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Background: The nucleus accumbens core (NAcc) expresses both orexin and nicotinic acetylcholine
receptors (nAChRs). Orexin is among important neurotransmitters, which regulates addictive properties
of drugs of abuse including nicotine. The role of orexin-2 receptor (OX2R) in the regulation of NAcc neural
activity in response to nicotine has not yet been studied. Hence, in this study, we examined whether the
OX2R antagonist (TCS-0X2-29) can adjust the effects of nicotine on electrical activity of NAcc neurons, in
urethane-anesthetized rats, using the single unit recording.

g?é ‘)’("l‘l’]rcslis rem Methods: Neuronal firing of NAcc was recorded for 15 min, then TCS-0X2-29 (OX2R-antagonist; 1,3 and 10 ng/
TCS-0X2-29 rat) or DMSO were microinjected into NAcc, just 5 min before subcutaneous (sc) administration of nicotine
Nucleus accumbens core (0.5 mg/kg) or saline. The spontaneous firing activity was recorded for 70 min, after nicotine injection.

Nicotine Results: The results demonstrated that nicotine significantly excites the NAcc neurons and interestingly, the

administration of TCS-0X2-29 (3 and 10 ng/rat) into the NAcc, inhibited nicotine-induced increases of NAcc
neuronal responses. Furthermore, administration of TCS-0X2-29 (10ng/rat), just 5min before sc
administration of saline instead of nicotine, did not significantly alter the neuronal responses, compared to
the saline-control group.
Conclusion: Our results showed that, although OX2R blockade alone did not affect neuronal activity in the
NAcc, it was able to prevent the exciting effects of nicotine on NAcc neuronal activity. Therefore, we
proposed that orexin has a potential modulator effect, in response to nicotine.
© 2018 Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier B.V. All rights
reserved.

Single unit recording

Introduction been reported to be expressed in the NAc [7]. Orexin system
regulates multiple brain functions, such as sleep/wakefulness,
arousal, pain, autonomic function, feeding behaviors, metabolism,
cognition, natural and drug rewards, as well as opioids dependence
and withdrawal [10-16]. Studies have shown that orexinergic
system has an important role in mediating the addictive behavior
[8,15,17], including the addictive response to nicotine; it has been
demonstrated that OX1R blockade in the insular cortex, or

Nicotine, the key psychoactive factor of tobacco leaves, is
responsible for cigarette addiction [1]. Nicotine excites meso-
corticolimbic dopaminergic neurons firing, by affecting nicotinic
acetylcholine receptors (nAChRs) [2], and finally leading to
dopamine (DA) release from the ventral tegmental area (VTA) to
the nucleus accumbens (NAc) and the prefrontal cortex (PFC) [3,4].

These have a critical role in reinforcing properties of drugs of
abuse, including nicotine [5].

The orexins/hypocretins neurons (release orexin A and B) send
projections to the areas, involved in reward processing and
drug addiction, such as the NAc [6-8]. Their corresponding
receptors (orexin-1 receptor (OX1R) and orexin-2 receptor
(OX2R)) are G-protein coupled receptor [9]. Both receptors have
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systemic administration of OX1/2R antagonist, reduced the
nicotine self-administration [18,19].

Although, most of the studies have focused on OX1R
[15,16,18], some other studies have shown that OX2R may also
play an important role in reward. For example, long-lasting
cocaine administration increased OX2R protein expression in
the NAc [20]. Furthermore, OX2R blockade attenuated ethanol-
[21] and morphine-induced CPP [22], and decreased heroin self-
administration in rats [23]. Recently, it has been demonstrated
that OX2R blockade in the VTA attenuated nicotine-induced
conditioned place preference (CPP) [24]. Therefore, considering
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that a few studies have been performed on the role of OX2R in
the reward circuits, in particular in response to nicotine, the aim
of this study was to determine the effect of OX2R blockade on
the activity of the nucleus accumbens core (NAcc) neurons, in
response to systemic administration of nicotine, using the single
unit recording.

Materials and methods
Animals and surgical procedure

Experiments were executed on adult male Wistar rats (240-
290 g), obtained from the Pasteur Institute; Tehran, Iran. The Ethic
Committee of Animal Use of Isfahan University of Medical Sciences
approved the study, and all trials were performed in accordance
with the guidelines for Animal Care and Use of Laboratory Animals
(National Institutes of Health Publication No. 85-23), revised in
2011. Animals were deeply anesthetized with intraperitoneal (ip)
injections of Urethane (1.2 g/kg and supplementary doses were
given as required; Sigma-Aldrich, Germany), and were placed in a
stereotaxic apparatus (Stoelting, USA). The skull was exposed and a
hole was made for the insertion of a two-barreled micropipette in
the NAcc (AP: +2.16 mm; ML: 1.4 mm; DV: 6-7.4 mm) [25].

