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Abstract

It has been evident that the insular cortex (IC) is involved in formation
of nicotine addiction. However, its neural mechanisms remain largely unclear.
Therefore, we have recently investigated how activation of nicotinic acetylcholine
receptors (NnAChRs) affects synaptic activities such as synaptic transmission and
plasticity in layer 3, 5 and 6 (L3, L5 and L6, respectively) pyramidal cells (PCs)
of the IC in mice. Furthermore, we investigated which cell types have functional
nicotinic receptors in L3, L5 and L6 of the IC. We have found that activation
of nicotinic receptors layer-dependently modulates synaptic transmission and
plasticity in L3, L5 and L6 PCs of the mouse IC. In this short review, I describe
our experimental evidence which may contribute to neuronal mechanisms for
addiction to tobacco smoking.
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Introduction

'The insular cortex (IC) plays a number of roles including processing of visceral
and somatosensory inputs, craving, olfaction, language, audition, motivation and
emotions [1-3]. It has recently been accepted that the IC is a pivotal brain area,
which is responsible for nicotine addiction [4, 5]. In a human study, it has been
shown that smokers with ischemic damage to the insula were able to easily stop
smoking without relapse or cravings [6]. In previous studies using rats, it has been
demonstrated that pharmacological inactivation of the agranular and granular IC
and electrical stimulation of the insular region attenuated nicotine self-taking
and reinstatement of nicotine seeking [7, 8]. However, synaptic and cellular
mechanisms in the IC, which are associated with addiction to nicotine, have not
been examined.

Nicotinic receptors are cholinergic receptors that form ligand-gated ion
channels. The neuronal subtypes are homomeric or heteromeric combinations
of twelve different nicotinic receptor subunits (¢2-010 and B2-B4) [9]. In the
cerebral cortex of mice and rats, #4p2 and a7 nicotinic receptors are predominantly
present [10]. The cholinergic system in the prefrontal cortex (PFC) plays a role
in memory and cognition. Thus, the roles of nicotinic receptors in synaptic
activities have been well investigated in the PFC [11-14]. In L3 and L6 of the
mouse PFC, excitatory synaptic inputs are not affected by activation of nicotinic
receptors [14] whereas those to L5 PCs are increased by activation of B2 nicotinic
receptors, presumably via thalamocortical inputs [14, 15]. On the other hand,
nicotinic receptor activation enhances GABAergic synaptic transmission in L3
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and L5 PCs of the mouse PFC [14, 16] while it has almost
no effect on GABAergic synaptic transmission in L6 PCs
[14]. In addition, an application of nicotine depresses spike-
timing-dependent plasticity (STDP) in L3 and L5 PCs of the
mouse PFC, although it facilitates STDP in L6 PCs [12, 14,
16, 17]. Thus, in the mouse PFC, a layer-specific expression
of nAChRs would be related with a layer-specific alteration
of synaptic activities in PCs [11]. However, there was no
information about how activation of nicotinic receptors affects
synaptic activities in the IC.

Layer-dependent modulation of synaptic transmission by
nicotinic receptors in the mouse IC

It has been demonstrated that a majority of L2/3 PCs in
the PFC, visual cortex, somatosensory cortex and motor cortex
do not have functional nicotinic receptors [14, 18-20]. In
agreement with these findings, most of L3 PCs in the IC (26
of 29 cells, 90%) did not have functional nicotinic receptors
(Figure 1) [21]. Indeed, glutamatergic synaptic transmission
in L3 PCs of the IC was not affected by nicotinic receptor
activation [21]. In L3 of the IC, an about half of fast-spiking
interneurons (6 of 11 cells, 55%) expressed o7 nicotinic
receptors and most of non-fast-spiking interneurons expressed
a7 and/or B2 nicotinic receptors (a7/p2: 11 of 28 cells; 39%,
a7: 5 of 28 cells; 18%, B2: 10 of 28 cells; 36%, Figure 1) [21].
These results are comparable to those obtained from L2/3
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Figure 1: Distribution of nicotinic receptors in L3, L5 and L6 of the
mouse IC.

