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Chapter I  

General Abstract 

Huntingtin-associated protein 1 (HAP1) is a neural huntingtin interactor and being 

considered as a core molecule of stigmoid body (STB). Brain or spinal cord regions 

with abundant STB/HAP1 expression are usually spared from neurodegeneration, 

whereas the regions with little STB/HAP1 expression are always neurodegenerative 

targets. The enteric nervous system (ENS) can act as a potential portal for pathogenesis 

of neurodegenerative disorders. To date, the expression of HAP1 and its neurochemical 

characterization have never been examined there. In the current study, we determined 

the expression and immunohistochemical phenotypes of HAP1 in ENS of adult rodents 

using Western blotting and light/fluorescence microscopy. HAP1 immunoreactivity 

was strongly expressed in both myenteric and submucosal plexuses of ENS. STBs were 

observed in the cytoplasm of most of the HAP1-immunoractive (ir) cells in ENS. In 

myenteric plexus, a large number of calretinin, calbindin, NOS, VIP, ChAT, SP, 

somatostatin, and TH-ir neurons showed HAP1 immunoreactivity. In contrast, most of 

the CGRP-ir neurons were devoid of HAP1-immunoreactivity. In submucosal plexus, 

almost all the cholinergic secretomotor neurons containing ChAT/ CGRP/ 

somatostatin/ calretinin, non-cholinergic secretomotor neurons containing 

VIP/TH/calretinin and vasodilator neurons containing VIP/calretinin express HAP1. 

Our current study is the first to clarify that HAP1 is highly expressed in excitatory motor 

neurons, inhibitory motor neurons, and interneurons but almost absent in sensory 

neurons in myenteric plexus. While, HAP1 is expressed in all neuronal subgroups of 

These suggest that due to lack of putative STB/HAP1 protectivity, 

the sensory neurons (Dogiel type II) might be more vulnerable to neurodegeneration 

than STB/HAP1-expressing Dogiel type I neurons in myenteric plexus and 
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. Our current results may 

reflect the involvement of HAP1 in modulation of excitatory and inhibitory motor 

neuron functions in myenteric plexus and the secretomotor and vasodilator functions of 

submucosal neurons. It will be of great interest to elucidate the physiological or 

pathological roles of HAP1 in ENS. Our current results might lay a basic foundation 

for future studies that seek to clarify the physiological/pathological effects of 

STB/HAP1 in the ENS. 
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Chapter II 

Background of research 

2.1 HAP1 is a determinant marker for the stigmoid body (STB) 

Huntingtin-associated protein 1 (HAP1) is a core component of the stigmoid body 

(STB) and known as a neuroprotective interactor with causal agents for various 

neurodegenerative diseases. It was initially identified as a polyglutamine (polyQ) 

length-dependent interactor of huntingtin (htt), the causal agent responsible for 

(Li et al. 1995). Transfection of HAP1 cDNA into different 

cultured cells can also induce the development of STB (Li et al. 1998a; Takeshita et al. 

2006; Fujinaga et al. 2007, 2011), and HAP1 is thus considered as a determinant marker 

for STB (Li et al. 1998a; Fujinaga et al. 2007; Islam et al. 2017; Wroblewski et al. 2018). 

STB was first reported in our previous studies as a spherical to ovoid shaped (0.5 3 

in diameter), non-membranous, granular to fuzzy textured cytoplasmic inclusion 

(Shinoda et al. 1992, 1993). 

2.2 HAP1 protection hypothesis in central nervous system 

In normal rodents, STB/HAP1 is highly distributed in the preoptic area, amygdala, 

hypothalamus, spinal dorsal horn and intermediolateral horn or in dorsal root ganglion 

(Kamei et al. 2001; Fujinaga et al. 2004; Takeshita et al. 2006, 2011; Islam et al. 2012, 

2017, 2020; Wroblewski et al. 2018; Chen et al. 2020). Intriguingly, these regions are 

usually spared from neurodegeneration in neurodegenerative diseases. However, the 

target regions in different neurodegenerative disease such as cortex, thalamus, striatum, 

cerebellum, and spinal motoneurons have little or no HAP1-expression (Fujinaga et al. 
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2004; Islam et al. 2012, 2017, 2020a; Wroblewski et al. 2018). The mounting evidence 

suggests that STB/HAP1 has protective functions against cell death induced by htt 

(Koga et al. 2002; Li et al. 2003; Metzger and Rong 2008; Liu et al. 2020). Furthermore, 

STB/HAP1 can also bind to androgen receptor (AR) in a polyQ-length dependent 

manner, sequestering polyQ-expanded AR derived from spinal and bulbar muscular 

atrophy (SBMA) more strongly and suppressing SBMA-mutant AR-induced apoptosis 

via inhibition of its nuclear translocation from the cytoplasm (Takeshita et al. 2006). In 

addition, STB/HAP1 can also interact with other polyQ-expanded gene products such 

as ataxin-3 in spinocerebellar ataxia (SCA) type 3 (Takeshita et al. 2011) and TATA-

binding protein in SCA type 17 (Prigge and Schmidt, 2007), suppressing their nuclear 

translocation. Furthermore, apoptosis or neurodegeneration is facilitated in the 

hypothalamus of Hap1-KO mice (Li et al. 2003). This line of data strongly supports the 

 et al. 2004) in which HAP1 is thought 

to raise the threshold of vulnerability for neurodegeneration, render increased stability 

to neurons, and consequently protect against apoptosis and cell death in several 

neurodegenerative diseases (Kamei et al. 2001; Koga et al. 2002; Li et al. 2003; 

Fujinaga et al. 2004; Metzger et al. 2008; Takeshita et al. 2006, 2011; Islam et al. 2017). 

Regarding physiological functions, HAP1 can act as a mediator of feeding behaviors, 

as a sensor for insulin signals in feeding control or as a stabilizer of glucocorticoid 

receptor in stress response (Chan et al. 2002; Dragatsis and Zeitlin  2004; Sheng et al. 

2006; Lin et al. 2010; Niu et al. 2011; Chen et al. 2020).   

2.3 HAP1 protection hypothesis in peripheral nervous system 

In addition to the brain and spinal cord in central nervous system (CNS) (Fujinaga et al. 

2004; Takeshita et al. 2006, 2011; Islam et al. 2012, 2017; Wroblewski et al. 2018; 

Chen et al. 2020), STB/HAP1 is also expressed in the peripheral system including 
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dorsal root ganglion (Islam et al. 2020a). HAP1 and markers for nociceptive or 

mechanoreceptive neurons showed that about 70-80 % of CGRP-, SP-, CB-, NOS-, 

TRPV1-, CR- and PV-ir neurons expressed HAP1. In contrast, HAP1 was completely 

lacking in TH-ir neurons in DRG (Islam et al. 2020a). It clarified that HAP1 is highly 

expressed in nociceptive/proprioceptive neurons but absent in light-touch-sensitive TH 

neurons, suggesting the potential importance of HAP1 in pain transduction and 

proprioception. Our result  which has 

previously been proposed for the brain and spinal cord in the central nervous system 

(Fujinaga et al. 2004; Takeshita et al. 2006, 2011; Islam et al. 2012, 2017), might also 

be applied to the DRG in the peripheral nervous system. HAP1 expression might 

increase the threshold of vulnerability to neurodegeneration and confer beneficial 

stability to different sensory neurons excluding the touch-sensitive mechanoreceptive 

ones in the DRG. Furthermore, STB/HAP1 is also expressed in enteroendocrine glands 

in the mucosa of the gastrointestinal tract (Liao et al. 2005; Li et al. 2019; Yanai et al. 

2020). In addition to the CNS, enteric nervous system (ENS) is also an important target 

of certain neurodegenerative disorders (Chalazonitis and Rao 2018). It might be 

possible that HAP1 is also present in the ENS and might increase the threshold of 

vulnerability to enteric neuropathology.  

2.4 Enteric nervous system

The enteric nervous system (ENS) is embedded in the wall of the gastrointestinal tract 

and contains polarized neural circuits responsible for controlling a wide variety of 

gastrointestinal functions independently from the CNS (Furness 2012; Furness et al. 

2014)

et al. 1999). It shares many features with the brain. ENS is the most complex and largest 

unit of the peripheral nervous system. It has been treated as the third division of the 
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autonomic nervous system in addition to the sympathetic and parasympathetic divisions 

(Furness and Costa 1980; Furness 2000). Intriguingly, in our recent study, we have 

reported that almost all the spinal preganglionic sympathetic and parasympathetic 

neurons express HAP1(Islam et al. 2017). In addition to the CNS, ENS is also an 

important target of certain neurodegenerative disorders (Chalazonitis and Rao 2018). 

ENS is also regarded as a potential portal for the pathogenies of neurodegenerative 

diseases (Kuwahara et al. 2020; Sharon et al. 2016). It is possible that HAP1 might be 

involved in modulating or protecting certain functions of ENS. In this context, it 

becomes important to examine the distribution of HAP1 in ENS and to clarify its 

neurochemical phenotypes. 

