) and in cells in the medial core and dorsal shell regions of the Acb (Fig. 4A-
B).

Examination of c-Fos expression in the VTA failed to reveal a response to naloxone-
precipitated withdrawal or an effect of Ox1r blockade (Fig. 3C). Similarly, naloxone-
precipitated withdrawal and/or Ox1r antagonism had no effect on c-Fos expression in the LC
(Fig. 3D). However, precipitation of withdrawal by naloxone was accompanied by an increased
number of c-Fos expressing neurons in the Acb (Table 1B). Interestingly, c-Fos expression in
the AcbSh, but not the AcbC, was significantly reduced in animals pretreated with SB-334867
(Fig. 4C). c-Fos expression analysis in the AcbC using a two-way ANOVA with dose of
SB-334867 and dose of naloxone as factors revealed a significant main effect of naloxone
(F(1, 15) = 24.5, P<0.001), but not a significant SB-334867 main effect nor a significant
interaction. However, c-Fos expression analysis in the AcbSh using a two-way ANOVA with
dose of SB-334867 and dose of naloxone as factors revealed a significant main effect of
naloxone (F(1, 15) = 103.166, P<0.0001), a significant SB effect (F(1, 15) = 6.561, P<0.022),
and a significant SB-334867 by naloxone interaction (F(1, 15) = 11.038, P<0.005).

Ox1r blockade indirectly alters cellular activation in the Acb
It is possible that orexin neurons directly innervate the Acb and that the SB-334867 effects
could be a result of blocking direct orexin action in the Acb. To investigate this, the retrograde
tracer FG was infused directly into the medial AcbC/dorsal AcbSh. After seven days, FG
labeled neurons were found in the AcbC and/or the dorsal medial AcbSh (Fig. 5A). FG labeled
neurons were also found in the LH, but did not co-localize with orexin immunoreactivity (Fig.
5B-C), indicating few if any synaptic contacts arising from the orexin neurons of the LH. In
contrast, FG labeled neurons examined in the VTA co-localized with TH immunoreactivity
(62.5% of cells expressing FG also expressed TH, data not shown), demonstrating the expected
direct dopaminergic projection from the VTA to the Acb.

DISCUSSION
We have previously shown that mice lacking the orexin gene demonstrate attenuated somatic
symptoms associated with naloxone-precipitated morphine withdrawal (24). Here, we
demonstrate that orexin action through Ox1r contributes to the expression of the somatic
withdrawal symptoms associated with naloxone-precipitated morphine withdrawal. Moreover,
analysis of c-Fos expression suggests that the AcbSh may be a critical region in mediating this
effect.

Previous studies investigating morphine withdrawal have used varying paradigms ranging
from oral self-administration to pellet implantation. Here, we chose an injection paradigm
where animals receive morphine injections of escalating doses (47,48). This allows for better
control over morphine dosing, while also reflecting escalating drug intake that is seen in
addicts. Naloxone administration to animals chronically treated with escalating doses of
morphine leads to robust somatic withdrawal symptoms, including but not limited to tremors,
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wet dogs shakes, and backwalking. Such symptoms were significantly attenuated in animals
that received SB-334867, an Ox1r antagonist, prior to naloxone administration. Ox1r blockade
attenuated several, but not all, of the somatic morphine withdrawal symptoms observed. For
instance, tremors, wet dog shakes, backward walking, and ptosis were significantly reduced,
whereas no effect of SB-334867 was seen on jumping, paw tremors, and gnawing. Although
not all symptoms were affected by SB-334867, those affected are the more severe, less frequent
symptoms of withdrawal.