Experimental designs

We investigated dose responses to TCS-0X2-29 (1, 3 and 10 ng/
ratin 0.5 pl 10% DMSO; Tocris Bio-science, Bristol, UK), as an OX2R
antagonist on the neuronal discharge rate of NAcc neurons, in
response to 0.5 mg/kg, sc injection of nicotine hydrogen tartrate
(Sigma-Aldrich, Germany). In addition, we measured the neuronal
response of NAcc neurons to the maximum dose of TCS-0X2-29
(10 ng/rat), just 5 min before sc administration of saline instead of
nicotine. The recordings were executed extracellularly on NAc
neurons of intact rats, using a single unit recording technique.

Drugs administrations

A two-barreled micropipette (one pipette for drug microinjec-
tion and the other for extracellular action potentials recording) was
gently guided into the NAcc, using a manual microdrive, until the
best spike activity was distinguished with a signal-to-noise ratio of
more than two, isolated from the background noise. Drug was
microinjected into the NAcc, using a manual pressure injector and
the recording was performed, using a fine tip (1-3 wm) glass
microelectrode, filled with 2 M NacCl solution. Extracellular action
potentials were amplified 10,000 times, filtered at 0.3-3 kHz, and
displayed continuously on an oscilloscope. Then, single-unit firings
were digitized at 50kHz sampling rate and 12-bit voltage
resolution. The spike rates were counted and displayed online in
time bins of 1000 ms, over the complete recording period, using a
commercial analog to digital data acquisition system. Data analysis
was performed, using the associated software, eLab (Science Beam
Institute, Iran).

The NAc neurons exhibited slow firing rate, between 0.5 and
6.0Hz [25,26]. When, steady firing rate was identified, a baseline
recording was conducted for about 15min, then, the drug was
microinjected into the NAcc. Subsequently, after 5min, nicotine
was infused sc and the activity of the neurons was carried on for
about 70 min. Control groups received the same volume of saline
and DMSO, instead of nicotine and the test drug, respectively.

Histological verifications

After completion of each experiment, in order to mark the place
of electrodes, the animals were euthanized with an overdose of
urethane and perfused transcardially with 100 ml of normal saline,
followed by 100 ml of 10% buffered formalin, then decapitated, the
brains were dissected, and placed in a 10% formalin for 72 h. Finally,

the brains were sliced coronally in 55 wm sections, through the
electrode locations, and the sites of the electrodes were verified,
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Fig. 1. (a) A representative image, displaying the recording and microinjection site in the NAcc; corpus callosum (cc), caudate putamen (CPu); NAc core (NAcc) and shell
(NACS), and anterior commissure (ac). (b) A representative pattern of baseline neuronal electrical activity recorded from the NAcc. (c¢) An expanded waveform of a spike

recorded from a NAcc neuron.
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according to the stereotaxic atlas of Paxinos and Watson [27] second). An increase/decrease of firing rates beyond the mean +
(Fig. 1). two-fold of the SD of the baseline firing rate, for five consecutive
minutes, was considered as an excitatory/inhibitory response,

Statistical analysis respectively [28]. We used the percentage of increase/decrease in
firing rate multiplied by the duration of excitation/inhibition

The pre-injection spontaneous firing rate over 15-minute (percent x duration in minutes) [28]. The data were analyzed by

period was defined, as the average firing rate (in spikes per one-way analysis of variance (ANOVA), followed by Tukey’s post-
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Fig. 2. Histograms representing spike frequency of the entire recording (90 min) of all neurons. Subcutaneous injection of saline could not affect firing frequency (a); but
nicotine increased the firing rate (b); the 1 ng (c), 3 ng (d), and 10 ng (e) doses of TCS-0X2-29 could prevent the nicotine-induced excitation on a dose-dependent manner. The
microinjection of 10 ng TCS-0X2-29, just 5 min before sc administration of saline instead of nicotine did not significantly alter the neuronal response, compared to the saline
control group (f).
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hoc test for multiple comparisons, and the »? test for comparing
cells with excitatory or inhibitory responses, between different
groups. Data are expressed as mean+SEM, and statistical
significance was set at p< 0.05.

