
Int J Clin Exp Med 2016;9(6):9752-9758
www.ijcem.com /ISSN:1940-5901/IJCEM0026065

Review Article
CeA-RVMM serotonergic circuits and sudden  
unexpected death in epilepsy

Bao-Wen Liu1, Zhi-Gang He1, Sai-E Shen2, Hong-Bing Xiang1

1Department of Anesthesiology and Pain Medicine, Tongji Hospital of Tongji Medical College, Huazhong Univer-
sity of Science and Technology, Wuhan 430030, Hubei, China; 2Department of Anesthesiology, Xinhua Hospital, 
Shanghai Jiaotong University School of Medicine, Shanghai, China

Received February 16, 2016; Accepted March 3, 2016; Epub June 15, 2016; Published June 30, 2016

Abstract: Consensus exists on the importance of neural circuit in affecting the clinical outcome after sudden un-
expected death in epilepsy (SUDEP). There is growing evidence that the serotonergic neuronal networks have a 
well-established role in SUDEP. Much progress has been made in our understanding of SUDEP since the seminal 
experiments of neural circuits. Future studies are that CeM-RVMM serotonergic circuits are poised to integrate 
multiple synaptic inputs from various sources thought to influence sudden unexpected death in epilepsy by mela-
nocortinergic signaling.
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Introduction

Knowledge on the neural circuit bases of refrac-
tory epilepsy can help us to explain many mech-
anisms associated with the epileptic seizure 
phenomena, e.g., sudden unexpected death in 
epilepsy (SUDEP), representing the main cau- 
se of death in patients with drug/treatment-
refractory epilepsy. For more than two decades, 
the epilepsy community had puzzled over what 
we now call SUDEP, and these researches-
seemed to have been lively productive, given 
that a PubMed search using the sudden unex-
pected death in epilepsy keywords returns 597 
results (as of May 5, 2015) with a steadily 
increasing number of papers. One result of 
these interesting discoveries is animportant 
discussion that the main pathophysiology of 
SUDEP may be directly or indirectly involved in 
neural circuit which has to be looked for in the 
autonomic nervous system.These contempla-
tions have witnessed an explosion in the scien-
tific recognition of serotonergic circuitry 
involved in SUDEP [1, 2].

SUDEP and serotonergic circuitry

There is growing evidence that the serotonergic 
neuronal networks have a well-established role 

in SUDEP [3-6]. The serotonin system modu-
lates key behaviors related to locomotory cir-
cuit in vertebrates, for instance, sensory-medi-
ated locomotory behaviors [7]. It has been well 
established that 5-HT is released during sei-
zures and postictal depression [8]. Many 
reports have indicated that the serotonergic 
dysfunction involves in the control of breathing 
[9-12]. In the study of Massey et al, there exist 
a consistent idea between a role for 5-HT dys-
function in SUDEP and the known critical role of 
5-HT in control of breathing [13].

Animal studies support the notion that function-
al impairment of serotonergic neurons seems 
to be important in the pathophysiology of 
SUDEP [1]. Translational research in animal 
models has identified that the serotonergic 
neuronal network of the brainstem may share a 
common final pathway of SUDEP and sudden 
infant death syndrome (SIDS) [6, 14]. DBA/2 
mice are well known to propose as a SUDEP 
model exhibiting audiogenic seizures-induced 
respiratory arrest which implicated in human 
SUDEP. A study of Tupal et al evaluated the 
effects of serotonin antagonist cyproheptadin-
eand a selective serotonin reuptake inhibitor 
(SSRI) fluoxetine on respiratory arrest incidence 
in DBA/2 mice, and indicated that fluoxetine 
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decreased respiratory arrestand did not elimi-
nate seizure severity, supportingthe use of 
serotonin antagonists for SUDEP prevention 
[6]. 5-HT2C receptors widely expressed 
throughout the CNS have been believed to 
mediate numerous actions of serotoninin brain 
and spinal cord. Tecott et al reported that 
5-HT2C receptor-deficient mice are prone to 
seizures-induced spontaneous death, suggest-
ing that 5-HT2C receptors regulate tonic inhibi-
tion of serotonergic signaling excitability [14]. 
Faingold et al reported differential effects of 
serotonergic drugs on seizure-induced respira-
tory arrest in DBA/1 mice, and indicated that 
certain drugs that enhance the activation of 
5-HT receptors, e.g. a selective 5-HT reuptake 
inhibitor (SSRI) fluvoxamine, are able to prevent 
seizure-induced respiratory arrest [4]. Other- 
wise, considering that KCNQ (Kv7) channels are 
downstream effectors of serotonergic modula-
tion for breathing, and dysfunctions of KCNQ 
(Kv7) channels may be one cause for epilepsy 
and respiratory problems associated with 
SUDEP, Mulkey et al proposed that KCNQ (Kv7) 
channels represent useful therapeutic targets 
for the treatment of respiratory control disor-
ders [15]. These data are important towards 
delineating the role of the serotonergic circuitry 
in modulation of SUDEP.