Interestingly, some differences in withdrawal symptoms were observed in animals treated with
Ox1r antagonist compared with our previous observations on animals genetically lacking the
orexin peptide (24). For instance, orexin knock-out mice, but not normal animals treated with
SB-334867, displayed significant reductions in jumps. While SB-334867 treated animals
displayed significant reductions in wet dog shakes, which were normal in orexin knock-out
mice. These disparities may be the result of methodological differences; the orexin knock-out
mice received chronic morphine via pellets and withdrawal was precipitated with naltrexone.
Another possibility lies in the different orexinergic receptor mechanisms affected. For instance,
SB-334867 has a higher binding affinity (pKb = 7.4) and ∼50-fold selectivity for the Ox1r over
the Ox2r (pKb = 5.7) (51). Therefore, pharmacological manipulation of orexin action via
SB-334867 selectively antagonizes Ox1rs, whereas orexin’s action on both orexin receptors is
lacking in orexin knock-out mice. Ox2r may contribute to the morphine withdrawal response
and the ongoing development of Ox2r specific reagents or use of Ox2r mutant animals will
allow for direct analysis of its role.

By using the immediate early gene c-Fos to assess cellular activation, we observed that orexin
neurons in the medial portions of the LH are activated in response to naloxone, and this response
is not modified by SB-334867 administration. Withdrawal symptoms were further
accompanied by increased c-Fos expression in the Acb. Although SB-334867 administration
failed to affect c-Fos expression in the AcbC, Ox1r antagonism significantly attenuated
neuronal activation in the AcbSh, implicating the AcbSh as a critical region associated with
both somatic withdrawal and orexin action.

Our data demonstrate that attenuation of withdrawal by Ox1r blockade also blocks withdrawal-
induced activation of the Acb, a region long postulated to be critical for the aversiveness of
opiate withdrawal (16,17). While acute morphine administration results in an increase in
accumbal extracellular DA, microdialysis studies have shown that in response to chronic
morphine, DA outflow is normal until withdrawal where there is a reduction (8-10). Systemic
administration of the DA agonist SKF 82958 reduces somatic signs of morphine withdrawal
while increasing phosphorylation of GluR1 in the Acb of morphine dependent rats treated with
naloxone (18). Furthermore, in response to morphine withdrawal, there is a reduction in spine
density that is specific to the dendrites of medium spiny neurons located in the AcbSh. This
reduction correlates with the severity of somatic symptoms of morphine withdrawal (52). Here,
we also demonstrate that Acb neurons respond to naloxone-induced morphine withdrawal, a
finding consistent with the literature, and suggest a role for orexin in this response. It remains
undetermined whether AcbSh activation contributes to somatic withdrawal symptoms or is
activated as a consequence of an Ox1r-dependent withdrawal process.

In contrast to the Acb, VTA DA cells fail to respond to naloxone-precipitated withdrawal as
assessed by c-Fos. A role for the VTA in mediating orexin action has been previously reported
in the context of locomotor activity (32), psychostimulant effects and reinforcement (42,44),
and morphine reinforcement (53). Examination of the effects of intra-VTA orexin on DA levels
in the Acb has yielded mixed results. While some results suggest a link (53), others report that
orexin action in the VTA results in increased prefrontal cortex DA levels with no change in
Acb DA levels (54). Moreover, previous evidence suggests that the VTA may not play a role
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in morphine withdrawal. Although VTA DA neurons increase their firing in response to chronic
morphine, they are no longer responsive to acute morphine administration and exhibit similar
firing rates as naïve animals following withdrawal (55). Together with our findings, the data
suggest that orexin, acting via Ox1r receptors, may be able to activate Acb neurons via VTA-
independent mechanisms. This may occur via action on dopamine neuron terminals resulting
in dopamine release in the Acb, and/or through dopamine independent mechanisms.

Interestingly, we demonstrate that following chronic morphine treatment, LC norepinephrine
neurons display a high basal level of c-Fos activation, which is not altered by naloxone-
precipitated withdrawal. The role of the LC in response to states of morphine dependence and
withdrawal is well established. Chronic morphine enhances LC levels of cAMP response
element-binding protein (CREB) (56), a transcription factor linked with the development of
morphine dependence (47,57). Naloxone-precipitated withdrawal is associated with increased
activity of LC neurons (11) and intra-LC administration of opiate antagonists in morphine
dependent animals results in a robust somatic withdrawal syndrome (13). Here, we demonstrate
that in response to chronic morphine, basal c-Fos expression in TH-containing neurons is high
(81.72% ±3.3) with no change in c-Fos expression following naloxone-precipitated
withdrawal. The failure of naloxone to change c-Fos may be due to the already high basal level
seen following chronic morphine, which, in turn, may be due to our use of morphine and saline
injections 2-4 hours before sacrifice. It also remains possible that during withdrawal, neurons
previously activated by chronic morphine increase their activity which would not be readily
detected with c-Fos analysis.

