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研究成果の概要（和文）：BH4は、痛覚に関与する神経伝達物質の生合成のために必要な補因子である。GCH1は
BH4de novo経路における生成経路の律速酵素である。また、BH4salvage経路は、メチルテトラレダクターゼ
（MTHFR）を介して葉酸代謝経路に関連している。GCH1、MTHFRが慢性疼痛に関連しているBH4で疼痛マーカーお
よび可用性として知られているので、痛みのそれらの代謝経路の可能性を評価した。代謝経路の関与は、内臓の
痛み動物モデルで評価されました。これらの代謝経路の進化的保全を無脊髄動物モデルで評価されました。観察
は、代謝経路は、種間で保全されていると、痛みのあるBH4の利用可能性に関与している。

研究成果の概要（英文）：Tetrahydrobiopterin (BH4) is a cofactor required for the biosynthesis of 
neurotransmitters involved in the nociceptive neurotransmission. BH4 de novo synthesis is led by GTP
 cyclohydrolase 1 (GCH1) which is the first and rate-limiting enzyme in that synthetic pathway. In 
the other hand, BH4 salvage pathway is linked to the folate metabolic pathway via 
methyltetrahydrofolate reductase. Since GCH1, MTHFR are known as pain marker and availability in BH4
 is linked to chronic pain, we evaluate the potential of those metabolic pathways in pain. Several 
approaches were used to leverage BH4 availability in vitro. The involvement of these metabolic 
pathways was assessed in animal model of visceral pain. Evolutional conservation of these metabolic 
pathways were assessed in higher invertebrate animal model. Our observation suggested that those 
pathways are conserved among species and involved in availability of BH4 in pain. However their 
modulation using drugs is facing specificity challenges.
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１．研究開始当初の背景 
In vertebrate, sensory and nociceptive 

neurons carry information from the 
periphery to the central nervous system. 
They use excitatory neurotransmitters 
and neuropeptides to relay sensation 
(such as glutamate, substance P). 
However a variety of molecules including 
neurotransmitters (serotonin, nitric 
oxide) modulate that signal. I previously 
evidenced the synthesis of the 
neurotransmitter acetylcholine in the 
primary afferent neurons of the dorsal 
root ganglion by pChAT a peripheral form 
of choline acetyltransferase. Based on the 
known association existing between 
cholinergic nitrinergic, and 
catecholaminergic neurotransmissions, I 
formulated the hypothesis that 
acetylcholine synthesized by pChAT in 
the DRG may play a role in the 
modulation of sensory neurotransmission 
by regulating nitric oxide and serotonin. 
In this context, a possible link is GTP 
cyclohydrolase 1 that synthesizes 
tetrahydrobiopterin (BH4), a cofactor 
required for the biosynthesis of nitric 
oxide and catecholamines (such as 
serotonin)(shema 1).  

Shema 1: Initial hypothesis showing the 
possible link between cholinergic system in 
the sensory neurons, BH4 production and 
pain.   

 
GTP cyclohydrolase 1 (GCH1) is the 

first and rate-limiting enzyme in the 
metabolic pathway of BH4. GCH1 has 
been shown to be a genetic pain marker, 
and a number of basic and clinical studies 
support the concept that BH4 is a key 
modulator in neuropathic pain. For 
instance the association between BH4 
production and chronic pain has been 
confirmed in more than 12 independents 
cohorts, thought a common haplotype of 
GCH1.   

Modulating BH4 metabolism through 
modulation of GCH1 activity has been 

proposed to control nociceptive 
mechanisms. However, GCH1 is an 
enzyme not only presents in the primary 
afferent neurons, but also, for instance, in 
the dopaminergic and serotoninergic 
neurons of the brain stem that have 
important cerebral function. Therefore 
controlling specifically the activity of 
GCH1 in primary afferent neurons 
without affecting activity of GCH1 in 
other regions of the nervous system (and 
other organs) represents a real challenge. 

 
Current data indicate a relation 

between cholinergic system and BH4 
production. In addition, I observed that 
some cholinergic drug may interact with 
betaine pathway, this suggested that the 
acetylcholine synthesis in the DRG by the 
peripheral form of choline 
acetyltransferase may regulate BH4 
availability not only by acting on de novo 
BH4 synthesis but may he acting also on 
the BH4 salvage pathway that involve 
methylenetetrahydrofolate reductase 
(MTHFR) (schema 2). It should be noted 
that polymorphism in MTHFR gene is 
also associated with chronic pain.  

 
Shema 1: Working hypothesis showing 

possible de novo and salvage pathway for 
BH4 in the sensory neurons.    
 
２．研究の目的 

The objective of this work is to explore 
pathway of BH4 synthesis between 
peripheral and central nervous system. 
In order to reveal difference that can be 
useful to block BH4 synthesis specifically 
in the peripheral sensory/nociceptive 
system. In that context, our specific 
objectives were:  

 
i) To evaluate the anti-nociceptive 

potential of an antibody targeting BH4 
synthesizing pathway in the periphery. 

ii) To investigate the metabolic relations 
between BH4 salvage pathway and 
cholinergic system in sensory system. 

iii) To evaluate the anti-nociceptive 
potential of drugs affecting previous 



pathways in animal model of pain. 
iv) To study conservation of those 

system in other species in order to isolate 
potential anti-nociceptive agent by 
biomimicry.  
 