Serotonergic microcircuits in the amygdala

Pharmaco behavioral studies in experimental 
animals support the notion that the amygdala 
is a core component of neural circuits that 
mediate processing ofrefractory epilepsy. Since 
Munkenbeck et al reported a suppressive role 
of serotonergic mechanisms in the develop-
ment of amygdaloid-kindled seizures in 1982 
[16], consensus existed on the serotonergic 
microcircuits in the amygdala. It has become 
increasingly clear that the amygdala is a hetero-
geneous structure which plays a key role in the 
processing of epilepsy [17, 18]. 5-HT has been 
rendered to neural plasticity in adulthood impli-
cated in sudden infant death syndrome [19, 
20]. Morphological and functional studies have 
yielded strong evidence that different subre-
gions of the amygdala subserve certain func-
tions. First, lateral amygdala (LA) is believed to 
be gatekeeper receiving external sensory input, 
and different information arising from LA and 
hippocampus further transferto the basolateral 
nucleus of amygdala (BLA) [21]. Second, neu-

rons from LA and BLA send highly processed 
projection to the central nucleus of amygdala 
(CeA), which is a major endocrine and autono-
mous output station of the amygdala to send 
axons to the hypothalamus and brainstem [22].
Findings in experimental animals rendered that 
the serotonin receptors 1A (5-HT1A), 2C 
(5-HT2C) and 3 (5-HT3) were observed in the 
LA and BLA [23, 24]. A study of Smith et al indi-
cated that the dorsal raphe nucleus sent dense 
serotonergic projections to neurons in LA and 
BLA for the regulation of adequate autono-
mous, emotional and behavioral reactions [25, 
26]. Petrov et al observed that 5-HT release in 
the CeA was been positively correlated with the 
dorsal raphe nucleuswhich providesserotoner-
gic innervation to the CeA [27]. Akmaev et al 
reported thatCeA received serotonergic infor-
mation via LA and BLA from wide range of corti-
cal and subcortical structures [28]. Asan et al 
reported that serotonergic alterations in amyg-
dala responsivity, focusing particularly on the 
extensively studied neural circuits which are 
involved in LA and BLA, were found in neuropsy-
chiatric disorders [29]. Mo et al reported that 
serotonergic activity in CeA was mediated by 
corticotropin-releasing factor involved in initiat-
ing stress responses [30]. Therefore, there 
exist LA-BLA-CeA serotonergic microcircuits in 
the amygdala complex. These findings indicat-
ed interactionsof the serotonergic signaling 
with amygdaloid microcircuits of significant 
interest implicated in various functions in the 
CNS.