The current results suggest that orexin-containing neurons, particularly those located in the
DMH and PFA, are activated by morphine withdrawal, a negative component of drug addiction.
It has been recently shown that orexin mRNA is also elevated in the LH in response to
spontaneous morphine withdrawal in morphine dependent rats (58). Here, we show that the
DMH and PFA demonstrate cellular activation in response to naloxone-precipitated
withdrawal, while the LLH does not. This finding may suggest a dissociation between the
medial portion and the lateral portion of the LH in response to the positive and negative
reinforcement components of drug addiction. This is consistent with previous suggestions
based on findings demonstrating that orexin cell activation in the LLH, but not DMH and PFA,
is correlated with CPP preference scores for morphine, cocaine, and food (42). In contrast,
more medial orexin cells in the DMH and PFA are preferentially activated in response to
footshock (42). Additional evidence for the possible role of orexin in negative reinforcement
comes from studies in which central administration of the orexin A neuropeptide reinstates
extinguished lever pressing for both cocaine and food as well as raising intracranial self-
stimulation thresholds (43).

Orexin neurons in the LH demonstrated a high basal level of activity in control animals
chronically treated with morphine. In fact, this high basal activity is much higher than that we
previously reported in animals treated with morphine pellets (24). This discrepancy may be
due to our use of a chronic series of dose-escalating morphine injections, which results in more
robust withdrawal and may account for higher basal c-Fos expression. Additionally, repeated
injections also serve as stressful stimuli which may elicit a stress response. Orexinergic activity
has been previously linked with a stress response (43,59,60) and orexin’s role in morphine
withdrawal may indeed be to mediate components of stress that are integral to withdrawal.

The present data suggest that, during morphine withdrawal, orexin bypasses the VTA and acts
upon the AcbSh via direct or indirect circuitry. Using retrograde tracing, we show that the
AcbSh does not receive direct orexin afferents from the LH, suggesting that the orexin-Ox1r
mediated AcbSh activation occurs through an indirect circuit. However, these results may not
be surprising since Ox1r levels are very low in the Acb (33). The absence of direct orexin

Sharf et al. Page 7

Biol Psychiatry. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



afferents to the Acb suggests that Ox1r activation by morphine withdrawal occurs elsewhere
in the brain, perhaps in other regions along the mesocorticolimbic pathway, such as the
amygdala or prefrontal cortex, and further investigation into orexin’s neuroanatomical pathway
is necessary. A caveat to these experiments is that traditional anatomical tracing techniques
may not reveal all functional targets of orexin neurons. In fact, a recent study suggests that
only a small proportion of orexin neurons form synaptic contacts in the VTA suggesting that
orexin may be released extrasynaptically in the region (61).