L3 PCs have no functional nicotinic receptors. Nearly half of L5 PCs
express functional o7 nicotinic receptors. L6 PCs have functional B2
nicotinic receptors. Glutamatergic inputs to L5 PCs are modulated by
B2 nicotinic receptors that are presumably expressed in thalamocortical
fibers. Glutamatergic inputs onto L6 PCs are modulated by B2 nicotinic
receptors. GABAergic inputs onto L3, L5 and L6 PCs are modulated
largely by B2 nicotinic receptors expressed in non-fast-spiking interneurons
and to a minor extent by a7 nicotinic receptors expressed in fast-spiking
and non-fast-spiking interneurons. P, PCs; FS, fast-spiking interneurons;
NEFS, non-fast-spiking interneurons.

of the mouse PFC [14, 16]. Consistent with these findings,
the enhanced GABAergic synaptic transmission in L3 PCs
of the IC caused by nicotinic receptor activation was largely
abolished by DHBE (dihydro-B-erythroidine hydrobromide,
an antagonist of B2 nicotinic receptors) and was moderately
abolished by MLA (methyllycaconitine citrate, an antagonist
of 07 nicotinic receptors) [21].

It has been reported that L5 PCs of the PFC and
hippocampal CA1 PCs have functional nicotinic receptors
[14,22], although L5 PCs of the visual cortex, somatosensory
cortex and motor cortex do not have functional nicotinic
receptors [18-20]. Consistent with the former observation, we
found that an about half of L5 PCs (27 of 54 cells, 54%) had
a7 nicotinic receptors in the mouse IC (Figure 1) [23]. This
observation may indicate that application of nicotine directly
enhances excitatory synaptic transmission in L5 PCs via
postsynaptic a7 nicotinic receptors. However, our data showed
that spontaneous excitatory postsynaptic currents (sEPSCs)
in L5 PCs of the mouse IC were not blocked by MLA but
were abolished by DHPE, revealing that the excitatory
synaptic transmission in L5 PCs of the mouse IC is enhanced
by activation of B2 nicotinic receptors but not o7 nicotinic
receptors [23]. This observation suggests that a7 nicotinic
receptors are not activated by the relatively slow increases
in concentrations of ACh (bath application) [14]. The IC
receives afferent inputs from nuclei of the thalamus [24], and
neuronal nicotinic receptor subunit mRNAs of 04 and B2 are
strongly expressed in the thalamic nuclei and thalamocortical
fibers [25]. Therefore, it is likely that activation of B2 nicotinic
receptors located in thalamocortical axon terminals within the
IC increases release of glutamate [15]. In L5 of the mouse
PFC, distinct subtypes of interneurons have several types of
nicotinic receptors: an about half of fast-spiking interneurons
express 07 nicotinic receptors, and a majority of non-fast-
spiking interneurons, such as low-threshold spiking neurons
and regular-spiking non-pyramidal neurons, express a7 and/
or B2 nicotinic receptors [14, 16]. In L5 of the mouse IC, a
majority of non-fast-spiking interneurons (22 of 30 cells,
73%) expressed B2 nicotinic receptors while a minority of
non-fast-spiking interneurons (1 of 30 cells, 3%) and an about
half of fast-spiking interneurons (6 of 13 cells, 46%) expressed
a7 nicotinic receptors (Figure 1) [23]. It has been shown that
GABAergic synaptic transmission in L5 PCs of the PFC was
remarkably augmented by activation of nicotinic receptors
[14, 16]. Consistent with these findings, GABAergic synaptic
transmission in L5 PCs of the mouse IC was markedly
enhanced by activation of nicotinic receptors, predominantly
through activation of B2 nicotinic receptors and to a small
extent through activation of a7 nicotinic receptors [23].
'This enhancing effect of nicotinic receptors on GABAergic
synaptic transmission is likely to be mediated by B2 nicotinic
receptors in non-fast-spiking interneurons.