Our research data about serotonergic and 
melanocortinergic signaling in pons and 
medulla

Though without the complete elucidation of the 
complex neurocircuitry underlying the seroto-
nergic control of MC4R functions, findings in 
experimental animals indicate that serotoner-
gic pathway is tightly linked to melanocortiner-
gic signaling [31-33]. Recently, our previous 
studies suggested that the CeA may involve in 
SUDEP by melanocortinergic signaling [34-36]. 
In this context, our lab contributed to reveal 
and elucidate different distribution of seroto-
nergic and melanocortinergic signaling in pons 
and medullain particular reporting co-localiza-
tion in the autonomic nervous system by using 
retrograde transsynaptic tracer PRV-614 [37-
44]. Since there is no evidence that the motor 
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and parasympathetic nerve provide any inner-
vations ofthe kidney, it has become a model 
system in which to study sympathetic pathway.
Thus, neurons in pons and medulla were infect-
ed with PRV-614 injection into the kidney via 
the sympathetic nerve.Neuronal tryptophan 
hydroxylase (TPH) is the rate-limiting enzyme in 
the synthesis of 5-HT in the CNS, and has been 
used as a marker of serotoninergic neuron [45,  
46]. Our research data included several facts 
as follows: First, we demonstrated that the 
presence of PRV-614/5-HT, PRV-614/TPH, 
PRV-614/MC4R-GFP dual-labeled neurons in 
the rostral ventral medulla (RVMM) including 
gigantocellular reticular nucleus α part (NGCα) 
and nucleus raphe magnus (NRM) after PRV-
614 injection into the kidney, suggesting these 
5-HT-, PRV-614-positive cells and TPH-expre- 
ssing neurons can project directly or indirectly 

to the kidney via sympathetic pathway. Second, 
we found that 5-HT/MC4R-GFP, TPH/MC4R-
GFP dual-labeled neurons were detected in the 
RVMM (Figure 1) by using fluorescence immu-
nohistochemistry, suggesting that there exists 
melanocortinergic-serotonergic signaling in the 
RVMM microcircuits [47].

Distribution of serotonergic signaling in pons 
and medulla

It has been known that there exists the caudal 
serotonergic (5-HT) circuit, animportant com-
ponent of a medullary “homeostatic network”, 
which modulates energy metabolic responses 
and potentially integrates autonomic function 
according to the physiological level [48-50]. In 
vitro and in vivo evidences have supported the 
idea that medullary 5-HT neurons are centr- 
al “sensors” of CO2/pH [51-53]. A study of 

Figure 1. Co-localization of TPH in subsets of MC4R-GFP positive neurons within RVMM areas. A, D and G: MC4R-
GFP positive neurons (green); B: PRV-614positive neurons (red); E and H: TPH-positive neuron (blue); C: Overlaid im-
ages of A plus B, arrows indicate double-labeled neurons (yellow). F and I: Overlaid images of D plus E, and G plus H, 
arrows indicate double-labeled neurons (cyan). MC4R-GFP was mostly colocalized with TPH positive neurons. Scale 
bar: 50 µm for A-C, G-I; 25 µm for D-F. NGCα, gigantocellular reticular nucleus α part; NRM, nucleus raphe magnus; 
Py, pyramidal tract. Some drawings were taken from Hong-Bing Xiang [31].
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matergic neurons [31, 
55-58]. Crawford et al 
reported the distinct fu- 
nctions of 5-HT neurons 
in dorsal raphe (DR) sub-
fields providingthat there 
exist increased 5-HT out-
put in the ventromedial 
DR (vmDR) regions wh- 
ereas decreased 5-HT 
output in the lateral wing 
DR (lwDR) regions using 
electrophysiology record-
ings [57], which were in 
agreement with a previ-
ous study in which raphe 
serotonin neurons were 
not homogenous [59]. A 
study of Pan et al ob- 
served a large number of 
MC4R-GFP-positive neu-
rons in the nucleus raphe 
magnus and nucleus gi- 
gantocellularis pars alp- 
ha by fluorescence immu-
nohistochemistry, and re- 
vealed that 50%-75% of 
those neurons coexpr- 
essed tryptophan hydrox-
ylase, indicating that they 