Results

Subcutaneous injection of nicotine excited the majority of NAcc
neurons

In the first set of experiment, after the stabilization period
(20min) and baseline recording (15-min), DMSO was micro-
injected into the NAcc and 5 min later, nicotine (0.5 mg/kg sc) was
administered. Subcutaneous injection of nicotine (0.5 mg/kg sc) in
eight rats increased the spike frequency per seconds in the
majority of neurons’ 9/12 (75%), decreased just 1/12 (8.33%) neuron
firing activity, and 2/12 (16.66%) neuron remained unchanged
(Fig. 2b). On the other hand, saline (instead of nicotine) in eight
rats, had no effect on 6/11 neurons (54.54%), while reducing
neuronal firing of 3/11 (27.27%) neurons, and also excited just 2/11
(18.18%) neuron (Fig. 2a).

A ¥? test, for comparing the difference in the proportion of
neurons with excitatory responses to those with inhibitory or no
response, revealed a significantly higher proportion of excited
neurons in the nicotine group, compared to the saline group [»?
(1)=7.425, N=23, p= 0.009] (Table 1).

Intra-NAcc microinjection of TCS-0X2-29 prevented nicotine-induced
excitation of NAcc neurons

In the second set of the experiment, to find out the effect of TCS-
0X2-29 on the NAcc neuronal firing, after stabilization period (at
least 20 min) and 15 min of baseline recording, different doses of
TCS-0X2-29 (1, 3 and 10 ng/rat) were microinjected into the NAcc,
just 5min prior to the administration of nicotine (0.5 mg/kg sc).
The different response rates of neurons, in the nicotine + TCS-0X2-
29 (1 ng) group (10 rats) were 3/13 neurons (23.07%) inhibition, 8/
13 neurons (61.53%) excitation, and 2/13 neurons (15.38%) with no
response (Fig. 2¢); in the nicotine + TCS-0X2-29 (3 ng) group (14
rats) were 11/20 neurons (55%) inhibition, 4/20 neurons (20%)
excitation, and 5/20 neurons (25%) with no response (Fig. 2d); in
the nicotine + TCS-0X2-29 (10ng) group (14 rats) were 12/24
neurons (50%) inhibition, 3/24 neurons (12.5%) excitation, and 9/24
neurons (37.5%) with no response (Fig. 2e). Moreover, administra-
tion of maximum dose (10 ng/rat) of TCS-0X2-29 (14 rats), into the
NAcc, just 5min before sc administration of saline instead of
nicotine, decreased the firing rate of majority of neurons’ 13/19
(68.42%), increased the spike frequency of just 2/19 (10.52%)
neurons, and caused no response in 4/19 (21.05%) of the single-unit
responses (Fig. 2f).

The proportion of neurons with excitatory response, to those with
inhibitory or no response, between the nicotine control group and
nicotine + TCS-0X2-29 (1 ng) group was not significant [ (1)=520,
N=25, p= 0.387], but a significant response has been found
between the nicotine control group and the nicotine+TCS-0X2-29

Table 1
Data from the Chi Square test analyses.

Groups Saline + DMSO Nicotine + DMSO
Saline + DMSO _ p = 0.009
Nicotine + DMSO p = 0.009 _
Nicotine + TCS-0X2-29 (1 ng) _ p =0.387
Nicotine + TCS-0X2-29 (3 ng) _ p = 0.003
Nicotine + TCS-0X2-29 (10 ng) _ p=0.000

Saline + TCS-0X2-29 (10 ng) p=0.035 -
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Fig. 3. The effect of OX2R blockade on the percentage of increase/decrease activity
of the NAcc single neurons in response to nicotine. Data are expressed as
mean + SEM, *p < 0.05 different from the saline-control group, ++p < 0.01 different
from the nicotine-control group.

(3 ng) group [x*(1)=9.406,N=32, p= 0.003], and also between the
nicotine control group and the nicotine+TCS-0X2-29 (10 ng) group
[x* (1)=14.062, N=36, p= 0.000] (Table 1).

The »* test also showed a significant difference in the
proportion of neurons with inhibitory response, to those with
excitatory or no response, between saline+DMSO group and
saline + TCS-0X2-29 (10 ng) group [x? (1)=4.739, N=30, p= 0.035]
(Table 1).