Unlike L3 and L5 PCs, a majority of L6 PCs (19 of 21
cells, 90%) in the mouse IC expressed functional 2 nicotinic
receptors (Figure 1) [21]. These results are similar to those found
in L6 PCs of the PFC [14, 26]. Consistent with the expression
of B2 nicotinic receptors, excitatory synaptic transmission in L6

PCs of the IC was abolished by DHBE [21]. It is believed that
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L6 PCs in the neocortex receive sparse but potent excitatory
inputs from within layer 6 as well as from other cortical layers
[27]. Thus, it is indicated that the enhancement of excitatory
synaptic inputs to L6 PCs by nicotinic receptor activation is
brought about by excitatory inputs from neighboring PCs
within L6 as well as those from L5 PCs.In L6 of the mouse IC,
an about half of fast-spiking interneurons (4 of 10 cells, 40%)
expressed functional a7 nicotinic receptors and a majority of
non-fast-spiking interneurons (18 of 21 cells, 86%) expressed
B2 nicotinic receptors (Figure 1) [21]. The GABAergic
synaptic transmission in L6 PCs of the IC was augmented
by activation of B2 nicotinic receptors. These observations
suggest that the enhanced GABAergic synaptic transmission
is mediated by activation of B2 nicotinic receptors in non-fast-
spiking interneurons [21].

Layer-dependent modulation of synaptic potentiation by
nicotinic receptors in the mouse insular cortex

InL2/3 and L5 PCsof the mouse PFC, GABAergic synaptic
transmission is enhanced and the STDP is reduced by activation
of nicotinic receptors on GABAergic interneurons [12, 16,
17]. In human and mouse L.2/3 PCs of the PFC, activation of
nicotinic receptors on GABAergic interneurons by cholinergic
basal forebrain inputs depresses the STDP [12]. In L5 PCs
of the PFC, activation of nicotinic receptors on GABAergic
interneurons increases inhibitory synaptic transmission and
depresses the activity of L5 PCs, thereby suppressing the STDP
[16,17] via reducing dendritic calcium signals [16]. Consistent
with these observations, activation of nicotinic receptors
suppressed synaptic potentiation that was induced by the paired
training (80 stimuli to presynaptic terminals at 2 Hz together
with depolarization at +30 mV at postsynaptic cells) in L3 PCs
of the mouse IC (Figure 2A) [21]. In several brain regions, it
has been demonstrated that GABAergic inhibition is enhanced
through activation of nicotinic receptors [18, 28, 29]. In the
CA1 region of the hippocampus, activation of GABAergic
interneurons by nicotine prevented or diminished synaptic
potentiation in PCs [22]. Thus, it is likely that activation of
nicotinic receptor-expressing GABAergic interneurons located
in L3 suppresses synaptic potentiation in L3 PCs through
enhancing its threshold. There is also a possibility that nicotinic
receptor-expressing GABAergic interneurons located in other
cortical layers project onto L3 PCs [27], and depresses synaptic
potentiation in L3 PCs. Moreover, nicotinic receptor-expressing
PCs located in L5 may activate GABAergic interneurons
located in L3 to suppress synaptic potentiation in L3 PCs.
Similar to L3 PCs, activation of nicotinic receptors suppressed
synaptic potentiation induced by the paired training in L5 PCs
of the mouse IC, through enhancing GABAergic synaptic
transmission (Figure 2B) [23]. In L3 and L5 PCs of the IC,
GABAergic inhibition would be enhanced through activation
of nicotinic receptors, thereby inhibiting synaptic potentiation.