Figure 2. The pattern graph showed that CeA-RVMM serotonergic circuits. This 
figure has been updated according to that reported in previous studies. Yellow 
line: the dorsal raphe nucleus (DR) provides 5-HT innervation to the CeA. Red line: 
CeA-RVMM descending serotonergic circuits are collective structure which con-
tains sympathetic premotor neurons within the RVMM including raphe magnus 
and gigantocellular reticular nucleus, pars alpha, and it is an important route of 
PAG projection which involved in facilitatory modulation of lower Cardiovascular 
respiratory center centers in pons and medulla. Blue line: Injection of PRV-614 
into the kidney resulted in retrograde infection of neurons in the IML, atrioven-
tricular node and sinus node, RVMM, PAG and CeA by sympathetic pathway. PRV-
614/MC4R-GFP dual-labeled neurons were detected in the IML, RVMM, PAG and 
CeA; 5-HT/MC4R-GFP, TPH/MC4R-GFP dual-labeled neurons were detected in the 
RVMM, PAG and CeA. Some drawings were taken from HB Xiang [34, 60, 61].

Richerson et al showed the chemosensitivity of 
serotonergic neurons in the rostral ventral 
medulla (RVMM), suggesting that the cellular 
properties of serotonergic raphe neurons play 
an important role in the CNS response to hyper-
capnia [54]. He also reported that serotonergic 
neurons within the ventrolateral medulla (VLM) 
localized respiratory chemoreception regions, 
consistent with a specialized study that abnor-
malities of serotonergic systems in the ventral 
medulla neurons were identified in sudden 
infant death syndrome (SIDS) [54]. Gdovinet al 
reported the serotonergic modulation of respi-
ratoryrhythmogenic and chemoreceptive cir-
cuits, and found that 5-HT1A receptors were 
involved in neural respiratory rhythmogenesis 
and central chemoreception in the bullfrog tad-
pole, supporting the hypothesis that serotoner-
gic abnormality may be an underlying compo-
nent of SIDS [51].

The medullary 5-HT neurons are interspersed 
with melanocortinergic, gabaergic and gluta-

were serotonergic, supporting the hypothesis 
that MC4R signaling in the rostral ventral 
medulla may modulate the activity of seroto-
nergic sympathetic signals [31]. Paterson et al 
reported the identification of chemosensitive 
5-HT and glutamatergic neurons in the ventral 
medulla oblongata region (VMS), suggesting 
that important functional interactions exist 
between 5-HT and glutamate in the VMS [55].

Summary

Taken together, consensus exists on the impor-
tance of neural circuit in affecting the clinical 
outcome after sudden unexpected death in epi-
lepsy, nevertheless mechanisms involved have 
not been recently addressed. Much progress 
has been made in our understanding of SUDEP 
since the seminal experiments of neural cir-
cuits (Figure 2). Future studies are that CeM-
RVMM serotonergic circuits are poised to inte-
grate multiple synaptic inputs from various 
sources thought to influence sudden unexpect-
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ed death in epilepsy by melanocortinergic 
signaling.

Acknowledgements

The authors would gratefully acknowledge Dr. 
Joel Elmquist (UT Southwestern Medical Ce- 
nter) for providing the MC4R-GFP transgenic 
mice. This work was supported by grants from 
National Natural Science Foundation of P. R. 
China (81271766 to H.X), National Natural 
Science Foundation of Hubei Province (No. 
2013CFB121 to H.X.) and Special Fund of 
Fundamental Scientific Research Business 
Expense for Higher School of Central Gov- 
ernment (2012TS060 to H.X).

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Sai-E Shen, De- 
partment of Anesthesiology, Xinhua Hospital, 
Shanghai Jiaotong University, School of Medicine, 
Shanghai, China. E-mail: saie1971@sina.com

References

[1]	 Kennedy JD and Seyal M. Respiratory patho-
physiology with seizures and implications for 
sudden unexpected death in epilepsy. J Clin 
Neurophysiol 2015; 32: 10-13.

[2]	 Paterson DS, Hilaire G and Weese-Mayer DE. 
Medullary serotonin defects and respiratory 
dysfunction in sudden infant death syndrome. 
Respir Physiol Neurobiol 2009; 168: 133-143.