2.5 The Classification of enteric neurons in myenteric plexus 

The ENS contains many different types of neurons which can be classed according to 

their morphology, electrical properties, function, or neurochemistry.  

2.5.1 Morphological classification of enteric neurons  

Shape, which is one of the identifying features of neurons, both in the central nervous 

system and in peripheral ganglia (Cajal 1911, Brehmer 2006). On the basis of the shape 

of cell body and the number of long processes originating from it, the enteric neurons 

can also be categorized into Dogiel types I, II, and III. Dogiel type I neurons contain 

one long process and Dogiel type II neurons have several long processes originating 

from their cell body. Dogiel type I groups include mainly motor neurons and 

interneurons, whereas, Dogiel type II groups include sensory neurons (Furness et al. 

1998)

definitively confirmed by current methodologies, nonetheless type III is occasionally 

used to define filamentous neurons with long branched processes (Furness, 2006). 
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2.5.2 Neurochemical coding of myenteric neurons 

The enteric motor neurons can further be categorized as excitatory and inhibitory ones. 

The excitatory motor neurons cause contraction by releasing excitatory 

neurotransmitters (Choline acetyltransferase, ChAT; Substance P, SP) and inhibitory 

motor neurons cause relaxation by releasing inhibitory neurotransmitters (Nitric oxide 

synthase, NOS; Vasoactive intestinal peptide, VIP) to the smooth muscle (Brookes 

2001; Qu et al. 2008). Besides these neuronal subpopulations, prominent roles in ENS 

have been attributed to the calcium binding protein (calbindin, calretinin), calcitonin 

gene-related peptide (CGRP), tyrosine hydroxylase (TH) and somatostatin (Qu et al. 

2008; Mitsui 2009; Masliukov et al. 2017). In mouse, ChAT is present in about 55-63%, 

NOS is expressed in about 29%, calretinin is present in approximately 52%, calbindin 

is expressed in around 28%, substance P is present in about 29%, CGRP is expressed 

about 28%, and TH is present less than 0.5% of total enteric neurons (Vanden Berghe 

et al. 1999; Sang 1998; Qu et al. 2008; Van Op Den Bosch et al. 2008; Furness 2012).  

2.5.3 Functional classes of myenteric neurons 

s or submucosal) in the 

submucosal layer. Neurons of myenteric plexus mainly involve in controlling smooth 

regulation of secretion (Furness 2006). Enteric neurons are functionally distinct and 

they differ in terms of morphology, electrophysiological properties, and neurochemical 

coding (Furness 2000; Mazzoni et al. 2020). Myenteric neurons can be classified as 

motor neurons (excitatory and inhibitory), sensory neurons (intrinsic primary afferent 

neurons, IPANs), and interneurons (Furness et al. 1998; Smolilo et al. 2019). On the 
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secretomotor, non-cholinergic secretomotor, and vasodilator groups (Mongardi 

Fantaguzzi et al. 2009). Cholinergic secretomotor neurons express ChAT, CGRP, 

somatostatin, and calretinin. Non-cholinergic secretomotor neurons express VIP, NOS, 

TH, and calretinin. Vasodilator neurons express VIP, and calretinin. Calretinin is 

expressed in all three subtypes of submucosal neurons, whereas, VIP is expressed in 

both non-cholinergic secretomotor and vasodilator neurons (Lomax and Furness, 2000; 

Harrington et al. 2005; Mongardi Fantaguzzi et al. 2009; Girotti et al. 2013). 

2.6 The Classification of enteric neurons in submucosal plexus 

Submucosal ganglia have mainly three types of neurons, VIP-immunoreactive non-

cholinergic secretomotor neurons (~30% of neurons), VIP-immunoreactive non-

cholinergic vasomotor neurons (~20% of neurons), and cholinergic secretomotor 

neurons (~45% of neurons) (Mongardi Fantaguzzi et al. 2009). Based on neurochemical 

phenotypes, submucosal ganglia contain cell bodies of VIP/ NPY/ TH/ calretinin non-

cholinergic secretomotor neurons, VIP/ NPY/ calretinin vasodilator neurons, ChAT/ 

CGRP/ somatostatin/ calretinin cholinergic secretomotor neurons and small 

populations of cholinergic and non-cholinergic neurons whose targets have yet to be 

identified. No evidence for the presence of type-II putative intrinsic primary afferent 

neurons was found in the submucosal plexus of mouse intestine (Mongardi Fantaguzzi 

et al. 2009).
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Chapter III 

Research objectives 

The expression of HAP1-immunoreactivity and its neuroanatomical distribution have 

never been examined in the ENS. Neurochemical phenotypes of HAP1-ir structures in 

the ENS in reference to motor neurons (excitatory and inhibitory), sensory neurons 

(intrinsic primary afferent neurons, IPANs), and interneurons in myenteric plexus and 

secretomotor neuron and vasodilator neurons in submucosal plexus have also not been 

elucidated yet. In the current study, we set out to examine the expression of HAP1 

throughout different segments of the ENS of adult mouse. We also aimed to clarify the 

neurochemical phenotypes of HAP1-ir cells in relation to the neurochemical markers 

of enteric neurons. 

This thesis has two major aims. 

I. Immunohistochemical expression and neurochemical phenotypes of 

gastrointestinal tract. 

II. Neurochemical phenotypes of huntingtin-associated protein 1 in reference to 

small intestine.  
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Chapter IV 

Detailed of research objectives I 

Immunohistochemical expression and neurochemical 

associated protein 1 in the myenteric plexus of mouse gastrointestinal tract. 

4.1 Abstract 

Huntingtin-associated protein 1 (HAP1) is a neural huntingtin interactor and being 

considered as a core molecule of stigmoid body (STB). Brain/spinal cord regions with 

abundant STB/HAP1 expression are usually spared from neurodegeneration in 

stress/disease conditions, whereas the regions with little STB/HAP1 expression are 

always neurodegenerative targets. The enteric nervous system (ENS) can act as a 

potential portal for pathogenesis of neurodegenerative disorders. However, ENS is also 

a neurodegenerative target in these disorders. To date, the expression of HAP1 and its 

neurochemical characteriza- tion have never been examined there. In the current study, 

we determined the expression of HAP1 in the ENS of adult mice and characterized the 

morphological relationships of HAP1-immunoreactive (ir) cells with the markers of 

motor neurons, sensory neurons, and interneurons in the myenteric plexus using 

Western blotting and light/fluorescence microscopy. HAP1- immunoreaction was 

present in both myenteric and submucosal plexuses of ENS. Most of the HAP1-ir 

neurons exhibited STB in their cytoplasm. In myenteric plexus, a large number of 

calretinin, calbindin, NOS, VIP, ChAT, SP, somatostatin, and TH-ir neurons showed 

HAP1-immunoreactivity. In contrast, most of the CGRP-ir neurons were devoid of 

HAP1-immunoreactivity. Our current study is the first to clarify that HAP1 is highly 

expressed in excitatory motor neurons, inhibitory motor neurons, and interneurons but 
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almost absent in sensory neurons in myenteric plexus. These suggest that STB/HAP1-

ir neurons are mostly Dogiel type I neurons. Due to lack of putative STB/HAP1 

protectivity, the sensory neurons (Dogiel type II) might be more vulnerable to 

neurodegeneration than STB/HAP1-expressing motoneurons/interneurons (Dogiel type 

I) in myenteric plexus. 

4.2 Introduction 

Huntingtin-associated protein 1 (HAP1) is a neurocytoplasmic protein. It was initially 

identified as a polyglutamine (polyQ) length-dependent interactor of huntingtin (htt), 

regarded as a determinant marker for the stigmoid body (STB) (Li et al. 1998; 

Gutekunst et al. 1998; Fujinaga et al. 2007; Takeshita et al. 2011; Yanai et al. 2020). 

STB was first reported in our previous studies as a spherical to ovoid shaped (0.5

in diameter), non-membranous, granular to fuzzy textured cytoplasmic inclusion 

(Shinoda et al. 1992, 1993). The mounting evidence suggests that STB/ HAP1 has 

protective functions against cell death induced by htt (Koga et al. 2002; Li et al. 2003; 

Metzger and Rong 2008; Liu et al. 2020). Furthermore, STB/HAP1 can also protect 

apoptosis/cell death induced by the causal agents of some other polyQ diseases, 

including spinal and bulbar muscular atrophy (Takeshita et al. 2006), Machado-Joseph 

disease (Takeshita et al. 2011), Joubert syndrome (Sheng et al. 2008), and 

spinocerebellar ataxia type 17 (Prigge and Schmidt 2007).  

In normal rodents, STB/HAP1 is highly distributed in the preoptic area, 

retrosplenial-retrohippocampal area, hypo- thalamus, amygdala, spinal dorsal horn, and 

intermediolateral horn or in dorsal root ganglion (Kamei et al. 2001; Fujinaga et al. 