３．研究の方法 
Previously, I developed sensitive and 
specific analytical tools to assess BH4 
metabolism (HPLC method) and raised 
reliable antibodies against GCH1 and 
other protein involved in BH4 
biosynthetic pathway. During the present 
project, we combined functional 
neuroanatomy and biochemical analysis. 
 
 i) Antibodies targeting BH4 
synthesizing pathway were produced in 
animals. First, intracellular delivery was 
test in vitro in HuH7 cell line 
constitutively expressing GCH1. Several 
approaches were tested, such as liposome, 
nanoparticle and artificial mimic of viral 
particles. GCH1 activity and BH4 
production were assessed using 
EDC-HPLC. 
 
ii) To investigate the metabolic relation 
between BH4 salvage pathway and 
cholinergic system in sensory system, we 
investigated the expression of the 
enzymes involved in the synthesis of 
betaine and MTHFR, using RT-PCR, 
western-blot, and immunohistochemistry. 
 
iii) To evaluate the potential 
anti-nociceptive effect of the previous 
pathway in vivo. We used an animal 
model of visceral pain, the TNBS-induced 
colitis rat model, which also develops 
visceral and somatic hypersensitivity, 
and neurochemical change in both 
primary afferent neurons of the enteric 
nervous system and of the DRG. Animal 
model was assessed using whole mount 
immunohistochemistry and imaging 
combined with 3D-reconstruction and 
3D-modelization. A number of markers 
were followed including GCH1 and 
calcium associated protein such as 
calbindin 28. 
 
iv) To study conservation of those system 
in other species and reveal potential 
anti-nociceptive agent. We conduct an 
immunohistochemical investigation in 
the nervous system of a superior 

invertebrate. 
 
４．研究成果 
i) A monoclonal neutralizing antibody 
against a particular form of BH4 
synthesizing enzyme that is 
preferentially expressed in the peripheral 
nervous system was raised. Several 
clones appear suitable for use as blocking 
antibody. The study of the intracellular 
delivery of the antibody (where it should 
block the enzyme) shows very low 
efficiency for every used approach. We 
conclude that alternatives approaches of 
delivery, more efficient and reliable have 
to be applied. (学会発表 3〕 
  
ii) We were able to put in evidence that 
choline drug alters betaine synthesis, 
however we do not obtain evidence of its 
involvement in nociception, may be 
because the drug currently available are 
lack of specificity. In addition, metabolic 
pathway which involves mthfr seems 
difficult to control. So far, BH4 salvage 
pathway is hard to evidence then control 
in the sensory neurons. In this context, 
we however succeeded to characterize 
better the system that may use the de 
novo synthesis pathway for BH, we have 
raised a novel polyclonal antiserum 
against GCH1 that allow high anatomical 
resolution of GCH1 in the enteric nervous 
system. It suggests that GCH1 
involvement in pain might be also 
involved in visceral pain, and animal 
model of visceral pain might be a good 
model to study regulation of GCH1 in 
vivo. This newly raised polyclonal 
antiserum against GCH1 is also very 
potent for delineating the enteric nervous 
system (Figure 1). (雑誌論文 2, 5; 学会発
表 4) 

 
Figure 1: IHC for the novel GCH1 
antiserum in the rat enteric nervous 
system 
 
iii) We investigated neurochemical 
changes of BH4 metabolic pathway and 



and neuchemical change associated with 
pain in the TBNS-induced colitis model in 
rat. Enteric nervous system marker was 
used and imaged using whole mount 
clarification method combined with 3D 
reconstruction. This approach allow an 
unprecedent visualization of the enteric 
nervous system connectivity in normal 
animal and animal model of visceral 
inflammation and pain. We in particular 
observed neurochemical change in the 
expression of calbidin 28 kda, asoociated 
with change in GCH1 expression, 
suggesting that both follow similar 
regulation, may be because bothe are 
calcium binding protein. In addtion 
severe change in the connectivity was 
observed, which might be involved in the 
deleterious effect of the inflammation in 
the animal model ( figure 2)(学会発表 2〕. 

 
Figure 2: whole mount/3d reconstruction 
for calbindin IHC in the rat enteric nervous 
system 
 
iv) Increase in pain feeling is a major 
trait of evolution. Pain in human seems 
to have evolved without limit and 
probably had a huge impact on human 
evolution. While in vertebrate ascending 
pain pathway (from nociceptor to brain) 
and anti-nociceptive pathway (from brain 
to second-order sensory neurons) are 
relatively well described, no similar 
system seems to exist in invertebrate. In 
a recent study, we observed in the 
cephalopod serotoninergic pathway, a 
striking similarity with mammal 
organization of the serotoninergic 
descending system that is involved in the 
control of the nociception (shema3). 
Considering the phylogenetic separation 
between mammal and cephalopod by over 
500 million years, well before the 
appearance of the serotoninergic 
descending system, the presence of an 
equivalent system in cephalopod suggests 
a convergent evolution of the 
sensory/"nociceptive" processing 

mechanisms, and indicate that the 
mechanism (雑誌論文 1;学会発表 1,4,5〕. 

Shema 3: A comparison of neurotransmitter 
pathways between vertebrates and 
invertebrates 
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