[3]	 Werner FM and Covenas R. Classical neu-
rotransmitters and neuropeptides involved in 
generalized epilepsy: a focus on antiepileptic 
drugs. Curr Med Chem 2011; 18: 4933-4948.

[4]	 Faingold CL, Kommajosyula SP, Long X, Plath 
K and Randall M. Serotonin and sudden death: 
differential effects of serotonergic drugs on 
seizure-induced respiratory arrest in DBA/1 
mice. Epilepsy Behav 2014; 37: 198-203.

[5]	 Richerson GB. Serotonin: The Anti-Sudden-
Death Amine? Epilepsy Curr 2013; 13: 241-
244.

[6]	 Tupal S and Faingold CL. Evidence supporting 
a role of serotonin in modulation of sudden 
death induced by seizures in DBA/2 mice. Epi-
lepsia 2006; 47: 21-26.

[7]	 Wragg RT, Hapiak V, Miller SB, Harris GP, Gray 
J, Komuniecki PR and Komuniecki RW. Tyra-
mine and octopamine independently inhibit 
serotonin-stimulated aversive behaviors in 
Caenorhabditis elegans through two novel 

amine receptors. J Neurosci 2007; 27: 13402-
13412.

[8]	 Faingold CL, Tupal S and Randall M. Preven-
tion of seizure-induced sudden death in a 
chronic SUDEP model by semichronic adminis-
tration of a selective serotonin reuptake inhibi-
tor. Epilepsy Behav 2011; 22: 186-190.

[9]	 Richerson GB. Serotonergic neurons as carbon 
dioxide sensors that maintain pH homeosta-
sis. Nat Rev Neurosci 2004; 5: 449-461.

[10]	 Ptak K, Yamanishi T, Aungst J, Milescu LS, 
Zhang R, Richerson GB and Smith JC. Raphe 
neurons stimulate respiratory circuit activity by 
multiple mechanisms via endogenously re-
leased serotonin and substance P. J Neurosci 
2009; 29: 3720-3737.

[11]	 Hodges MR, Wehner M, Aungst J, Smith JC and 
Richerson GB. Transgenic mice lacking sero-
tonin neurons have severe apnea and high 
mortality during development. J Neurosci 
2009; 29: 10341-10349.

[12]	 Ray RS, Corcoran AE, Brust RD, Kim JC, Richer-
son GB, Nattie E and Dymecki SM. Impaired 
respiratory and body temperature control upon 
acute serotonergic neuron inhibition. Science 
2011; 333: 637-642.

[13]	 Massey CA, Sowers LP, Dlouhy BJ and Richer-
son GB. Mechanisms of sudden unexpected 
death in epilepsy: the pathway to prevention. 
Nat Rev Neurol 2014; 10: 271-282.

[14]	 Tecott LH, Sun LM, Akana SF, Strack AM, Low-
enstein DH, Dallman MF and Julius D. Eating 
disorder and epilepsy in mice lacking 5-HT2c 
serotonin receptors. Nature 1995; 374: 542-
546.

[15]	 Mulkey DK, Hawkins VE, Hawryluk JM, Takaku-
ra AC, Moreira TS and Tzingounis AV. Molecular 
underpinnings of ventral surface chemorecep-
tor function: focus on KCNQ channels. J Physiol 
2015; 593: 1075-1081.

[16]	 Munkenbeck KE and Schwark WS. Serotoner-
gic mechanisms in amygdaloid-kindled sei-
zures in the rat. Exp Neurol 1982; 76: 246-
253.

[17]	 Werner FM and Covenas R. Review: Classical 
neurotransmitters and neuropeptides involved 
in generalized epilepsy in a multi-neurotrans-
mitter system: How to improve the antiepileptic 
effect? Epilepsy Behav 2015; [Epub ahead of 
print].

[18]	 Werner FM and Covenas R. Classical neu-
rotransmitters and neuropeptides involved in 
major depression: a review. Int J Neurosci 
2010; 120: 455-470.