2004; Takeshita et al. 2006, 2011; Islam et al. 2012, 2017, 2020a; Wroblewski et al. 
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2018; Chen et al. 2020). Intriguingly, these regions are usually spared from 

neurodegeneration in neurodegenerative diseases. However, the target regions in 

different neurodegenerative diseases such as cortex, thalamus, striatum, cerebellum, 

and spinal motoneurons have little or no HAP1 expression (Fujinaga et al. 2004; Islam 

et al. 2012, 2017, 2020a; Wroblewski et al. 2018). These indicate that STB/HAP1 can 

raise the threshold of vulnerability to neurodegeneration. STB/HAP1 may give out 

increased stability to neurons and protect against apoptosis/cell death in certain 

neurodegenerative disorders. This phenomenon has been coined as STB/HAP1 

protection hypothesis (Kamei et al. 2001; Fujinaga et al. 2004; Takeshita et al. 2006; 

Metzger and Rong 2008; Islam et al. 2017). Regarding physiological functions, HAP1 

can act as a mediator of feeding behaviors, as a sensor for insulin signals in feeding 

control, or as a stabilizer of glucocorticoid receptor in stress response (Chan et al. 2002; 

Dragatsis and Zeitlin 2004; Sheng et al. 2006; Lin et al. 2010; Niu et al. 2011; Chen et 

al. 2020).  

In addition to the brain and spinal cord in central nervous system (CNS) 

(Fujinaga et al. 2004; Takeshita et al. 2006, 2011; Islam et al. 2012, 2017; Wroblewski 

et al. 2018; Chen et al. 2020) or dorsal root ganglion in peripheral nervous system 

(Islam et al. 2020a), STB/HAP1 is also expressed in the peripheral organs including 

thyroid gland, pituitary gland, and pancreatic islets (Dragatsis et al. 2000; Liao et al. 

2005). Furthermore, STB/HAP1 is also expressed in enteroendocrine glands in the 

mucosa of gastrointestinal tract (Liao et al. 2005; Li et al. 2019; Yanai et al. 2020). The 

enteric nervous system (ENS) is embedded in the wall of the gastrointestinal tract and 

contains polarized neural circuits responsible for controlling a wide variety of 

gastrointestinal functions independently from the CNS (Furness 2012; Furness et al. 

2014
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et al. 1998). It shares many features with the brain. ENS is the most com- plex and 

largest unit of the peripheral nervous system. It has been treated as the third division of 

the autonomic nervous system in addition to the sympathetic and parasympathetic 

divisions (Furness and Costa 1980; Furness 2000). Intriguingly, in our recent study, we 

have reported that almost all the spinal preganglionic sympathetic and parasympathetic 

neurons express HAP1 (Islam et al. 2017). In addition to the CNS, ENS is also an 

important target of certain neurodegenerative disorders (Chalazonitis and Rao 2018). 

ENS is also regarded as a potential portal for the pathogenies of neurodegenerative 

diseases (Kuwahara et al. 2020; Sharon et al. 2016). It is possible that HAP1 might be 

involved in modulating or protecting certain functions of ENS. In this context, it 

becomes important to examine the distribution of HAP1 in ENS and to clarify its 

neurochemical phenotypes.  

in the submucosal layer. Neurons of myenteric plexus are mainly involved in 

con

primarily involved in regulation of secretion (Furness 2006). Enteric neurons are 

functionally distinct and they differ in terms of morphology, electrophysiological 

properties, and neurochemical coding (Furness 2000; Mazzoni et al. 2020). Enteric 

neurons can be classified as motor neurons (excitatory and inhibitory), sensory neurons 

(intrinsic primary afferent neurons, IPANs), and interneurons (Furness et al. 1998; 

Smolilo et al. 2019). On the basis of the shape of cell body and the number of long 

processes originating from it, the enteric neurons can also be categorized into Dogiel 

type I and type II groups. Dogiel type I neurons contain one long process and Dogiel 

type II neurons have several long processes originating from their cell body. Dogiel 
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type I groups include mainly motor neurons and interneurons, whereas Dogiel type II 

groups include sensory neurons (Furness et al. 1998).  

The enteric motor neurons can further be categorized as excitatory and 

inhibitory ones. The excitatory motor neurons cause contraction by releasing excitatory 

neurotransmitters (choline acetyltransferase, ChAT; substance P, SP) and inhibitory 

motor neurons cause relaxation by releasing inhibitory neurotransmitters (nitric oxide 

synthase, NOS; vasoactive intestinal peptide, VIP) to the smooth muscle (Brookes 

2001; Qu et al. 2008). Besides these neuronal subpopulations, prominent roles in ENS 

have been attributed to the calcium-binding protein (calbindin, calretinin), calcitonin 

gene-related peptide (CGRP), tyrosine hydroxylase (TH), and somatostatin (Qu et al. 

2008; Mitsui 2009; Masliukov et al. 2017). In mouse, ChAT is present in about 55

63%, NOS is expressed in about 29%, calretinin is present in approximately 52%, 

calbindin is expressed in around 28%, substance P is present in about 29%, CGRP is 

expressed about 28%, and TH is present less than 0.5% of total enteric neurons (Vanden 

Berghe et al. 1999; Sang 1998; Qu et al. 2008; Van Op Den Bosch et al. 2008; Furness 

2012).  

To date, however, the expression of HAP1-immunoreactivity and its 

neuroanatomical distribution have never been examined in the ENS. Neurochemical 

phenotypes of HAP1-immunoreactive (ir) structures in the ENS in reference to above 

mentioned neuronal markers have also not been elucidated yet. In the current study, we 

set out to examine the expression of HAP1 throughout different segments of the ENS 

of adult mouse. We also aimed to clarify the neurochemical phenotypes of HAP1-ir 

cells in relation to the neurochemical markers of motor neurons (both excitatory and 
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inhibitory), interneurons, and IPANs in the myenteric plexus of ENS (stomach, 

duodenum, and colon).  

4.3 Materials and methods 

4.3.1 Animals and ethical statements 

C57BL/6J adult mice (8-10 weeks of age) of either sex, were collected from Japan 

SLC Inc. (Shizuoka, Japan). They were maintained in a cage in environmentally 

controlled room with a 12-h light/dark cycle (lights on 08:00-20:00) and provided 

water and a standard pellet diet ad libitum. Necessary cares were taken to keep down 

the discomfort of animals and the number of mice used.  

4.3.2 Tissue section preparation

The mice were perfused transcardially with 4% paraformaldehyde in 0.1M phosphate 

buffer (PB; pH 7.4) under anesthesia with sodium pentobarbital (60-80mg/kg). The 

entire gastrointestinal tract was taken off and post-fixed for overnight at 4°C in same 

fixative used for perfussion. For free floating sections different segment of 

gastrointestinal tract were transferred into 30% sucrose solution for one week at 4°C

for cryoprotection. The experimental segments (stomach-corpus, duodenum, mid 

colon) were cut into 1-1.5cm full thickness rings, embedded in optimal cutting 

temperature medium (Sakura Finetek USA, Inc., Torrance, CA, USA) and then blast-

freeze was done using powdered dry ice. Finally, the tissues were sectioned frontally at 

a thickness of 30

4.3.3 Whole mount preparation 

After post fixation described above, segments (1-2 cm in length) from esophagus, 

stomach (corpus), duodenum, jejunum, ileum, cecum, proximal colon, distal colon, and 
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rectum were cut and pinned flat in the Sylgard-lined Petri dish. The fixative was then 

cleared off with dimethyl sulfoxide saline and phosphate buffer saline (PBS) washes. 

Using fine dissecting forceps, the mucosa, submucosa, and circular muscle were 

removed from fixed tissues and whole mounts consisting of the myenteric plexus 

adhering to the longitudinal muscle were prepared from each segment (Swaminathan et 

al. 2019). 

4.3.4 Primary antibodies  

Primary antibodies for Western blotting or immunohistochemistry used in the present 

research are listed in Table 1. All the antibodies are available commercially. 

Characterization of the primary antibodies was performed in previous studies or in the 

current study.  

4.3.5 Immunoperoxidase single labeling immunohistochemistry 

Free-floating sections or whole mount preparations were processed for 

immunoperoxidase immunohistochemistry following the protocol described in our 

previous studies (Islam et al. 2012, 2017; Wroblewski et al. 2018). Sections or  whole 

mount preparations were incubated in PBS containing 10% normal donkey serum 

(NDS) and 0.3% Triton X-100 for 1h at 4°C. All sections or whole mount preparations 

then were bleached in a mixture of 1.5% hydrogen peroxide and 50% methanol for 30 

min at 4°C. After rinsing in PBS containing 0.3% Triton X-100 and 0.05% NDS (PBST-

NDS), sections or whole mount preparations were placed in anti-HAP1 primary 

antibody (R19, 1:20,000, diluted in 1% PBST-NDS) for 4 days at 20°C. For the 

preadsorption test, samples were kept in a mixture of primary antibody (HAP1) and 

blocking peptide against anti-HAP1 antibody in a separate incubation. Samples were 
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then rinsed in 0.05% PBST-NDS followed by an incubation in biotinylated donkey 

antigoat IgG (AP180B, Millipore; 1:1,000, diluted in 1% NDS-PBS) for overnight at 

4°C. Next, samples were rinsed in 0.05% NDS-PBS and then incubated in peroxidase-

conjugated streptavidin (Dako, Glostrup, Den- mark; 1:1,000 diluted in PBS) for 2h at 

20°C. After washing with 0.05 M Tris HCl buffer (pH 7.6), the bound peroxidase was 

visualized in the sections or in whole mount preparations by reaction for 10-15 min in 

-diaminobenzidine (DAB, Wako Pure Chemical Industries, Ltd., Osaka, Japan) and 

nickel ammonium sulfate (Sigma  Aldrich, Tokyo, Japan) solution containing 0.0008% 

hydrogen peroxide. Finally, sections or whole mount preparations were rinsed, mounted 

on glass slides coated with 0.6% gelatin, and coverslipped with Entellan New (Merck 

KGaA, Darmstadt, Germany). 