Statistical analysis for comparison of the percentage of change,
in the neuronal firing rates between the groups showed that
nicotine increased neuronal firing, with respect to the saline group,
also, orexin antagonist could adjust the excitatory effect of nicotine
[F (5, 98)=5.092; p< 0.001] (Fig. 3). Furthermore, statistical
analysis revealed that microinjection of the maximum dose of TCS-
0X2-29 (10ng), just 5min before sc administration of saline
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Fig. 4. The effect of OX2R blockade on neuronal responses of the NAcc single
neurons in response to nicotine, when the duration of the inhibition was taken into
account. Data are expressed as mean 4 SEM *p < 0.05 different from the saline-
control group, +p < 0.05 and ++p < 0.01 different from the nicotine-control group.
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instead of nicotine, into the NAcc, did not change the neurons’
response, compared to the DMSO +saline control group.

In addition, when the duration of the excitatory and inhibitory
responses (regardless of inactive neurons) was taken into account,
nicotine increased neuronal firing, in comparison with the saline
group, and orexin antagonist could modify the excitatory effect of
nicotine [The one-way ANOVA; followed by Tukey test [F (5,
70)=3.291; p< 0.01] (Fig. 4). In the nicotine + TCS-0X2-29 (3 ng)
group, antagonist could block the nicotine effect for about 20 min,
whereas in the nicotine+TCS-0X2-29 (10ng) group, blockade
lasted until the end of the recording. Moreover, statistical analysis
showed that the maximum dose of saline + TCS-0X2-29 did not
alter the neurons firing, relative to the saline+DMSO control

group.
Discussion

Studies have shown that orexinergic system probably has a
modulatory role in the addictive response to nicotine [18,19,24,28].
While, the expression of both Ox1R and Ox2R have been reported
in the NAc [7], but Ox1R levels are very low [29] and orexin’s
actions have been attributed to Ox2R binding [7,30], reviewed by
Sharfetal. [6]; therefore, in the present study, we sought to test the
role of OX2R on the NAcc neuronal firing, in response to nicotine.

Our data showed that nicotine (0.5 mg/kg) increases the spike
frequency of the majority of neurons in the NAcc, presenting a
sensitive response to nicotine in this region. This dose of nicotine is
the same as previous behavioral studies [24,31-33], showing a
dose of 0.5 mg/kg nicotine, produces reliable CPP in male Wistar
rats. Also, in a single electrophysiological investigation, this dose of
nicotine inhibited fimbria-induced excitation of normally inactive
NAc neurons, in anesthetized rats [34].

The NAc neurons exhibited slow firing rate, between 0.5 and
6.0Hz [25,26], and our data confirm this low firing rate.
Electrophysiological studies have shown that systemic adminis-
tration of nicotine, increases the cell firing of the VTA DA neurons
[35]. Some electrophysiological and microdialysis studies have
revealed that nicotine stimulates the DA cell firing by local action
in the VTA [36-39]. Systemic nicotine-induced DA release in the
NAc was reduced by 50%, via blocking the nAChRs in the NAc [40],
indicating that the NAc nAChRs play a role in the nicotine-induced
release of the mesolimbic DA. Actually, a well-designed balance
between excitatory and inhibitory inputs to the VTA DA neurons,
results in the rewarding outcome of nicotine, by increasing
glutamatergic excitation and decreasing GABAergic inhibition onto
DA neurons [41]. Consequent activation of the VTA cholinergic
receptors regulates DA release into the NAc, for an additional
reinforcing effect [42]. Kleijn et al. found that the NAc shell could
be more sensitive to nicotine than the VTA, in increasing the
accumbal DA release [35]. Therefore, nicotine can affect NAc
neurons directly by affecting NAc nAChRs or indirectly, via
nicotine-induced release of the mesolimbic DA into NAc.

As a second result, we observed that OX2R blockade in the
saline-treated rats, changed the proportion of neurons responses,
but did not affect the percentage of change with respect to
saline+DMSO group. However, OX2R blockade prevented the
exciting effects of nicotine on NAcc neuronal activity, and a dose of
3ng of the antagonist could block the nicotine effect for about
20 min, while a dose of 10 ng blocking effect lasted until the end of
the recording.

It has been demonstrated that activation of nicotinic acetyl-
choline receptors in the NAcc is essential for drug reinforcement
[43]. The vast majority of cells of the NAc (90-95%) has been made
of GABA-containing medium spiny neurons (MSNs), and the
remaining cells are cholinergic and GABAergic interneurons [44].
The nAChRs in the NAc have been shown to modulate the activity of

the GABAergic MSNs [45]. In addition, studies have shown that
orexin stimulates GABAergic neurons in most regions of the brain;
it had excitatory effects on GABAergic neurons in the pars
reticulate of substantia nigra [46]. In the VTA, orexin excited the
firing response of a diverse subpopulation of DA neurons, and
increased GABA cells firing rate [47]. Moreover, it has been
reported that orexin excites arcuate nucleus GABAergic neurons
[48].