[19]	 Machaalani R and Waters KA. Neurochemical 
abnormalities in the brainstem of the Sudden 
Infant Death Syndrome (SIDS). Paediatr Respir 
Rev 2014; 15: 293-300.



CeA-RVMM circuits and epilepsy

9757	 Int J Clin Exp Med 2016;9(6):9752-9758

[20]	 Blood-Siegfried J. Animal models for assess-
ment of infection and inflammation: contribu-
tions to elucidating the pathophysiology of 
sudden infant death syndrome. Front Immunol 
2015; 6: 137.

[21]	 Bonn M, Schmitt A, Lesch KP, Van Bockstaele 
EJ and Asan E. Serotonergic innervation and 
serotonin receptor expression of NPY-produc-
ing neurons in the rat lateral and basolateral 
amygdaloid nuclei. Brain Struct Funct 2013; 
218: 421-435.

[22]	 Ehrlich I, Humeau Y, Grenier F, Ciocchi S, Herry 
C and Luthi A. Amygdala inhibitory circuits and 
the control of fear memory. Neuron 2009; 62: 
757-771.

[23]	 Clemett DA, Punhani T, Duxon MS, Blackburn 
TP and Fone KC. Immunohistochemical locali-
sation of the 5-HT2C receptor protein in the rat 
CNS. Neuropharmacology 2000; 39: 123-132.

[24]	 Miquel MC, Emerit MB, Nosjean A, Simon A, 
Rumajogee P, Brisorgueil MJ, Doucet E, Hamon 
M and Verge D. Differential subcellular local-
ization of the 5-HT3-As receptor subunit in the 
rat central nervous system. Eur J Neurosci 
2002; 15: 449-457.

[25]	 Kriegebaum C, Gutknecht L, Schmitt A, Lesch 
KP and Reif A. [Serotonin now: Part 1. Neurobi-
ology and developmental genetics]. Fortschr 
Neurol Psychiatr 2010; 78: 319-331.

[26]	 Smith HR and Porrino LJ. The comparative dis-
tributions of the monoamine transporters in 
the rodent, monkey, and human amygdala. 
Brain Struct Funct 2008; 213: 73-91.

[27]	 Petrov T, Krukoff TL and Jhamandas JH. Chem-
ically defined collateral projections from the 
pons to the central nucleus of the amygdala 
and hypothalamic paraventricular nucleus in 
the rat. Cell Tissue Res 1994; 277: 289-295.

[28]	 Akmaev IG, Kalimullina LB and Sharipova LA. 
The central nucleus of the amygdaloid body of 
the brain: cytoarchitectonics, neuronal organi-
zation, connections. Neurosci Behav Physiol 
2004; 34: 603-610.

[29]	 Asan E, Steinke M and Lesch KP. Serotonergic 
innervation of the amygdala: targets, recep-
tors, and implications for stress and anxiety. 
Histochem Cell Biol 2013; 139: 785-813.

[30]	 Mo B, Feng N, Renner K and Forster G. Re-
straint stress increases serotonin release in 
the central nucleus of the amygdala via activa-
tion of corticotropin-releasing factor receptors. 
Brain Res Bull 2008; 76: 493-498.

[31]	 Pan XC, Song YT, Liu C, Xiang HB and Lu CJ. 
Melanocortin-4 receptor expression in the ros-
tral ventromedial medulla involved in modula-
tion of nociception in transgenic mice. J 
Huazhong Univ Sci Technolog Med Sci 2013; 
33: 195-198.

[32]	 Lam DD, Garfield AS, Marston OJ, Shaw J and 
Heisler LK. Brain serotonin system in the coor-
dination of food intake and body weight. Phar-
macol Biochem Behav 2010; 97: 84-91.

[33]	 Muller DJ, Chowdhury NI and Zai CC. The phar-
macogenetics of antipsychotic-induced ad-
verse events. Curr Opin Psychiatry 2013; 26: 
144-150.