4.3.6 Dual-labeling immunofluorescence immunohistochemistry 

Whole mount preparations were processed for immunofluorescence 

immunohistochemistry following the protocol described in our earlier studies (Jahan et 

al. 2015; Islam et al. 2017, 2021). First, whole mount preparations were washed in PBS 

and incubated in a blocking solution of PBS containing 10% normal donkey serum 

(NDS) and 0.3% Triton X-100 for 2h at 4°C. After rinsing in PBST-NDS whole mount 

preparations were incubated with goat anti-HAP1 antibody (R19, 1:20,000) in 

combination with one of the following antibodies: rabbit anti-GFAP (1:1,000), rabbit 

anti-ionized calcium-binding adapter molecule 1 (Iba1; 1: 1,000), rabbit anti-C-Kit 

(1:1,000), rabbit anti-neuronal nuclei (NeuN; 1: 1,000), rabbit anti-HuD+HuC (1:5,000), 

rabbit anti-calretinin (1:2,000), rabbit anti-calbindin (1:25,000), rabbit anti-NOS 

(1:2,000), rabbit anti-VIP (1:5,000), rabbit anti-ChAT (1:2,000), rabbit anti-SP 

(1:1,000), rabbit anti-somatostatin (1:1,000), rabbit anti-TH (1:1,000),  rabbit anti-
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(Table 1 for detail about primary 

antibodies).  Colchicine was injected intraperitonially  after mixing with 0.9% NaCl 

saline solution to strengthen the imunoreactivity of neuronal cell bodies in case of using 

VIP, SP, TH, and CGRP antibodies (Mitsui 2009). Samples were then rinsed in 0.05% 

PBST-NDS followed by an incubation with a mixture of Alexa Fluor 488-conjugated 

donkey anti-rabbit IgG (A32790, AB_2762833, Invi-trogen, Rockford, IL, USA; 

1:1,000) and Alexa Fluor 594-conjugated donkey anti-goat IgG (A11058, AB_2534105, 

Invitrogen, Eugene, OR, USA; 1:1,000) secondary antibodies for 2-3hr at 20°C.  

Finally, the whole mount preparations were mounted on glass slides coated with 0.6% 

gelatin, and coverslipped with Fluoromount/Plus (K048, Diagonostic Biosystems, 

Pleasanton, CA, USA).

4.3.7 Western Blotting

Western blotting was also conducted according to the protocol described in our previous 

studies (Jahan et al. 2015; Islam et al. 2020b). Stomach, duodenum or colon was 

homogenized using mortar and pestle in liquid nitrogen. Protein concentration for each 

sample was quantified as previously described (Islam et al. 2017; 2020a). Equal 

amounts of lysate were separated using 7.5% SDS polyacrylamide gel electrophoresis 

and then transferred to polyvinylidene difluoride membrane. The membranes were then 

blocked in 5% skim milk for 1h at 20 °C. Membranes were incubated with goat 

polyclonal anti-HAP1 (R19, 1:20,000) or mouse monoclonal anti- tubulin (1:20,000) 

primary antibodies (Table 1) for overnight at 4 °C. Bound antibodies were detected with 

horseradish peroxidase-linked anti-goat (1:5,000; SC-3851, Santa Cruz Biotechnology) 

or anti-mouse IgG (1:20,000; GE Healthcare, Buckinghamshire, UK)  and visualised 

by enhanced chemiluminescent detection (ECL select; GE Healthcare). Finally, the 
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immunoreactive signals were captured using an Amersham Imager 600 (GE 

Healthcare).  

4.3.8 Image processing  

Immunoperoxidase staining photomicrographs were captured with an Eclipse E80i 

photomicroscope (Nikon, Tokyo, Japan) equipped with a color digital camera (USB 2.0, 

Lumenera Corporation, Ottawa, Canada). Immunofluorescence photomicrographs 

were taken with a laser-scanning microscope (LSM510; Carl Zeiss, Jena, Germany) 

with single optical sections (1024x1024 pixels). Photoshop software (Adobe Photoshop 

Elements 2020, Adobe Systems, Inc. San Jose, CA, USA) was utilized to organize the 

photographs.  

4.3.9 Tissue analyses and cell counting 

Analyses of co-expression ratios for HAP1/ neuronal markers or neuronal markers / 

HAP1 were performed in whole mount myenteric plexus preparations of stomach 

(corpus), duodenum and mid colon. Only the cells with a clearly visible nucleus were 

counted. Images were randomly taken and cells were counted in a total of 10 fields 

(0.25mm2/field) in each mouse. At least 100 neurons from each field were counted (Qu 

et al. 2008). A total of 4 mice were used for each quantification. Data were expressed 

as mean ± standard error of the mean (SEM; n =4).

4.4 Results 

Immunohistochemistry and Western blotting were performed to examine the expression 

of HAP1 in the ENS. First, we performed immunohistochemistry of HAP1 using free-

floating sections of stomach, duodenum, and colon (Fig. 1). HAP1 was abundantly 
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expressed in the myenteric plexus of gastrointestinal tract (Fig. 1b, e, h). HAP1-

 b, e, h). The location 

(Fig. 1a,d, g). HAP1-immunoreactivity was abolished in the preadsorption test (Fig. 1c, 

f, i). Then HAP1-expression in the gastrointestinal tract was confirmed by Western 

blotting. In Western blotting, both isoforms of HAP1 (approximately 85 kDa for 

HAP1B and 75 kDa for HAP1A) were identified in the ENS of stomach, duodenum, 

and colon (Fig. 1j). The expression of HAP1 in the ENS was less than that of 

hypothalamus. Using the blocking peptide of primary antibody resulted in complete 

elimination of all the HAP1-ir bands. 

In the present study, we particularly focused on the characterization of HAP1-

immunoreactivity in the myenteric plexus. For this, the whole-mount preparation was 

used to confirm the expression pattern of HAP1-ir cells in the myenteric plexus 

throughout the gastrointestinal tract (Fig. 2). We found that HAP1-ir cells were 

luxuriantly present in Auerbach s plexus as a mesh-like network in esophagus (Fig. 2a), 

stomach (Fig. 2b), duodenum (Fig. 2c), jejunum (Fig. 2d), ileum (Fig. 2e), cecum (Fig. 

2f), proximal colon (Fig. 2g), distal colon (Fig. 2h), and rectum (Fig. 2i). HAP1-

immuoreactivity was mainly present in the cytoplasm of the cells where they often 

localized to dot like STB. There were also some HAP1-ir cells without or no clear STB.  

Next, double-label immunofluorescence staining was performed for HAP1 and 

GFAP (a marker for enteric glial processes), Iba-1 (a marker for muscularis 

macrophage), c-kit (a marker for interstitial cells of Cajal) in the duodenum (Fig. 3) or 

with NeuN (neuronal marker) in stomach, duodenum and colon (Fig. 4). Our present 



- 21 - 

double staining results showed that almost all the HAP1-ir cells exhibited clear NeuN-

immunoreactivity (Fig. 4a-i), while being negative for GFAP (Fig. 3a-c), Iba-1 (Fig. 

3d-f) or C-kit (Fig. 3g-i). These results indicated that the HAP1-ir cells demonstrated 

attributes of neurons but not of enteric glial or Cajal cells. Next, to quantify the number 

of HAP1-ir neurons in the myenteric plexus, double-label staining of HAP1 was carried 

out with enteric pan neuronal marker, Hu. The results clearly revealed that 100% 

HAP1-ir cells were immuno-positive for Hu in stomach, duodenum and colon (Fig. 5), 

whereas 96.03%, 73.5%, 77.53% of Hu-ir cells were co-expressed with HAP1 in 

stomach, duodenum, and colon respectively (Fig. 5).  Then, to reveal the 

neurochemical phenotypes of HAP1-ir neurons, we performed double-label 

immunohistochemistry of HAP1 with the markers of calcium binding proteins, 

nitrergic/cholinergic motor neurons, interneurons, sympathetic nonadrenergic neurons 

and sensory neurons, as described below. 

4.4.1 Immunohistochemical relationships of STB/HAP1 with calcium binding 

protein 

Among the calcium binding proteins, calretinin and calbindin are most important 

markers in enteric nervous system (Masliukov et al. 2017). Our current cell counting 

demonstrated that the co-expression ratio of HAP1 in claretinin-ir neurons were 100% 

in stomach, 68 - 70% in duodenum and colon and that of calretinin in HAP1-ir neurons 

were 27% in stomach and 44 - 48% in duodenum and colon (Fig. 6a-i, Table 2). 