As opposed to L3 and L5 PCs, activation of nicotine
augmented synaptic potentiation in L6 PCs of the mouse
IC (Figure 2C) [21]. The facilitatory effects of nicotinic
receptors on synaptic potentiation were totally blocked by
DHBE, suggesting an involvement of 2 nicotinic receptors
[21]. This result was consistent with the findings obtained

in the mouse and human PFC [12]. In the rat entorhinal
cortex, it has been shown that nicotine enhanced synaptic
transmission and plasticity in L6 PCs by acting on non-a7
subtype nicotinic receptors, most likely B2 subtype nicotinic
receptors [30]. In L6 of the PFC, endogenous ACh enhances
synaptic potentiation of glutamatergic synapses by activating
heteromeric postsynaptic nicotinic receptors containing B2
and a5 subunits [12]. In the future study, it would be necessary
to investigate whether a5 nicotinic receptors are present in
L6 PCs of the IC, and if this is the case, how a5 nicotinic
receptors modulate synaptic activities in L6 PCs of the IC.
Taken together, our data indicate that in distinct layers of the
IC, the activity of PCs is oppositely regulated by activation of
nicotinic receptors either located on presynaptic GABAergic
interneurons located on L3 and L5 or on the dendrites in the

L6 PCs.
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Figure 2: Roles of nicotinic receptors in synaptic potentiation in L3, L5
and L6 of the mouse IC.

(A and B) When LTP-inducing stimuli are applied to L3 in the presence of
nicotine, synaptic potentiation in L3 or L5 PCs is suppressed by activation
of B2 nicotinic receptors expressed in non-fast-spiking interneurons. (C)
When LTP-inducing stimuli are applied to L6 in the presence of nicotine,
synaptic potentiation in L6 PCs is enhanced by activation of postsynaptic
B2 nicotinic receptors. P, PCs; FS, fast-spiking interneurons; NFS, non-

fast-spiking interneurons.
N J

Conclusion

Our data revealed the roles of nicotinic receptors in
modulating synaptic activities including synaptic transmission
and potentiation in L3, L5 and L6 PCs of the IC in mice [21,
23]. However, it remains unclear how these layer-dependent
modulation of synaptic activities by nicotinic receptors
is involved in nicotine addiction. It is likely that nicotine
modulates local neural circuits within the IC, thereby affecting
various cognitive and sensory functions including interoceptive
awareness, taste perception/memory, attention and pain
processing [1-3]. Future studies regarding the layer-dependent
modulation of synaptic activities by nicotinic receptors and its
behavioral relationship would be important to understand the
neuronal mechanisms for nicotine addiction.

Conflict of Interest

The author declares no conflict of interests.

Journal of Reward Deficiency Syndrome and Addiction Science | Volume 4 Issue 1,2018

11



Layer-Dependent Modulation of Mouse Insular Synaptic Activities by Nicotinic
Acetylcholine Receptors

Toyoda.

References

1. Nieuwenhuys R. 2012. The insular cortex: a review. Prog Brain Res 195:
123-163. https://doi.org/10.1016/B978-0-444-53860-4.00007-6

2. Gal-Ben-Ari S, Rosenblum K. 2012. Molecular mechanisms underlying
memory consolidation of taste information in the cortex. Front Behav
Neurosci 5: 87. https://dx.doi.org/10.3389/fnbeh.2011.00087

3. Craig AD.2009. How do you feel--now? The anterior insula and human
awareness. Nat Rev Neurosci 10(1): 59-70. https://doi.org/10.1038/
nrn2555

4. Naqvi NH, Gaznick N, Tranel D, Bechara A.2014. The insula: a critical

10.

11.

12.

13.

14.