[34]	 Xu LJ, Liu TT, He ZG, Hong QX and Xiang HB. 
Hypothesis: CeM-RVLM circuits may be impli-
cated in sudden unexpected death in epilepsy 
by melanocortinergic-sympathetic signaling. 
Epilepsy Behav 2015; 45: 124-127.

[35]	 Liu TT, He ZG, Tian XB, Liu C, Xiang HB and 
Zhang JG. Hypothesis: Astrocytes in the central 
medial amygdala may be implicated in sudden 
unexpected death in epilepsy by melanocortin-
ergic signaling. Epilepsy Behav 2015; 42: 41-
43.

[36]	 Hao Y, Guan XH, Liu TT, He ZG and Xiang HB. 
Hypothesis: The central medial amygdala may 
be implicated in sudden unexpected death in 
epilepsy by melanocortinergic-sympathetic sig-
naling. Epilepsy Behav 2014; 41C: 30-32.

[37]	 Xiang HB, Zhu WZ, Guan XH and Ye DW. Possi-
ble mechanism of deep brain stimulation for 
pedunculopontine nucleus-induced urinary in-
continence: a virally mediated transsynaptic 
tracing study in a transgenic mouse model. 
Acta Neurochir (Wien) 2013; 155: 1667-1669.

[38]	 Liu C, Ye DW, Guan XH, Li RC, Xiang HB and 
Zhu WZ. Stimulation of the pedunculopontine 
tegmental nucleus may affect renal function 
by melanocortinergic signaling. Med Hypothe-
ses 2013; 81: 114-116.

[39]	 Liu TT, Feng J, Bu HL, Liu C, Guan XH and Xiang 
HB. Stimulation for the compact parts of pe-
dunculopontine nucleus: An available thera-
peutic approach in intractable epilepsy. Epi-
lepsy Behav 2013; 29: 252-253.

[40]	 Ye DW, Ding DF, Liu TT, Tian XB, Liu C, Li RC, 
Xiang HB and Cheung CW. The optimal seg-
ment for spinal cord stimulation in intractable 
epilepsy: A virally mediated transsynaptic trac-
ing study in spinally transected transgenic 
mice. Epilepsy Behav 2013; 29:599-601.

[41]	 Ye DW, Li RC, Wu W, Liu C, Ni D, Huang QB, Ma 
X, Li HZ, Yang H, Xiang HB and Zhang X. Role of 
spinal cord in regulating mouse kidney: a vi-
rally mediated trans-synaptic tracing study. 
Urology 2012; 79: 745 e741-744.

[42]	 Ye DW, Liu C, Liu TT, Tian XB and Xiang HB. Mo-
tor cortex-periaqueductal gray-spinal cord neu-
ronal circuitry may involve in modulation of 
nociception: a virally mediated transsynaptic 
tracing study in spinally transected transgenic 
mouse model. PLoS One 2014; 9: e89486.

[43]	 Ye DW, Liu C, Tian XB and Xiang HB. Identifica-
tion of neuroanatomic circuits from spinal cord 
to stomach in mouse: retrograde transneuro-



CeA-RVMM circuits and epilepsy

9758	 Int J Clin Exp Med 2016;9(6):9752-9758

nal viral tracing study. Int J Clin Exp Pathol 
2014; 7: 5343-5347.

[44]	 Liu TT, He ZG, Tian XB and Xiang HB. Neural 
mechanisms and potential treatment of epi-
lepsy and its complications. Am J Transl Res 
2014; 6: 625-630.

[45]	 Boldrini M, Underwood MD, Mann JJ and Aran-
go V. More tryptophan hydroxylase in the brain-
stem dorsal raphe nucleus in depressed sui-
cides. Brain Res 2005; 1041: 19-28.

[46]	 Invernizzi RW. Role of TPH-2 in brain function: 
news from behavioral and pharmacologic stud-
ies. J Neurosci Res 2007; 85: 3030-3035.