Whereas, our current cell counting demonstrated that the co-expression ratio of HAP1 

in calbindin-ir neurons were 100% in stomach, 42 - 46% in duodenum and colon and 

that of calbindin in HAP1-ir neurons were 24% in stomach and 11 - 13% in duodenum 

and colon (Fig. 7a-i, Table 2).  
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4.4.2 Immunohistochemical relationships of STB/HAP1 with markers of 

excitatory and inhibitory neurons 

Excitatory motor neurons of myenteric plexus express ChAT and SP, whereas 

inhibitory neurons express NOS and VIP (Furness 2000). Our cell counting data 

indicated that the co-expression ratio of HAP1 in NOS-ir neurons were 96 - 99% in 

stomach, duodenum and colon and that of NOS in HAP1-ir neurons were 25 - 28% in 

stomach, duodenum and colon (Fig. 8a-i, Table 2). However, comparatively smaller-

sized NOS-ir neurons did not co-express with HAP1 (Fig. 8).  Our cell counting data 

indicated that the co-expression ratio of HAP1 in VIP-ir neurons were 100% in stomach, 

duodenum and colon and that of VIP in HAP1-ir neurons were 22 - 26% in stomach, 

duodenum and colon (Fig. 9a-i, Table 2).  

Next, we examined the co-expression ratio of HAP1 with ChAT. Our current 

cell counting data demonstrated that the co-expression ratio of HAP1 in ChAT-ir 

neurons were 100% in stomach, 69 - 72% in duodenum and colon and that of ChAT in 

HAP1-ir neurons were 69% in stomach and 60 - 63% in duodenum and colon (Fig. 10 

a-i, Table 2). On the other hand, our cell counting data also indicated that the co-

expression ratio of HAP1 in SP-ir neurons were 100% in stomach, duodenum and colon 

and that of SP in HAP1-ir neurons were 26 - 29% in stomach, duodenum and colon 

(Fig. 11a-i, Table 2). 

4.4.3 Immunohistochemical relationships of STB/HAP1 with interneurons and 

sympathetic noradrenergic neurons 

 Somatostatin is expressed in descending interneurons in the myenteric plexus (Qu et 

al. 2008). To examine the immunohistochemical relationship of HAP1 with 
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interneurons in myenteric plexus, we conducted double-label immunofluorescence 

histochemistry for HAP1 with somatostatin. Our current cell counting data raveled that 

the co-expression ratio of HAP1 in somatostatin-ir neurons were 100% in stomach, 

duodenum and colon and that of somatostatin in HAP1-ir neurons were 2 - 4% in 

stomach, duodenum and colon (Fig. 12a-i, Table 2). 

Next, double staining with antibody TH was done in stomach, duodenum and 

colon to characterize the sympathetic noradrenergic neurons in myenteric plexus. Our 

current results indicated that the co-expression ratio of HAP1 in TH-ir neurons were 

100% in stomach, duodenum and colon and that of TH in HAP1-ir neurons were 0.17 

- 0.27% in stomach, duodenum and colon (Fig. 12j-r, Table 2). 

4.4.4 Immunohistochemical relationships of STB/HAP1 with sensory neurons 

CGRP has been recognized as well-known marker for intrinsic primary afferent neurons 

(IPANs)/ sensory neurons (Furness et al. 2004). In this study, CGRP-ir cell bodies were 

not found in the stomach except some nerve fibers (Fig. 13a-c). In contrast, in the 

CGRP-ir cell bodies were clearly seen in duodenum and colon (Fig. 13d-i). These 

results were consistent with previous studies (Mawe et al. 1989; Sayegh and Ritter 

2003). Our current double-immunofluorescence results revealed an intriguing result 

that the co-expression ratio of HAP1 in CGRP-ir neurons were 6 - 9% in duodenum 

and colon and that of CGRP in HAP1-ir neurons were 2 - 3% in duodenum and colon 

(Fig.13a-i). 

4.5 Discussion 

In the current study we have examined the expression of HAP1 in ENS throughout the 

gastrointestinal tract (esophagus to rectum). We have also determined the 
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neurochemical phenotypes of HAP1-ir cells in myenteric plexus in stomach, duodenum 

and colon. The current study is the first to investigate the expression, distribution, and 

immunohistochemical characterization of HAP1 in the ENS. Although the expression 

of HAP1 has previously been extensively analyzed in the brain and spinal cord of CNS 

or dorsal root ganglion in peripheral nervous system previously in a number of studies 

(Fujinaga et al. 2004, 2007; Sheng et al. 2006; Islam et al. 2012, 2017, 2020a; 

Wroblewski et al. 2018; Chen et al. 2020; Li et al. 1996; Gutekunst et al. 1998; 

Dragatsis and Zeitlin 2004; Sheng et al. 2006, 2008; Lin et al. 2010; Niu et al. 2011), 

the expression of HAP1 or its neurochemical characterization has never been studied in 

the ENS. Our Western blotting showed that both the isoforms of HAP1A and HAP1B 

were present in the ENS of adult mouse. In addition, our current immunohistochemical 

results enunciated that HAP1-immunoreactivity was present in both myenteric and 

submucosal plexuses of ENS. Our double staining of HAP1 with NeuN confirmed the 

presence of HAP1-immunoreactivity in neuron of ENS, whereas our current double 

staining for HAP1 with GFAP, Iba1 or C-Kit ruled out the possibility of the presence 

of HAP1-immunoreactivity in glial cells or in ICC in ENS. Most of HAP1-ir neurons 

in ENS had dot-like STB in their cytoplasm, however few neurons had only diffuse 

HAP1-staining in their cytoplasm with undetectable STBs, as previously observed in 

the spinal cord or in the brain (Li et al. 1998; Gutekunst et al. 1998; Fujinaga et al. 

2009; Islam et al. 2017). Usually HAP1-ir neurons express both HAP1A and HAP1B 

and the neurons having comparatively more HAP1A show STB in their cytoplasm 

while those having more HAP1B display only diffuse HAP1-immunoreactivity in their 

cytoplasm (Fujinaga et al. 2007; Islam et al. 2017, 2020a; Wroblewski et al. 2018). Our 

current results elucidate that in addition to the CNS, STB/HAP1-immunoreactivity is 

also abundantly expressed in the ENS. The most striking result in the present study is 
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that a very high percentage of the myenteric motor neurons (both excitatory and 

inhibitory), and interneurons express HAP1-immunoreactivity, while the IPANS are 

almost devoid of HAP1-immunoreactivity in myenteric neurons across different 

involvement in modulating certain functions of motor neurons or interneurons in 

myenteric plexus. 

4.5.1 Both inhibitory and excitatory motor neurons express HAP1 

To characterize the neurochemical phenotypes of HAP1, we used the markers for two 

major transmitters expressed in myenteric neurons, NOS, the enzyme catalyzing the 

production of nitric oxide, and ChAT, the synthesizing enzyme for acetylcholine. Nitric 

oxide and acetylcholine are the key neurotransmitters regulating inhibitory and 

excitatory inputs, respectively (Brookes 2001; Mazzoni et al. 2020). More than 95% of 

the myenteric neurons are positive for either NOS or ChAT, whereas less than 5% 

neurons are positive for both, and the remaining very small number of neurons express 

neither ChAT nor NOS (Murphy et al. 2007; Porter et al. 2002; Wattchow et al. 2008). 

NOS-immunoreactivity are largely limited to Dogiel type I neurons (Qu et al. 2008). In 

addition to the NOS, the inhibitory neurons also express VIP (Furness 2000). The 

majority of ChAT-ir excitatory myenteric nerve cell bodies are Dogiel type I, however, 

there is also a small number of large pale-staining ChAT-ir Dogiel type II neurons (Sang 

1998). One of the striking findings in our current study was that about 97-99% of NOS-

ir cells and 100% of VIP-ir cells contained HAP1-immunoreactivity. These results 

suggest that almost all the inhibitory neurons contained HAP1 in myenteric plexus. 

Another striking finding in our current study was that about 100% of ChAT-ir cells in 

stomach or 69-72% of ChAT-ir cells in intestine contained HAP1-immunoreactivity. It 
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has been reported that a large number of the ChAT-ir neurons contained SP and 

calcium-binding proteins (Sang 1998). In the present study we also performed double 

staining of HAP1with SP or calcium binding proteins (calbindin, calretinin). We found 

an intriguing result that 100% SP-ir neurons and a large number of calbindin- or 

calretinin-ir neurons expressed HAP1. Taken together, our current results reveal that 

excitatory neurons also contain HAP1.Taking the methodological limitations into 

account, our current results may indicate that almost all the excitatory and inhibitory 

motor neurons contain HAP1-immunoreactivity in myenteric plexus. HAP1 could be 

considered as a potential neurochemical marker for both excitatory and inhibitory 

neuron groups in the ENS.  

