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The ventral respiratory column (VRC) located in the ventrolateral medulla 
(VLM) is divided into four compartments: the Bötzinger complex (BC), pre-Bötzinger 
complex (PBC), rostral ventral respiratory group (rVRG), and caudal ventral 
respiratory group (cVRG). The respiratory neurons in these compartments constitute 
microcircuits that interact within and between these compartments to generate 
respiratory patterns. Under hypoxic exposure, the decrease of the PaO2 activates the 
peripheral chemoreceptor. The activation of the peripheral chemoreceptor is 
transmitted to the NTS, and then, the afferent exciting projection from the NTS to the 
VRC induces the hyperventilation. In addition, serotonergic neurons are related to the 
respiratory response to hypoxic exposure. The serotonergic nerve cell bodies are 
distributed in the rostral and caudal raphe nuclei. The serotonergic nerve fibers are 
distributed in the NTS and VRC. Moreover, the respiration is modulated by the 
catecholamine A1/C1 and A2/C2 neurons that control the sympathetic nerve activity 
and the neurons in the ambiguus nucleus (Amb) and dorsal motor nucleus of the vagus 
nerve (DMX) that control the parasympathetic nerve activity. The serotonergic nerve 
fibers are also distributed in the region containing these neurons. However, little is 
known about the serotonergic projection pattern to the VRC and the detailed region 
modulated by serotonergic neurons under hypoxic exposure. The present study aimed 
to reveal the serotonergic circuit for respiratory modulation under hypoxic exposure. 
The present study examined the serotonergic projections to the VRC from each raphe 
nuclei by neuronal retrograde tracer injection to the each VRC compartment (chapter 
2). Additionally, the present study investigated the detailed region modulated by 
serotonergic neurons under hypoxic exposure by the immunohistological analysis of 
hypoxic changes of serotonin (5-HT) immunoreactivity in the medulla oblongata 
(chapter 3). 

In the chapter 2, to reveal the serotonergic projection throughout the VRC, 
the retrograde tracer, cholera toxin B subunit (CTB), was injected into the each site of 
the VRC of male Wistar rats (8-9 weeks), i.e. BC, PBC, anterior rVRG, and posterior 
rVRG/cVRG. One week after the tracer injection, the rats were fixed by transcardiac 
perfusion of 4% paraformaldehyde in 0.1 M phosphate buffer (PFA), and then, the 
cryosections of the brainstem were immunostained for CTB and tryptophan 
hydroxylase 2 (TPH2), a rate-limiting enzyme in the synthesis of 5-HT and a marker of 
serotonergic neurons, for labeling the CTB- or/and TPH-immunoreactive nerve cell 
bodies in the raphe nuclei. In the all cases, the CTB-immunoreactive nerve cell bodies 
were widely distributed in the rostral and caudal raphe nuclei. Most 



CTB-immunoreactive nerve cell bodies distributed in the raphe nuclei were round, oval, 
or polygonal with several dendrites. The areas of the CTB-immunoreactive nerve cell 
bodies were various and ranged between 67 and 976 μm2. The part of 
CTB-immunoreacitve neurons were also immunostained for TPH2. The areas of the 
nerve cell bodies double-immunoreactive for CTB and TPH2 ranged between 84 and 
620 μm2 and the large size of double-immunoreactive neurons were not observed. In 
the most cases, a large number of the double-immunoreactive neurons were observed 
in the dorsal raphe nucleus of the rostral raphe nuclei and the raphe magnus nucleus, 
gigantocellular reticular nucleus, alpha and ventral parts, lateral paragigantocellular 
nucleus, raphe obscurus nucleus, and raphe pallidus nucleus of the caudal raphe 
nuclei. In addition, a small number of the double-immunoreactive neurons were 
observed in the other raphe nuclei. These results revealed that the serotonergic 
neurons distributed in both the rostral and caudal raphe nuclei projected throughout 
the VRC. 

In the chapter 3, to reveal the change of 5-HT immunoreactivity by hypoxic 
exposure in the medulla oblongata, male Wistar rat (8-10 weeks) were exposed to 
hypoxic gas (10%O2) for 1, 2, 4, and 6 hours. Then, the rats were fixed by transcardiac 
perfusion of 4%PFA and the cryosections of the brainstem were immunostained for 
5-HT. In addition, the multiple immunofluorescence was performed with the 
antibodies for 5-HT, neurokinin 1 receptor (NK1R), a marker of the PBC neurons, and 
dopamine β-hydroxylase (DBH), a marker of the catecholamine A1/C1 and A2/C2 
neurons to reveal the relationship between the serotonergic neurons and the other 
neurons. In the rats exposed to hypoxia for 2 hours, the number of the 
5-HT-immunoreactive nerve cell bodies in both the rostral and caudal raphe nuclei was 
larger than that of rats non-exposed to hypoxia (control). The 5-HT-immunoractive 
nerve fibers were distributed in the wide region of the medulla oblongata and 
increased by the hypoxic exposure for 2 hours. The projection areas of the 
5-HT-immunoreactive nerve fibers in the rostral VLM of all experimental groups and 
the caudal VLM of the rats exposed to hypoxia for 2, 4, and 6 hours were significantly 
higher than those in the controls. The projection areas of 5-HT-immunoreactive nerve 
fibers in the Amb, compact part, of all experimental groups tended to increase than 
that in the control. The projection areas of 5-HT-immunoreactive nerve fibers in the 
NTS, lateral part, and DMX of the rats exposed to hypoxia for 1 and 2 hours were 
significantly higher than those in the controls. In the multiple immunofluorescence, 
the 5-HT-immunoreactive nerve fibers with varicosities made contact with the 
dendrites and nerve cell bodies of NK1R-immunoreactive neurons in the PBC and 
DBH-immunoreactive neurons, i.e. A1/C1 and A2/C2 neurons, respectively. These 
results suggested that the hypoxic exposure enhances the 5-HT synthesis of the 
serotonergic neurons in both the rostral and caudal raphe nuclei and increases the 
5-HT secretion in the wide region of the medulla oblongata. In addition, the 
serotonergic neurons may directly modulate the activity of the VRC containing the 
PBC neurons to change the respiration. Moreover, the serotonergic neurons may 
indirectly modulate the respiration by modulate the activity of NTS, A1/C1 and A2/C2 
neurons, Amb, and DMX. 

In conclusion, the serotonergic neurons in the all raphe nuclei may increase 
the secretion of 5-HT and directly modulate the activities of respiratory neurons 



throughout the VRC under hypoxic exposure. Thus, this serotonergic modulation of the 
VRC may play an important role in respiratory response to hypoxic exposure. In 
addition, the serotonergic neurons may modulate the activities of not only the VRC but 
also the NTS and the sympathetic and parasympathetic neurons under hypoxic 
exposure. These serotonergic modulations of these respiratory-related nuclei may 
indirectly affect the respiratory response to hypoxic exposure. 