15.

neural substrate for craving and drug seeking under conflict and risk.
Ann NY Acad Sci 1316: 53-70. https://doi.org/10.1111/nyas. 12415

Naqvi NH, Bechara A. 2010. The insula and drug addiction: an
interoceptive view of pleasure, urges, and decision-making. Brain Struct
Funct 214(5-6): 435-450. https://doi.org/10.1007/500429-010-0268-7

Nagqvi NH, Rudrauf D, Damasio H, Bechara A. 2007. Damage to the
insula disrupts addiction to cigarette smoking. Science 315(5811): 531-
534. https://doi.org/10.1126/science.1135926

Forget B, Pushparaj A, Le Foll B. 2010. Granular insular cortex
inactivation as a novel therapeutic strategy for nicotine addiction.
Biol  Psychiatry ~ 68(3):  265-271.  https://doi.org/10.1016/j.
biopsych.2010.01.029

Pushparaj A, Kim AS, Musiol M, Trigo JM, Le Foll B. 2015.
Involvement of the rostral agranular insular cortex in nicotine self-
administration in rats. Bebav Brain Res 290: 77-83. https://doi.
0rg/10.1016/j.bbr.2015.04.039

Dani JA. 2001. Overview of nicotinic receptors and their roles in the
central nervous system. Bio/ Psychiatry 49(3): 166-174. https://doi.
org/10.1016/50006-3223(00)01011-8

Metherate R. 2004. Nicotinic acetylcholine receptors in sensory cortex.
Learn Mem 11(1): 50-59.

Obermayer J, Verhoog MB, Luchicchi A, Mansvelder HD. 2017.
Cholinergic modulation of cortical microcircuits is layer-specific:
evidence from rodent, monkey and human brain. Front Neural Circuits
11: 100. https://doi.org/10.3389/fncir.2017.00100

Verhoog MB, Obermayer J, Kortleven CA, Wilbers R, Wester J, et al.
2016. Layer-specific cholinergic control of human and mouse cortical
synaptic plasticity. Naz Commun 7: 12826. https://doi.org/10.1038/
ncomms12826

Poorthuis RB, Mansvelder HD. 2013. Nicotinic acetylcholine receptors
controlling attention: behavior, circuits and sensitivity to disruption
by nicotine. Biochemn Pharmacol 86(8): 1089-1098. https://doi.
01g/10.1016/j.bep.2013.07.003

Poorthuis RB, Bloem B, Schak B, Wester ], de Kock CP, et al. 2013.
Layer-specific modulation of the prefrontal cortex by nicotinic
acetylcholine receptors. Cereb Cortex 23(1): 148-161. https://doi.
org/10.1093/cercor/bhr390

Lambe EK, Picciotto MR, Aghajanian GK. 2003. Nicotine induces
glutamate release from thalamocortical terminals in prefrontal cortex.
Neuropsychopharmacology  28(2):  216-225. https://doi.org/10.1038/
sj.npp.1300032

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Couey JJ, Meredith RM, Spijker S, Poorthuis RB, Smit AB, et al. 2007.
Distributed network actions by nicotine increase the threshold for
spike-timing-dependent plasticity in prefrontal cortex. Neuron 54(1):
73-87. https://doi.org/10.1016/j.neuron.2007.03.006

Goriounova NA, Mansvelder HD. 2012. Nicotine exposure during
adolescence leads to short- and long-term changes in spike timing-
dependent plasticity in rat prefrontal cortex. J Neurosci 32(31): 10484-
10493. https://doi.org/10.1523/]NEUROSCI.5502-11.2012v

Gulledge AT, Park SB, Kawaguchi Y, Stuart GJ. 2007. Heterogeneity of
phasic cholinergic signaling in neocortical neurons. ] Neurophysiol 97(3):
2215-2229. https://doi.org/10.1152/in.00493.2006

Nicoll A, Kim HG, Connors BW. 1996. Laminar origins of inhibitory
synaptic inputs to pyramidal neurons of the rat neocortex. J Physiol
497(Pt 1): 109-117.