4.5.2 All the interneuron and catecholaminergic neurons contain HAP1 but 

sensory neuron shows lack of HAP1-immunoreactivity

There are ascending (orally directed) and descending (anally directed) types of 

interneurons in the ENS (Brehmer et al. 1999; Furness 2000). The ascending neurons 

are mostly cholinergic (Kunze and Furness 1999), whereas the descending types of 

interneurons show different chemical coding: ChAT/NOS/VIP, ChAT/SOM or 

ChAT/5-HT (Mazzoni et al. 2020; Furness 2000). It has been hypothesized that 

ChAT/NOS/VIP neurons regulate local motility reflexes, ChAT/SOM neurons 

modulate conduction of migrating myoelectric complexes, and the ChAT/5-HT modify 

secretomotor reflexes (Pompolo and Furness 1998; Furness 2000). As our current study 

shows that almost all the ChAT-ir neurons contain HAP1-immunoreactivity, it is highly 

possible that ascending types of interneurons also express HAP1. To answer the 

question whether the descending types of interneurons contain HAP1-

immunoreactivity, we double-stained HAP1 with somatostatin. Intriguingly, our 
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current results confirmed that 100% of somatostatin neurons also contained HAP1. 

These results clearly indicate that both ascending and descending types of interneurons 

contain HAP1-immunoreactivity.   

In the present study, we also performed double-staining of HAP1 with TH to 

further clarify the phenotype of HAP1-ir cells in myenteric plexus. TH-

immunoreactivity occurs in a very small proportion of myenteric neurons, which are 

usually Dogiel type I in morphology (Qu et al. 2008). The role of TH-ir neurons is not 

well defined. One group explained the TH-ir neurons as dopaminergic (Li et al. 2004), 

whereas other group described as noradrenergic extrinsic sympathetic neurons (Anlauf 

et al. 2003). In a broader term, the phenotype of TH-ir neurons are considered as 

catecholaminergic neurons (Noorian et al. 2011). The present study confirmed that 

100% of TH neurons expressed HAP1-immunoreactivity, suggesting that the 

catecholaminergic neurons in myenteric plexus also contained HAP1.   

Finally, we examined the immunohistochemical relationships of HAP1 with 

IPANs (sensory neurons). Morphologically, the IPANs are Dogiel type II neurons 

(Furness 2000). The characteristics electrophysiological properties of these Dogiel type 

II neurons discerns them from motor neurons and interneurons (Furness et al. 1998). 

CGRP is a good chemical marker of Dogiel type II IPANs (Qu et al. 2008). Studies on 

the effects of CGRP receptor antagonists during reflex activation clarifies that IPANs 

in mouse intestine contain and release CGRP. Almost all the CGRP-ir neurons have 

similar morphological appearance as that to Dogiel type II cells. However, there are 

also a very few CGRP- ir Dogiel type I neurons (Qu et al. 2008). In the present study, 

we have found CGRP-ir neurons in different segments of gastrointestinal tract except 
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in stomach. We detected only CGRP-ir nerve fibers in the stomach. These findings were 

similar with that of previous studies (Mawe et al. 1989; Sayegh and Ritter 2003), where 

they also found only CGRP-ir nerve fibers in stomach and suggested that those fibers 

were probably extrinsic in origin.  Our current results provide intriguing evidence that 

HAP1 never co-localize with large, oval, or bigger-sized CGRP-ir neurons (Dogiel type 

II), whereas a very few small-sized CGRP-ir neurons (possibly Dogiel type I) were 

HAP1 positive. Although a detailed morphological or electron microscopical studies 

are needed in future, our current results may suggest that the typical Dogiel type II 

neurons are almost devoid of HAP1-immunoreactivity. 

4.5.3 Possible physiological role of HAP1 in ENS

Our current study clearly showed that HAP1 is highly co-expressed with the markers 

of motor neurons (excitatory or inhibitory), interneurons, and catecholaminergic 

extrinsic sympathetic neurons but not with that of sensory neurons in myenteric plexus. 

Motor neurons and interneurons include Dogiel type I neurons, whereas sensory 

neurons contain Dogiel type II neurons (Lomax and Furness 2000; Brookes 2001). Our 

current findings indicate that HAP1-immunoreactivity selectively present in Dogiel 

type I neurons. Although the gastrointestinal tract receives input from CNS through the 

vagus nerve and thoracolumbar/lumbosacral spinal ganglion, ENS also can act 

independently of the CNS (Fleming et al. 2020; Fung and Vanden Berghe 2020). In the 

myenteric plexus, inhibitory and excitatory motor neurons project fibers to the 

longitudinal and circular muscles (Furness 2000; Fung and Vanden Berghe 2020). 

Excitatory motor neurons project orally and use acetylcholinesterase as their primary 

transmitter, whereas inhibitory motor neurons project anally and utilize NOS or VIP. 

The excitatory motor neurons stimulate smooth muscle contraction and the inhibitory 
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motor neurons induce smooth muscle relaxation (Fleming et al. 2020). There are two 

main types of interneurons located in the myenteric plexus: ascending or orally directed 

interneurons and descending or anally directed interneurons (Brehmer et al. 1999, 

Furness 2000). These interneurons have been noted to form chains that extend the 

length of the GI tract and believed to involve in the migrating myoelectric complex of 

the small intestine (Kunze and Furness 1999). Abundant expression of HAP1-

immunoreactivity in the excitatory motor neuron, inhibitory motor neuron, and in 

interneurons (both ascending and descending) might imply a vital role of HAP1 in 

regulating physiological functions of these neurons, including bowel motility control, 

blood flow to permit nutrient and fluid absorption, secretion, and support waste 

elimination (Avetisyan et al. 2015). Detailed morphological and physiological 

experiments are needed in future to elucidate the effects of HAP1 in the myenteric 

neurons. 

4.5.4 Possible pathological role of HAP1 in ENS

It has been reported that STB/HAP1 can increase the threshold of vulnerability to 

neurodegeneration and provide increased stability to neurons expressing HAP1, and 

subsequently protect neurons against apoptosis/cell death. In our previous studies, we 

have showed that HAP1 can sequester the pathological mutant molecules and trap the 

toxic aggregation in the cytoplasm to prevent apoptosis-inducing nuclear translocation 

(Takeshita et al. 2006, 2011). We have also reported that the neurodegeneration-prone 

regions, including cortex, thalamus, striatum, cerebellum, and motoneurons are devoid 

of STB/HAP1-expression, whereas the regions relatively spared from 

neurodegeneration, such as preoptic area, hypothalamic area or spinal dorsal horn are 

rich in STB/HAP1-expression (Fujinaga et al. 2004; Takeshita et al. 2006, 2011; Islam 
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et al. 2012, 2017). According to our current results, it can be speculated that HAP1-

immunoreactivity might increase the threshold of vulnerability to neurodegeneration 

or give out beneficial stability to myenteric motor neuron and interneuron but not to 

IPAN. 

In a recent study, it has been shown that the expression of HAP1 is 

significantly reduced in pancreatic cancer (Li et al. 2019). HAP1-expression is also 

decreased in breast cancer tissues and overexpression of HAP1 reduced the cell 

proliferation in breast cancer (Zhu et al. 2013). These studies suggested that HAP1 

may serve as a potential diagnostic marker for certain cancer. Our current results may 

also provoke to investigate the expression of STB/ HAP1-protection in the enteric 

neurons throughout the gastrointestinal tract of different neurodegenerative disease 

mouse model. The characterization of HAP1 in enteric nervous system is very pivotal 

for further experiment of genetically engineered, mutant or transient mice in order to 

enhance the prospect of digestive degenerative disorders (Van der Burg et al. 2009; 

Sassone et al. 2009). Mutant hungtintin (htt), one of the causal agents of Huntington 

disease not only present in the CNS but also aggreate in the non-CNS tissues (Moffitt 

et al. 2009; Sathasivam et al. 1999). It has been known that the effects of 

disease) have been recognized in ENS in addition to CNS (Björkqvist et 

al. 2008; Chaumette et al. 2009; Lebouvier et al. 2009; Khan and Alkon 2010). 

Noteworthy, HD patients show gastrointestinal dysfunction and have several sign & 

symptoms including loss of enteric neuropeptides, decreased mucosal thickness and 

villus length as well as impaired gut motility (Van der Burg et al. 2009). Other problems 

such as loss of body weight (Djousse et al. 2002; Farrer and Yu, 1985; Robbins et al. 
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2006; Sanberg et al. 1981), malnutrition (Lanska et al. 1988), difficulties in swallowing 

(Wood et al. 2008), upper gastrointestinal dysfunction like gastritis and 

esophagitis(Andrich et al. 2009) have also been observed. The unintended loss of body 

weight have been found mainly in the three major types of neurodegenerative diseases: 

Alzheimer's disease, Parkinson's disease and Huntington's disease (Aziz et al. 2008). 