Overall, our current data suggest a positive role for orexin function in the expression of somatic
morphine withdrawal, expanding our current mechanistic understanding of a clinically relevant
component of morphine addiction. These findings, in combination with multiple lines of
evidence implicating the orexinergic system in morphine reinforcement and response, suggest
that orexin may be a critical substrate underlying different components aspects of opiate
addiction. The current findings suggest a role of orexin in the aversive, negatively reinforcing,
components of morphine addiction. We demonstrate that in response to morphine withdrawal,
orexin achieves its behavioral effects partly via Ox1r-dependent functions. The ability of the
Ox1r antagonist to acutely ameliorate withdrawal symptoms may suggest a potential
therapeutic use of these agents in treatment of opiate-addicted patients during withdrawal.
Although additional studies are necessary to elucidate the pathway by which orexin activates
Acb neurons, these data implicate an interaction between the LH and the limbic system in
mediating drug withdrawal. Additional studies are now necessary to further assess anatomical
pathways and the role of orexin in other, non-somatic withdrawal symptoms as well as opiate
self-administration and relapse.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Naloxone precipitated morphine withdrawal in animals chronically treated with morphine is
attenuated following pretreatment with an Ox1r antagonist. Animals pretreated with
SB-334867 prior to naloxone (black bar, n=9) are compared with those pretreated with saline
prior to naloxone (white bar, n=9) and with animals pretreated with SB-334867 (gray bar, n=9)
or saline (white striped bar, n=9) prior to a saline control injection for the noted signs or the
global withdrawal score. Vertical lines represent the standard error of the mean (SEM). *
represents a significant naloxone effect (P<0.05). ** represents a significant naloxone
interaction with SB-334867 (P<0.05).
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Figure 2.
Naloxone-induced morphine withdrawal results in activation of orexin cells in the DMH and
PFA regions of the LH, but not those in the LLH. SB-334867 failed to affect c-Fos expression.
(A) Schematic anatomical representation of LH subdivisions adapted from Paxinos and
Franklin’s (49) Stereotaxic Atlas. Labeled areas delineate regions where c-Fos expression was
examined. (B) Representative photograph illustrating orexin cell expression in the LH. (C)
Microscopy showing double-label immunohistochemistry for c-Fos and orexin in the LH. (D)
Regional expression of c-Fos in orexin positive cells. Vertical lines represent the standard error
of the mean (SEM). Abbreviations used: LH, lateral hypothalamus; PFA, perifornical area;
LLH, lateral region of the lateral hypothalamus; DMH, dorsal medial hypothalamus; 3V, third
ventricle; f, fornix. * represents a significant naloxone effect (P<0.05).

Sharf et al. Page 13

Biol Psychiatry. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Naloxone-induced morphine withdrawal fails to affect the activity of TH-containing neurons
in the VTA and LC. (A) Microscopy showing double-label immunohistochemistry for c-Fos
and TH in the VTA. Bottom series of panels are higher magnification from same animal. (B)
Microscopy showing double-label immunohistochemistry for c-Fos and TH in the LC. Bottom
series of panels are higher magnification from same animal. (C) Quantification of c-Fos
expression in TH-positive cells in the VTA. (D) Quantification of c-Fos expression in TH-
positive cells in the LC. Vertical lines represent the standard error of the mean (SEM).
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Figure 4.
Naloxone-induced morphine withdrawal results in the activation of Acb cells. SB-334867
attenuates naloxone-induced morphine withdrawal induction of c-Fos expression in the AcbSh.
(A) Schematic anatomical representation of Acb subdivisions adapted from Paxinos and
Franklin’s (49) Stereotaxic Atlas. Labeled areas delineate regions where c-Fos expression was
examined. (B) Representative photograph illustrating c-Fos expression in the Acb of an animal
pretreated with saline-naloxone. (C) Representative photograph of c-Fos expression in the
AcbSh/AcbC boundary in higher magnification from the same animal presented in A. (D)
Quantification of cells expressing c-Fos in the AcbC and AcbSh. Vertical lines represent the
standard error of the mean (SEM). Abbreviations used: AcbC, nucleus accumbens core; AcbSh,
nucleus accumbens shell; ac, anterior commisure. * represents a significant naloxone effect
(P<0.05). ** represents a significant naloxone interaction with SB-334867 (P<0.05).

Sharf et al. Page 15

Biol Psychiatry. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Retrograde tracing using fluorogold (FG) suggest that orexin neurons do not form extensive
synaptic connections with Acb neurons. (A) Representative photograph illustrating the
injection site (FG-labeled neurons are visible in the AcbC and part of the medial/dorsal AcbSh).
(B) Microscopy showing single-label immunohistochemistry for orexin in the LH as well as
FG. (C) Microscopy showing single-label immunohistochemistry for orexin in the LH as well
as FG in higher magnification from the same animal presented in B.
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