Porter JT, Cauli B, Tsuzuki K, Lambolez B, Rossier J, et al. 1999.
Selective excitation of subtypes of neocortical interneurons by nicotinic
receptors. J Neurosci 19(13): 5228-5235. https://doi.org/10.1523/
JNEUROSCI.19-13-05228.1999

Toyoda H. 2018. Nicotinic activity layer specifically modulates synaptic
potentiation in the mouse insular cortex. Eur J Neurosci (In Press).
https://doi.org/10.1111/ejn.13857

Ji D, Lape R, Dani JA. 2001. Timing and location of nicotinic activity
enhances or depresses hippocampal synaptic plasticity. Neuron 31(1):
131-141. https://doi.org/10.1016/50896-6273(01)00332-4

Sato H, Kawano T, Yin DX, Kato T, Toyoda H. 2017. Nicotinic activity
depresses synaptic potentiation in layer V pyramidal neurons of mouse
insular cortex. Newuroscience 358: 13-27. https://doi.org/10.1016/j.
neuroscience.2017.06.031

Cechetto DF, Saper CB. 1987. Evidence for a viscerotopic sensory
representation in the cortex and thalamus in the rat. J Comp Neurol
262(1): 27-45. https://doi.org/10.1002/cne.902620104

Wada E, Wada K, Boulter ], Deneris E, Heinemann S, et al. 1989.
Distribution of alpha 2, alpha 3, alpha 4, and beta 2 neuronal nicotinic
receptor subunit mRNAs in the central nervous system: a hybridization
histochemical study in the rat. J Comp Neurol 284(2): 314-335. https://
doi.org/10.1002/cne.902840212

Kassam SM, Herman PM, Goodfellow NM, Alves NC, Lambe EK.
2008. Developmental excitation of corticothalamic neurons by nicotinic
acetylcholine receptors. J Neurosci 28(35): 8756-8764. https://doi.
org/10.1523/JNEUROSCI.2645-08.2008

Thomson AM. 2010. Neocortical layer 6, a review. Front Neuroanat 4:
13. https://dx.doi.org/10.3389%2Ffnana.2010.00013

Alkondon M, Pereira EF, Barbosa CT, Albuquerque EX. 1997.
Neuronal nicotinic acetylcholine receptor activation modulates gamma-
aminobutyric acid release from CA1 neurons of rat hippocampal slices.

J Pharmacol Exp Ther 283(3): 1396-1411.

Mansvelder HD, Keath JR, McGehee DS. 2002. Synaptic mechanisms
underlie nicotine-induced excitability of brain reward areas. Neuron
33(6): 905-919. https://doi.org/10.1016/50896-6273(02)00625-6

Tu B, Gu Z, Shen JX, Lamb PW, Yakel JL. 2009. Characterization
of a nicotine-sensitive neuronal population in rat entorhinal
cortex. J Neurosci 29(33): 10436-10448. https://doi.org/10.1523/
JNEUROSCI.2580-09.2009

Journal of Reward Deficiency Syndrome and Addiction Science | Volume 4 Issue 1,2018