The role of HAP1/STB might have some resistance mechanism in the pathological 

pathways in the ENS to prevent the extended number of CAG repeats by maintaining 

the threshold numbers in the huntingtin gene. It is intriguing to consider that the 

downregulated STB/HAP1-expression in ENS could be a potential risk factor for 

specific neurodegenerative disorders. However, no direct observation of this 

hypothesis has been known to date, and the link between STB/HAP1-expression and 

enteric neuropathology could be an active area of future research. Furthermore, 

Hirschsprung disease is a fatal birth defect in which the enteric neurons are missing 

from the bowel (Heuckeroth 2018), whereas, achalasia is a motility disorder of the 

esophagus, which results in degeneration of the myenteric plexus of the esophageal wall 

. Future studies should also include detailed in vitro and in vivo

studies to clarify the effects of HAP1 on the vulnerability of enteric neurons regarding 

these disorders. 

Mounting evidence suggests that healthy gut with diverse microbes is vital for 

normal brain functions (Sharon et al. 2016; Suganya and Koo 2020). Changes in the 

bidirectional relationship between the gastrointestinal tract and CNS are linked with the 

pathogenesis of gastrointestinal and neurological disorders. Therefore, the 

microbiota/gut-brain axis is an emerging and widely accepted concept (Sharon et al. 

2016; Suganya and Koo 2020; Kuwahara et al. 2020). The gut microbiota affects 
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several physiological processes, including gut motility (Carabotti et al. 2015). Further, 

alteration of gut microbiota composition can influence the cognition, sleep, and mood 

disorders (Cryan and Dinan 2012). In addition, research over past few years elucidates 

that the gut microbiota plays a vital role in the pathogenesis of neurodegenerative 

l. 2016; Castillo-Álvarez and Marzo-Sola 2019; 

Wasser et al. 2020). It has been reported that IPANs project sensory nerve fibers to the 

gut mucosa. IPANs also project nerve fibers directly to interneurons and motor neurons 

through which they send chemical signals from gut microbiota or microbiota 

metabolites to other enteric neurons or to the CNS (Kuwahara et al. 2020). According 

to our present results, it is tempting to speculate that due to lack of STB/HAP1 

protectivity IPANs-related gut sensory system might be more vulnerable to stress 

conditions than STB/HAP1-expressing gut motor system. Intriguingly, the incidence of 

certain gastrointestinal disorders increaseas with the advancement of age and paralelly 

the enteric neurons also degenerate with age (Britton and McLaughin 2013; Phillips 

and Poweley 2007). Interestingly, expression of HAP1 mRNA in the neurons of CNS 

is also downregulated in aged rodents (Page et al. 1998). Although further studies need 

to be performed to examine the age related changes in HAP1 expression in the ENS, it 

is compelling to speculate that the lower level of HAP1-expression might be responsible 

for gastrointestinal disorders vis-à-vis neurodegeneation in the ENS/CNS in elderly 

populations. Further detailed studies are required to elucidate the effects of STB/HAP1 

in protection of microbiota/gut-brain axis. 

In conclusion, our present study is the first to clarify the expression HAP1 in 

the ENS. The present study is also the first to elucidate the neurochemical phenotypes 
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of HAP1-ir cells in myenteric plexus. Our current result shows that HAP1 is highly 

expressed in the ENS throughout the gastrointestinal tract. HAP1-immunoreactivity is 

present in excitatory motor neurons, inhibitory motor neurons, and interneurons of 

myenteric plexus. Our current results may suggest the importance of HAP1 in 

regulation of both excitatory and inhibitory motor neuron or interneuron functions. 

HAP1 could be used as a potential novel neurochemical marker for Dogiel type I 

neurons. It will be of great interest to elucidate the pathophysiological roles of HAP1 

in ENS. Due to lack of putative STB/HAP1 protectivity, Dogiel type II neurons might 

be more vulnerable to neurodegeneration than STB/HAP1-expressing Dogiel type I 

neurons. 
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Fig. 1 Immunohistochemistry for huntingtin-associated protein 1 (HAP1) in tissue 
sections and Western blotting. Photomicrographs showing H & E stain (a, d, g), 
expression of HAP1-ir cells (b, e, h) in the myenteric plexus and pre-adsorption control 
test (c, f, i) in stomach, duodenum and colon and western blotting for huntingtin-
associated protein 1 (HAP1) (j).  Location of serosa (S), longitudinal muscle (LM), 
circular muscle (CM), submucosa (SM), muscularis mucosae (MM) and mucosa (M) 
are indicated in H & E stain. HAP1-immunoreactivty was expressed in the myenteric 
plexus (between CM and LM) and in the submucosal plexus in SM. Insets are the 
enlargement of HAP1-ir cells indicated by arrowhead in myenteric plexus. Arrow 
indicates the HAP1-ir stigmoid body (STB). Double arrowhead indicates the HAP1-ir 
cells in the submucosal plexus. Preincubation with a blocking peptide against the HAP1 
primary antibody resulted in disappearance of the HAP1-immunoreactivity (c, f, i). 
Western blot analysis (j) using lysate from the hypothalamus (control) and different 
segment of gastrointestinal tract (stomach, duodenum, colon) showing bands of 
approximately 85 kDa for HAP1B, 75 kDa for HAP1A using HAP1 antibody, whereas 
with a blocking peptide against HAP1 antibody resulted in eliminating of the HAP1-
positive bands.  a-i
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Fig. 2 Single immunoperoxidase staining of huntingtin-associated protein 1 

(HAP1) in whole mount preparations. Photomicrographs showing HAP1-ir cells in 

the myenteric plexus from esophagus to rectum (a-i) in whole mount preparations. 

Insets are the enlargement of HAP1-ir cells indicated by arrowhead and arrow 

indicate the HAP1- a-i

insets. 
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Fig. 3 Double-label immunofluorescence immunohistochemistry for HAP1 with GFAP, 

Iba-1 and C-kit.  Photomicrographs showing immunolabeling of HAP1 with GFAP (a-

c), Iba-1(d-f) and c-kit (g-i) in the myenteric plexus of mouse colon in whole mount 

preparations. Arrowheads indicate the cells single positive for HAP1 and  arrows 

indicate the glial process of GFAP, mascular macrophase (Iba-1) and interstitial cell of 

cajal (c- a-i). 
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Fig. 4 Double-label immunofluorescence immunohistochemistry for HAP1 with NeuN. 

Photomicrographs showing immunolabeling of HAP1 with NeuN in the myenteric 

plexus of mouse stomach (a-c), duodenum (d-f), colon (g-i) in whole mount 

preparations. Arrowheads indicate the cells single positive for HAP1, double 

arrowheads indicate the double labeled neurons of HAP1 and NeuN. Arrows indicate 

the cells single positive for NeuN -i). 
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Fig. 5 Double-label immunofluorescence immunohistochemistry for HAP1 with Hu. 

Photomicrographs showing immunolabeling of HAP1 with Hu in the myenteric plexus 

of mouse stomach (a-c), duodenum (d- f), colon (g-i) in whole mount preparations. 

Double arrowheads indicate the double labeled neurons of HAP1 and Hu. Arrows 

a-i). Pseudo Venn-diagram 

indicating the relative extent to which HAP1 express Hu in stomach, duodenum and 

colon (j-l). 
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Fig. 6 Double-label immunofluorescence immunohistochemistry for HAP1 with 

calretinin. Photomicrographs showing immunolabeling of HAP1 with calretinin in the 

myenteric plexus of mouse stomach (a-c), duodenum (d-f), colon (g-i) in whole mount 

preparations. Arrowheads indicate the cells single positive for HAP1 and double 

arrowheads indicate the double labeled neurons of HAP1 and calretinin. Arrows 

a-i). 
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Fig. 7 Double-label immunofluorescence immunohistochemistry for HAP1 with 

calbindin. Photomicrographs showing immunolabeling of HAP1 with calbindin in the 

myenteric plexus of mouse stomach (a-c), duodenum (d-f), colon (g-i) in whole mount 

preparations. Arrowheads indicate the cells single positive for HAP1 and double 

arrowheads indicate the double labeled neurons of HAP1 and calbindin. Arrows 

a-i).
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Fig. 8 Double-label immunofluorescence immunohistochemistry for HAP1 with NOS. 

Photomicrographs showing immunolabeling of HAP1 with NOS in the myenteric 

plexus of mouse stomach (a-c), duodenum (d-f), colon (g-i) in whole mount 

preparations. Arrowheads indicate the cells single positive for HAP1 and double 

arrowheads indicate the double labeled neurons of HAP1 and NOS. Arrows indicate 

a-i). 
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Fig. 9 Double-label immunofluorescence immunohistochemistry for HAP1 with VIP. 

Photomicrographs showing immunolabeling of HAP1 with VIP in the myenteric plexus 

of mouse stomach (a-c), duodenum (d-f), colon (g-i) in whole mount preparations. 

Arrowheads indicate the cells single positive for HAP1 and double arrowheads indicate 

the double labeled neurons of HAP1 and VIP. Arrows indicate the small size cells single 

a-i). 
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Fig. 10 Double-label immunofluorescence immunohistochemistry for HAP1 with 

ChAT. Photomicrographs showing immunolabeling of HAP1 with ChAT in the 

myenteric plexus of mouse stomach (a-c), duodenum (d-f), colon (g-i) in whole mount 

preparations. Arrowheads indicate the cells single positive for HAP1 and double 

arrowheads indicate the double labeled neurons of HAP1 and ChAT. Arrows indicate 

a-i).
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Fig. 11 Double-label immunofluorescence immunohistochemistry for HAP1 with SP. 