In addition, it has been observed that selective endogenous
nAChR activation in the NAc, elicits DA release via the action of
glutamatergic receptor on DA terminals [49,50]. It has been shown
that DA receptors blockade on the NAc MSNs weakened dopamine-
dependent reward [51]. Dopamine and glutamate inputs can
influence each other [52,53] and NAc MSNs express both DA and
glutamate receptors [49,50]. Glutamate inputs from some brain
areas, such as the prefrontal cortex (PFC), amygdala (AMG), and
hippocampus [43-45] project on and activate MSNs of NAc, and
blockade of glutamate receptors causes a reduction in the
excitability of NAc MSNs [54,55], and affects excitatory postsyn-
aptic potentials [55,56]. There is an anatomical relationship
between orexin and dopamine neurons in the medial PFC, AMG,
and NAc [57]. Thus, it seems that OX2R blockade probably inhibits
the dopamine-dependent nicotine excitation of NAc neurons by
influencing the glutamate and dopamine receptors of MSNs.

Previously, studies have shown that cocaine administration
increases OX2R protein expression in the NAc [20], and also,
OX2R blockade in the VTA attenuated nicotine-induced CPP [24],
thus, it can be expected that orexin will affect neuronal
responses in the NAcc via OX2R. However, in the present study,
we observed that OX2R blockade by itself had no effects on
neuronal activity in the NAcc, therefore, it can be deduced that
OX2R instead of direct effects on neuronal activity, it modifies
evoked responses by other factors such as nicotine, through
influencing on nAChR or other neurotransmitter systems like
dopamine, glutamate or GABA.

In conclusion, it seems that orexin by itself probably had no
effects on basal neuronal activity in the NAcc, nevertheless, its
baseline action is necessary, and can modulate responses to
nicotine probably by affecting nicotinic receptors or other
downstream systems. However, this potential interaction needs
further investigation to clarify the fundamental mechanism of
orexin system action on NAcc neurons.

Declarations of interest
None.
Acknowledgements

This research was funded by a grant (395810) from the Isfahan
University of Medical Sciences, Iran.

References

[1] Goniewicz ML, Delijewski M. Nicotine vaccines to treat tobacco dependence.
Hum Vaccin Immunother 2013;9:13-25.

[2] Ortells MO, Arias HR. Neuronal networks of nicotine addiction. Int ] Biochem
Cell Biol 2010;42:1931-5.

[3] Mark GP, Shabani S, Dobbs LK, Hansen ST. Cholinergic modulation of
mesolimbic dopamine function and reward. Physiol Behav 2011;104:76-81.

[4] Wu ], Gao M, Shen JX, Shi WX, Oster AM, Gutkin BS. Cortical control of VTA
function and influence on nicotine reward. Biochem Pharmacol 2013;86:1173-
80.

[5] Mathon DS, Kamal A, Smidt MP, Ramakers GM. Modulation of cellular activity
and synaptic transmission in the ventral tegmental area. Eur ] Pharmacol
2003;480:97-115.

[6] Sharf R, Sarhan M, Dileone RJ. Role of orexin/hypocretin in dependence and
addiction. Brain Res 2010;1314:130-8.

[7] Martin G, Fabre V, Siggins GR, de Lecea L. Interaction of the hypocretins with
neurotransmitters in the nucleus accumbens. Regul Pept 2002;104:111-7.


http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0005
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0005
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0010
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0010
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0015
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0015
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0020
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0020
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0020
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0025
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0025
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0025
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0030
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0030
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0035
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0035

366 R. Fartootzadeh et al./ Pharmacological Reports 71 (2019) 361-366

[8] Yazdi F, Jahangirvand M, Pirasteh AH, Moradi M, Haghparast A. Functional

interaction between OX2 and CB1 receptors in the ventral tegmental area and

the nucleus accumbens in response to place preference induced by chemical
stimulation of the lateral hypothalamus. Pharmacol Biochem Behav
2015;139:39-46.

Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM, Tanaka H, et al.

Orexins and orexin receptors: a family of hypothalamic neuropeptides and G

protein-coupled receptors that regulate feeding behavior. Cell 1998;92:573-

85.