12


https://www.ncbi.nlm.nih.gov/pubmed/22230626
https://www.ncbi.nlm.nih.gov/pubmed/22230626
https://doi.org/10.1016/B978-0-444-53860-4.00007-6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3251832/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3251832/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3251832/
https://www.ncbi.nlm.nih.gov/pubmed/19096369.
https://www.ncbi.nlm.nih.gov/pubmed/19096369.
https://doi.org/10.1038/nrn2555
https://doi.org/10.1038/nrn2555
https://www.ncbi.nlm.nih.gov/pubmed/24690001
https://www.ncbi.nlm.nih.gov/pubmed/24690001
https://www.ncbi.nlm.nih.gov/pubmed/24690001
https://doi.org/10.1111/nyas.12415
https://www.ncbi.nlm.nih.gov/pubmed/20512364
https://www.ncbi.nlm.nih.gov/pubmed/20512364
https://www.ncbi.nlm.nih.gov/pubmed/20512364
https://doi.org/10.1007/s00429-010-0268-7
https://www.ncbi.nlm.nih.gov/pubmed/17255515
https://www.ncbi.nlm.nih.gov/pubmed/17255515
https://www.ncbi.nlm.nih.gov/pubmed/17255515
https://doi.org/10.1126/science.1135926
https://www.ncbi.nlm.nih.gov/pubmed/20299008
https://www.ncbi.nlm.nih.gov/pubmed/20299008
https://www.ncbi.nlm.nih.gov/pubmed/20299008
https://doi.org/10.1016/j.biopsych.2010.01.029
https://doi.org/10.1016/j.biopsych.2010.01.029
https://www.ncbi.nlm.nih.gov/pubmed/25934486
https://www.ncbi.nlm.nih.gov/pubmed/25934486
https://www.ncbi.nlm.nih.gov/pubmed/25934486
https://doi.org/10.1016/j.bbr.2015.04.039
https://doi.org/10.1016/j.bbr.2015.04.039
https://www.ncbi.nlm.nih.gov/pubmed/11230867
https://www.ncbi.nlm.nih.gov/pubmed/11230867
https://doi.org/10.1016/S0006-3223(00)01011-8
https://doi.org/10.1016/S0006-3223(00)01011-8
https://www.ncbi.nlm.nih.gov/pubmed/14747517
https://www.ncbi.nlm.nih.gov/pubmed/14747517
https://www.ncbi.nlm.nih.gov/pubmed/29276477
https://www.ncbi.nlm.nih.gov/pubmed/29276477
https://www.ncbi.nlm.nih.gov/pubmed/29276477
https://www.ncbi.nlm.nih.gov/pubmed/29276477
https://doi.org/10.3389/fncir.2017.00100
https://www.ncbi.nlm.nih.gov/pubmed/27604129
https://www.ncbi.nlm.nih.gov/pubmed/27604129
https://www.ncbi.nlm.nih.gov/pubmed/27604129
https://doi.org/10.1038/ncomms12826
https://doi.org/10.1038/ncomms12826
https://www.ncbi.nlm.nih.gov/pubmed/23856288
https://www.ncbi.nlm.nih.gov/pubmed/23856288
https://www.ncbi.nlm.nih.gov/pubmed/23856288
https://doi.org/10.1016/j.bcp.2013.07.003
https://doi.org/10.1016/j.bcp.2013.07.003
https://www.ncbi.nlm.nih.gov/pubmed/22291029
https://www.ncbi.nlm.nih.gov/pubmed/22291029
https://www.ncbi.nlm.nih.gov/pubmed/22291029
https://doi.org/10.1093/cercor/bhr390
https://doi.org/10.1093/cercor/bhr390
https://www.ncbi.nlm.nih.gov/pubmed/12589374
https://www.ncbi.nlm.nih.gov/pubmed/12589374
https://www.ncbi.nlm.nih.gov/pubmed/12589374
https://doi.org/10.1038/sj.npp.1300032
https://doi.org/10.1038/sj.npp.1300032
https://www.ncbi.nlm.nih.gov/pubmed/17408579
https://www.ncbi.nlm.nih.gov/pubmed/17408579
https://www.ncbi.nlm.nih.gov/pubmed/17408579
https://www.ncbi.nlm.nih.gov/pubmed/17408579
https://doi.org/10.1016/j.neuron.2007.03.006
https://www.ncbi.nlm.nih.gov/pubmed/22855798