[47]	 He ZG, Liu BW and Xiang HB. Cross interaction 
of melanocortinergic and dopaminergic sys-
tems in neural modulation. Int J Physiol Patho-
physiol Pharmacol 2015; 7: 152-157.

[48]	 Kinney HC, Broadbelt KG, Haynes RL, Rognum 
IJ and Paterson DS. The serotonergic anatomy 
of the developing human medulla oblongata: 
implications for pediatric disorders of homeo-
stasis. J Chem Neuroanat 2011; 41: 182-199.

[49]	 Kinney HC, Belliveau RA, Trachtenberg FL, 
Rava LA and Paterson DS. The development of 
the medullary serotonergic system in early hu-
man life. Auton Neurosci 2007; 132: 81-102.

[50]	 Paterson DS, Thompson EG, Belliveau RA, An-
talffy BA, Trachtenberg FL, Armstrong DD and 
Kinney HC. Serotonin transporter abnormality 
in the dorsal motor nucleus of the vagus in 
Rett syndrome: potential implications for clini-
cal autonomic dysfunction. J Neuropathol Exp 
Neurol 2005; 64: 1018-1027.

[51]	 Gdovin MJ, Zamora DA, Ravindran CR and Leit-
er JC. Serotonergic modulation of respiratory 
rhythmogenesis and central chemoreception. 
Ethn Dis 2010; 20: S1-39-44.

[52]	 Hodges MR and Richerson GB. Medullary sero-
tonin neurons and their roles in central respira-
tory chemoreception. Respir Physiol Neurobiol 
2010; 173: 256-263.

[53]	 Guyenet PG, Stornetta RL, Abbott SB, Depuy 
SD, Fortuna MG and Kanbar R. Central CO2 
chemoreception and integrated neural mecha-
nisms of cardiovascular and respiratory con-
trol. J Appl Physiol (1985) 2010; 108: 995-
1002.

[54]	 Richerson GB, Wang W, Tiwari J and Bradley 
SR. Chemosensitivity of serotonergic neurons 
in the rostral ventral medulla. Respir Physiol 
2001; 129: 175-189.

[55]	 Paterson DS, Thompson EG and Kinney HC. 
Serotonergic and glutamatergic neurons at the 
ventral medullary surface of the human infant: 
Observations relevant to central chemosensi-
tivity in early human life. Auton Neurosci 2006; 
124: 112-124.

[56]	 Howerton AR, Roland AV and Bale TL. Dorsal 
raphe neuroinflammation promotes dramatic 
behavioral stress dysregulation. J Neurosci 
2014; 34: 7113-7123.

[57]	 Crawford LK, Rahman SF and Beck SG. Social 
stress alters inhibitory synaptic input to dis-
tinct subpopulations of raphe serotonin neu-
rons. ACS Chem Neurosci 2013; 4: 200-209.

[58]	 Liu TT, Hong QX and Xiang HB. The change in 
cerebral glucose metabolism after electroacu-
puncture: a possible marker to predict the 
therapeutic effect of deep brain stimulation for 
refractory anorexia nervosa. Int J Clin Exp Med 
2015; 8: 19481-19485.

[59]	 Calizo LH, Akanwa A, Ma X, Pan YZ, Lemos JC, 
Craige C, Heemstra LA and Beck SG. Raphe 
serotonin neurons are not homogenous: elec-
trophysiological, morphological and neuro-
chemical evidence. Neuropharmacology 2011; 
61: 524-543.

[60]	 Xiang HB, Zhu WZ, Guan XH and Ye DW. The 
cuneiform nucleus may be involved in the regu-
lation of skeletal muscle tone by motor path-
way: a virally mediated trans-synaptic tracing 
study in surgically sympathectomized mice. 
Brain 2013; 136: e251.

[61]	 Xiang HB, Liu TT, Tian XB and Zhu WZ. Thera-
peutic mechanism of subthalamic nucleus 
stimulation for refractory epilepsy involved in 
melanocortin-4 receptor signaling. Molecular 
& Cellular Epilepsy 2014; 1: 13-18.