[10] Date Y, Ueta Y, Yamashita H, Yamaguchi H, Matsukura S, Kangawa K, et al.
Orexins, orexigenic hypothalamic peptides, interact with autonomic,
neuroendocrine and neuroregulatory systems. Proc Natl Acad Sci U S A
1999;96:748.

[11] Peyron C, Tighe DK, van den Pol AN, de Lecea L, Heller HC, et al. Neurons
containing hypocretin (orexin) project to multiple neuronal systems. ]
Neurosci 1998;18:9996-10015.

[12] Azhdari-Zarmehri H, Reisi Z, Vaziri A, Haghparast A, Shaigani P, Haghparast A.
Involvement of orexin-2 receptors in the ventral tegmental area and nucleus
accumbens in the antinociception induced by the lateral hypothalamus
stimulation in rats. Peptides 2013;47:94-8.

[13] Harris GC, Aston-Jones G. Arousal and reward: a dichotomy in orexin function.
Trends Neurosci 2006;29:571-7.

[14] Sadeghi S, Reisi Z, Azhdari-Zarmehri H, Haghparast A. Involvement of orexin-1
receptors in the ventral tegmental area and the nucleus accumbens in
antinociception induced by lateral hypothalamus stimulation in rats.
Pharmacol Biochem Behav 2013;105:193-8.

[15] Sharf R, Sarhan M, DiLeone RJ. Orexin Mediates the Expression of Precipitated
Morphine Withdrawal and Concurrent Activation of the Nucleus Accumbens
Shell. Biol Psychiatry 2008;64:175-83.

[16] Ahmadi-Soleimani SM, Azizi H, Gompf HS, Semnanian S. Role of orexin type-1
receptors in paragiganto-coerulear modulation of opioid withdrawal and
tolerance: A site specific focus. Neuropharmacology 2017;126:25-37.

[17] Narita M, Nagumo Y, Hashimoto S, Narita M, Khotib J, Miyatake M, et al. Direct
involvement of orexinergic systems in the activation of the mesolimbic
dopamine pathway and related behaviors induced by morphine. ] Neurosci
2006;26:398-405.

[18] Hollander JA, Lu Q, Cameron MD, Kamenecka TM, Kenny PJ. Insular hypocretin
transmission regulates nicotine reward. Proc Natl Acad Sci U S A
2008;105:19480-5.

[19] LeSage MG, Perry JL, Kotz CM, Shelley D, Corrigall WA. Nicotine self-
administration in the rat: effects of hypocretin antagonists and changes in
hypocretin mRNA. Psychopharmacology 2010;209:203-12.

[20] Zhang GC, Mao LM, Liu XY, Wang ]JQ. Long-lasting up-regulation of orexin
receptor type 2 protein levels in the rat nucleus accumbens after chronic
cocaine administration. ] Neurochem 2007;103:400-7.

[21] Shoblock JR, Welty N, Aluisio L, Fraser I, Motley ST, Morton K, et al. Selective
blockade of the orexin-2 receptor attenuates ethanol self-administration,
place preference, and reinstatement. Psychopharmacology 2011;215:191-203.

[22] Tabaeizadeh M, Motiei-Langroudi R, Mirbaha H, Esmaeili B, Tahsili-Fahadan P,
Javadi-Paydar M, et al. The differential effects of OX1R and OX2R selective
antagonists on morphine conditioned place preference in naive versus
morphine-dependent mice. Behav Brain Res 2013;237:41-8.

[23] Schmeichel BE, Barbier E, Misra KK, Contet C, Schlosburg JE, Grigoriadis D, et al.
Hypocretin receptor 2 antagonism dose-dependently reduces escalated heroin
self-administration in rats. Neuropsychopharmacology 2015;40:1123-9.

[24] Azizi F, Fartootzadeh R, Alaei H, Reisi P. Effects of concurrent blockade of 0X2
and CB1 receptors in the ventral tegmental area on nicotine-induced place
preference in rats. Neurosci Lett 2018;684:121-6.

[25] Yim CY, Mogenson GJ. Response of nucleus accumbens neurons to amygdala
stimulation and its modification by dopamine. Brain Res 1982;239:401-15.

[26] White FJ, Wang RY. Electrophysiological evidence for the existence of both D-1
and D-2 dopamine receptors in the rat nucleus accumbens. ] Neurosci
1986;6:274-80.

[27] Paxinos G, Watson C. The rat brain in stereotaxic coordinates. Oxford:
Academic; 2007.