https://www.ncbi.nlm.nih.gov/pubmed/22855798
https://www.ncbi.nlm.nih.gov/pubmed/22855798
https://www.ncbi.nlm.nih.gov/pubmed/22855798
https://doi.org/10.1523/JNEUROSCI.5502-11.2012v
https://www.ncbi.nlm.nih.gov/pubmed/17122323
https://www.ncbi.nlm.nih.gov/pubmed/17122323
https://www.ncbi.nlm.nih.gov/pubmed/17122323
https://doi.org/10.1152/jn.00493.2006
https://www.ncbi.nlm.nih.gov/pubmed/8951715
https://www.ncbi.nlm.nih.gov/pubmed/8951715
https://www.ncbi.nlm.nih.gov/pubmed/8951715
http://www.jneurosci.org/content/19/13/5228
http://www.jneurosci.org/content/19/13/5228
http://www.jneurosci.org/content/19/13/5228
https://doi.org/10.1523/JNEUROSCI.19-13-05228.1999
https://doi.org/10.1523/JNEUROSCI.19-13-05228.1999
https://www.ncbi.nlm.nih.gov/pubmed/29405451
https://www.ncbi.nlm.nih.gov/pubmed/29405451
https://doi.org/10.1111/ejn.13857
https://www.ncbi.nlm.nih.gov/pubmed/11498056
https://www.ncbi.nlm.nih.gov/pubmed/11498056
https://www.ncbi.nlm.nih.gov/pubmed/11498056
https://doi.org/10.1016/S0896-6273(01)00332-4
https://www.ncbi.nlm.nih.gov/pubmed/28663092
https://www.ncbi.nlm.nih.gov/pubmed/28663092
https://www.ncbi.nlm.nih.gov/pubmed/28663092
https://doi.org/10.1016/j.neuroscience.2017.06.031
https://doi.org/10.1016/j.neuroscience.2017.06.031
https://www.ncbi.nlm.nih.gov/pubmed/2442207
https://www.ncbi.nlm.nih.gov/pubmed/2442207
https://www.ncbi.nlm.nih.gov/pubmed/2442207
https://doi.org/10.1002/cne.902620104
https://www.ncbi.nlm.nih.gov/pubmed/2754038
https://www.ncbi.nlm.nih.gov/pubmed/2754038
https://www.ncbi.nlm.nih.gov/pubmed/2754038
https://www.ncbi.nlm.nih.gov/pubmed/2754038
https://doi.org/10.1002/cne.902840212
https://doi.org/10.1002/cne.902840212
http://www.jneurosci.org/content/28/35/8756
http://www.jneurosci.org/content/28/35/8756
http://www.jneurosci.org/content/28/35/8756
https://doi.org/10.1523/JNEUROSCI.2645-08.2008
https://doi.org/10.1523/JNEUROSCI.2645-08.2008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2885865/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2885865/
https://dx.doi.org/10.3389%2Ffnana.2010.00013
https://www.ncbi.nlm.nih.gov/pubmed/9400016
https://www.ncbi.nlm.nih.gov/pubmed/9400016
https://www.ncbi.nlm.nih.gov/pubmed/9400016
https://www.ncbi.nlm.nih.gov/pubmed/9400016
https://www.ncbi.nlm.nih.gov/pubmed/11906697
https://www.ncbi.nlm.nih.gov/pubmed/11906697
https://www.ncbi.nlm.nih.gov/pubmed/11906697
https://doi.org/10.1016/S0896-6273(02)00625-6
https://www.ncbi.nlm.nih.gov/pubmed/19692619
https://www.ncbi.nlm.nih.gov/pubmed/19692619
https://www.ncbi.nlm.nih.gov/pubmed/19692619
https://doi.org/10.1523/JNEUROSCI.2580-09.2009
https://doi.org/10.1523/JNEUROSCI.2580-09.2009

	Layer-Dependent Modulation of Mouse Insular Synaptic Activities by Nicotinic Acetylcholine Receptors
	Abstract
	Keywords
	Introduction
	Layer-dependent modulation of synaptic transmission by nicotinic receptors in the mouse IC
	Layer-dependent modulation of synaptic potentiation by nicotinic receptors in the mouse insular cort

	Conclusion
	Conflict of Interest
	References
	Figure 1
	Figure 2