[28] Dehkordi O, Rose JE, Davila-Garcia MI, Millis RM, Mirzaei SA, Manaye KEF, et al.
Neuroanatomical Relationships between Orexin/Hypocretin-Containing
Neurons/Nerve Fibers and Nicotine-Induced c-Fos-Activated Cells of the
Reward-Addiction Neurocircuitry. ] Alcohol Drug Depend 2017;5:273.

[29] Marcus JN, Aschkenasi CJ, Lee CE, Chemelli RM, Saper CB, Yanagisawa M, et al.
Differential expression of orexin receptors 1 and 2 in the rat brain. ] Comp
Neurol 2001;435:6-25.

[30] Trivedi P, Yu H, MacNeil D], Van der Ploeg LH, Guan XM. Distribution of orexin
receptor mRNA in the rat brain. FEBS Lett 1998;438:71-5.

[31] Biala G. Calcium channel antagonists suppress nicotine-induced place
preference and locomotor sensitization in rodents. Pol ] Pharmacol
2003;55:327-35.

[9

[32] Biala G, Budzynska B, Staniak N. Effects of rimonabant on the reinstatement of
nicotine-conditioned place preference by drug priming in rats. Behav Brain Res
2009;202:260-5.

[33] Budzynska B, Kruk M, Biala G. Effects of the cannabinoid CB1 receptor
antagonist AM 251 on the reinstatement of nicotine-conditioned place
preference by drug priming in rats. Pharmacol Rep : PR 2009;61:304-10.

[34] Hakan RL, Hart C, Eyl C. Specific neurophysiological effects of systemic nicotine
on neurons in the nucleus accumbens. Synapse 1993;15:191-7.

[35] Kleijn ], Folgering ], Van der Hart M, Rollema H, Cremers T, Westerink B. Direct
effect of nicotine on mesolimbic dopamine release in rat nucleus accumbens
shell. Neurosci Lett 2011;493:55-8.

[36] Hildebrand BE, Panagis G, Svensson TH, Nomikos GG. Behavioral and
biochemical manifestations of mecamylamine-precipitated nicotine
withdrawal in the rat: role of nicotinic receptors in the ventral tegmental area.
Neuropsychopharmacology 1999;21:560.

[37] Maskos U, Molles B, Pons S, Besson M, Guiard B, Guilloux J-P, et al. Nicotine
reinforcement and cognition restored by targeted expression of nicotinic
receptors. Nature 2005;436:103.

[38] Nisell M, Nomikos GG, Svensson TH. Infusion of nicotine in the ventral
tegmental area or the nucleus accumbens of the rat differentially affects
accumbal dopamine release. Basic Clin Pharmacol Toxicol 1994;75:348-52.

[39] Nisell M, Nomikos GG, Svensson TH. Systemic nicotine-induced dopamine
release in the rat nucleus accumbens is regulated by nicotinic receptors in the
ventral tegmental area. Synapse 1994;16:36-44.

[40] Fu Y, Matta S, Gao W, Sharp B. Local a-bungarotoxin-sensitive nicotinic
receptors in the nucleus accumbens modulate nicotine-stimulated dopamine
secretion in vivo. Neuroscience 2000;101:369-75.

[41] Mansvelder HD, Keath JR, McGehee DS. Synaptic mechanisms underlie
nicotine-induced excitability of brain reward areas. Neuron 2002;33:905-19.

[42] Pidoplichko VI, Noguchi ], Areola OO, Liang Y, Peterson ], Zhang T, et al.
Nicotinic cholinergic synaptic mechanisms in the ventral tegmental area
contribute to nicotine addiction. Learn Mem 2004;11:60-9.

[43] Crespo JA, Sturm K, Saria A, Zernig G. Activation of muscarinic and nicotinic
acetylcholine receptors in the nucleus accumbens core is necessary for the
acquisition of drug reinforcement. ] Neurosci 2006;26:6004-10.

[44] Meredith G. The synaptic framework for chemical signaling in nucleus
accumbens. Ann N Y Acad Sci 1999;877:140-56.

[45] De Rover M, Lodder JC, Kits KS, Schoffelmeer ANM, Brussaard AB. Cholinergic
modulation of nucleus accumbens medium spiny neurons. Eur J Neurosci
2002;16:2279-90.

[46] Korotkova TM, Eriksson KS, Haas HL, Brown RE. Selective excitation of
GABAergic neurons in the substantia nigra of the rat by orexin/hypocretin in
vitro. Regul Pept 2002;104:83-9.

[47] Korotkova TM, Sergeeva OA, Eriksson KS, Haas HL, Brown RE. Excitation of
ventral tegmental area dopaminergic and nondopaminergic neurons by
orexins/hypocretins. ] Neurosci 2003;23:7-11.

[48] Burdakov D, Liss B, Ashcroft FM. Orexin excites GABAergic neurons of the
arcuate nucleus by activating the sodium—calcium exchanger. ] Neurosci
2003;23:4951-7.

[49] Cachope R, Mateo Y, Mathur BN, Irving ], Wang HL, Morales M, et al. Selective
activation of cholinergic interneurons enhances accumbal phasic dopamine
release: setting the tone for reward processing. Cell Rep 2012;2:33-41.

[50] Wonnacott S, Kaiser S, Mogg A, Soliakov L, Jones IW. Presynaptic nicotinic
receptors modulating dopamine release in the rat striatum. Eur ] Pharmacol
2000;393:51-8.

[51] Carlezon Jr WA, Thomas M]J. Biological substrates of reward and aversion: a
nucleus accumbens activity hypothesis. Neuropharmacology 2009;56:122-
32.

[52] Hallett PJ, Spoelgen R, Hyman BT, Standaert DG, Dunah AW. Dopamine D1
activation potentiates striatal NMDA receptors by tyrosine phosphorylation-
dependent subunit trafficking. ] Neurosci 2006;26:4690-700.

[53] Sun X, Milovanovic M, Zhao Y, Wolf ME. Acute and chronic dopamine receptor
stimulation modulates AMPA receptor trafficking in nucleus accumbens
neurons cocultured with prefrontal cortex neurons. ] Neurosci 2008;28:4216-
30.

[54] Uchimura N, Higashi H, Nishi S. Membrane properties and synaptic responses
of the guinea pig nucleus accumbens neurons in vitro. ] Neurophysiol
1989;61:769-79.

[55] Pennartz CM, Boeijinga PH, da Silva FHL. Locally evoked potentials in slices of
the rat nucleus accumbens: NMDA and non-NMDA receptor mediated
components and modulation by GABA. Brain Res 1990;529:30-41.

[56] O'Donnell P, Grace AA. Physiological and morphological properties of
accumbens core and shell neurons recorded in vitro. Synapse 1993;13:135-
160.

[57] Fadel ], Deutch A. Anatomical substrates of orexin-dopamine interactions:
lateral hypothalamic projections to the ventral tegmental area. Neuroscience
2002;111:379-87.


http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0040
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0040
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0040
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0040
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0040
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0045
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0045
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0045
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0045
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0050
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0050
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0050
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0050
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0055
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0055
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0055
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0060
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0060
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0060
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0060
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0065
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0065
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0070
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0070
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0070
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0070
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0075
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0075
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0075
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0080
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0080
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0080
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0085
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0085
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0085
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0085
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0090
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0090
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0090
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0095
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0095
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0095
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0100
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0100
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0100
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0105
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0105
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0105
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0110
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0110
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0110
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0110
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0115
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0115
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0115
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0120
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0120
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0120
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0125
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0125
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0130
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0130
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0130
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0135
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0135
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0140
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0140
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0140
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0140
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0145
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0145
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0145
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0150
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0150
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0155
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0155
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0155
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0160
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0160
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0160
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0165
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0165
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0165
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0170
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0170
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0175
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0175
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0175
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0180
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0180
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0180
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0180
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0185
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0185
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0185
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0190
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0190
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0190
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0195
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0195
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0195
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0200
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0200
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0200
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0205
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0205
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0210
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0210
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0210
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0215
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0215
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0215
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0220
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0220
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0225
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0225
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0225
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0230
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0230
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0230
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0235
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0235
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0235
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0240
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0240
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0240
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0245
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0245
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0245
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0250
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0250
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0250
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0255
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0255
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0255
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0260
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0260
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0260
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0265
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0265
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0265
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0265
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0270
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0270
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0270
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0275
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0275
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0275
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0280
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0280
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0280
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0285
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0285
http://refhub.elsevier.com/S1734-1140(18)30413-4/sbref0285

	Orexin type-2 receptor blockade prevents the nicotine-induced excitation of nucleus accumbens core neurons in rats: An ele...
	Introduction
	Materials and methods
	Animals and surgical procedure
	Experimental designs
	Drugs administrations
	Histological verifications
	Statistical analysis

	Results
	Subcutaneous injection of nicotine excited the majority of NAcc neurons
	Intra-NAcc microinjection of TCS-OX2-29 prevented nicotine-induced excitation of NAcc neurons

	Discussion
	Declarations of interest
	Acknowledgements
	References