Photomicrographs showing immunolabeling of HAP1 with SP in the myenteric plexus 

of mouse stomach (a-c), duodenum (d-f), colon (g-i) in whole mount preparations. 

Arrowheads indicate the cells single positive for HAP1 and double arrowheads indicate 

a-i). 
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Fig. 12 Double-label immunofluorescence immunohistochemistry for HAP1 with 

somatostatin and TH. Photomicrographs showing immunolabeling of HAP1 with 

somatostatin in the myenteric plexus of mouse stomach (a-c), duodenum (d-f), 

colon (g-i) in whole mount preparations. Photomicrographs also showing HAP1 

with TH in stomach  (j-l), duodenum (m-o), colon (p-r) in the myenteric plexus of 

whole mount preparations of mouse. Arrowheads indicate the cells single positive 

for HAP1 and double arrowheads indicate the double labeled neurons (HAP1 with 

a-r).
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Fig. 13 Double-label immunofluorescence immunohistochemistry for HAP1 with 

CGRP. Photomicrographs showing immunolabeling of HAP1 with CGRP in the 

myenteric plexus of mouse stomach (a-c), duodenum (d-f), colon (g-i). Arrowheads 

indicate the cells single positive for HAP1 and arrows indicate the cells single positive 

for CGRP. Double arrowheads indicate the double labeled neurons of HAP1 and CGRP. 

a-i). 
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Fig. 14 Schematic illustration of the presence of HAP1-immunoreactivity in the 

different types of enteric neurons, neuronal circuitry and interconnection with central 

nervous system. This illustration is prepared on the basis of the results our current study 

and some other previous studies (Islam et al. 2017, 2020a; Fung et al. 2020; Furness 

2012). Neuronal network of the gastrointestinal tract is innervated by intrinsic network 

of interconnected intrinsic sensory neuron, interneurons and motor neurons and by the 

axon of extrinsic sympathetic and parasympathetic autonomic neurons. Expression of 

different neurotransmitter is showed by positive and negative sign. In myenteric plexus, 

HAP1-immunoreactivity is present in the motor neurons and interneurons but not in the 

sensory neurons. Enteric glia and interstitial cell of Cajal (ICC-MY) in the myenteric 

plexus are also negative for HAP1-immunoreactivity. In addition to ENS, HAP1-

immunoreactivity is also present in the spinal preganglionic autonomic neurons of 

sympathetic and parasympathetic regions of the central nervous system as well as dorsal 

root ganglia (Islam et al. 2017, 2020a). Elucidation the of neurochemical phenotypes of 

HAP1 in submucosal plexus is an active area of our ongoing research. ChAT, choline 

acetyltransferase; NO, Nitric oxide synthases; VIP, Vasoactive intestinal peptide; CR, 

Calretinin; CB, Calbindin; SP, Substance P; SOM, Somatostatin; CGRP, Calcitonin 

gene-related peptide.
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Table 1 Primary antibodies used in the present study 

HAP1, Huntingtin-associated protein 1; NeuN, Neuronal nuclei; nNOS, Neuronal nitric oxide synthase; VIP, Vasoactive intestinal peptide; ChAT, 
Choline acetyl transferase; SP, Substance P; TH, Tyrosine hydroxylase; CGRP, Calcitonin gene related peptide; GFAP, Glial fibrilliary acidic 
protein; Iba1, anti-ionized calcium-binding adapter molecule 1 

Antibody Immunogen Code 
Host 

/clonality 
Source Dilution References 

HAP1 
(R19) 

Rat HAP1  C-terminus Cat# sc-8770, 
RRID:AB_647322 

Goat  
polyclonal 

Santa Cruz 
Biotechnology 

1: 
20,000 

Islam et al., 2012 

NeuN Synthetic peptide within Human 
NeuN aa 1-100 (Cysteine 
residue)  

Cat# ab177487, 
RRID:AB_2532109 

Rabbit  
Monoclonal 

Abcam 1:1,000 Islam et al., 
2020a 

HuD+HuC Recombinant fragment within 
Mouse HuC aa1 to the C-
terminus 

Cat# ab184267, 
RRID:AB_2864321 

Rabbit
Monoclonal 

Abcam 1:5,000 Lai et al., 2020 

Calretinin Recombinant human calretinin a 
6-his tag at the N-terminal 

Cat# CR7697, 
RRID:AB_2619710 

Rabbit 
polyclonal 

Swant 1:2000 Qu et al., 2008 

Calbindin Recombinant rat calbindin D-
28K (CB) 

Cat# CB-38a, 
RRID:AB_2721225 

Rabbit 
polyclonal 

Swant 1:25000 Qu et al., 2008 

nNOS C-terminal synthetic peptide 
sequence corresponding to amino 
acids (1419-1433) of human 
nNos coupled to KLH 

Cat# 24287, 
RRID:AB_572256 

Rabbit 
polyclonal 

Immunostar 1:2,000 Islam et al., 
2020a 

VIP Porcine VIP coupled to bovine 
thyroglobulin with carbodiimide 
linker 

Cat# 20077,  
RRID: AB_572270 

Rabbit 
polyclonal 

Immunostar 1:5,000 Uyttebroek  et 
al., 2013 

ChAT Synthetic peptide within Pig 
Choline Acetyltransferase aa 
150-250.  

Cat# ab178850, 
RRID:AB_2721842 

Rabbit  
Monoclonal 

Abcam 1:2,000 Riddle et al., 
2018 

SP Synthetic Subtance P coupled to 
KLH with carbodiimide 

Cat# 20064 
RRID:AB_572266 

Rabbit 
Polyclonal 

Immunostar 1:1000 Islam et al., 
2020a 

Somatosta
tin  

Human somatostatin Cat# V1169, RRID: 
AB_2313730 

Mouse 
monoclonal 

Biomeda, 
Foster City, 
CA, USA 

1:1,000 Yanai et al., 2020 

TH Denatured tyrosine hydroxylase 
from rat pheochromocytoma 
(denatured by sodium dodecyl 
sulphate) 

Cat# AB152, 
RRID:AB_390204 

Rabbit 
polyclonal 

Millipore 1:1000 Islam et al., 
2020a 

CGRP Synthetic CGRP (rat) conjugated 
to KLH 

Cat# C8198, RRID: 
AB 259091 

Rabbit 
polyclonal 

Sigma Aldrich, 
St. Louis, MO 

1:1000 Islam et al., 
2020a 

GFAP Purified human brain GFAP Cat# G9269, RRID: 
AB_477035 

Rabbit 
polyclonal 

Sigma Aldrich, 
St. Louis, MO 

1: 1000 Islam et al., 2012 

Iba-1 Synthetic peptide corresponding 
to the C-terminus of Iba1 

Cat# 019-19741, 
RRID:AB_839504 

Rabbit 
polyclonal 

Wako, Osaka, 
Japan 

1: 1000 Islam et al., 2017 

 Synthetic peptide for the C-
terminal of human c-Kit 

Cat# 18101, 
RRID:AB_494681 

Rabbit 
Monoclonal 

Immuno-
Biological 
Laboratories 
Co. Ltd. 

1:1,000 Hirota et al., 1998

-tubulin Microtubule derived from 
chicken embryonic brain 

Cat# T6199, 
RRID:AB_477583 

Mouse 
monoclonal 

Sigma-Aldrich, 
St. Louis, MO 

1:20,000 Wroblewski et 
al., 2018 
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Table 2 Co-expression ratios of HAP1 with different neuronal marker in the 
myenteric plexus of the gastrointestinal segments of mouse 

ChAT, Choline acetyl transferase; NOS, Nitric oxide synthase; SP, Substance P; TH, 
Tyrosine hydroxylase; CGRP, Calcitonin gene-related peptide; IPAN, Intrinsic 
primary afferent neuron; Values represent the mean ± SEM (n = 4)

Relationship of HAP1 with different marker 
(ratio%) Stomach Duodenum Colon 

Type Markers Interrelations 
Calcium 
binding 
protein 

Calretinin HAP1/Calretinin 100.0±0.0 69.5±2.1 67.75±1.8
Calretinin/HAP1 26.5±1.2 47.75±1.3 43.75±1.6

Calbindin HAP1/Calbindin 100.00±0.0 45.5±2.3 42.25±1.6
Calbindin/HAP1 24.00±1.7 10.75±0.8 12.50±1.5

Inhibitory 
motor 
neuron 

NOS HAP1/NOS 98.75±0.6 96.25±.47 97.25±.25
NOS/HAP1 28.00±2.0 25.00±1.7 26.50±1.3

VIP HAP1/VIP 100.00±0.0 100.00±0.0 100.00±0.0
VIP/HAP1 25.50±1.3 22.25±1.4 24.75±0.8

Excitatory 
Motor 
neuron 

ChAT HAP1/ChAT 100.00±0.0 71.75±1.2 68.5±1.7
ChAT/HAP1 69.25±1.5 60.25±1.3 62.75±1.9

SP HAP1/SP 100.00±0.0 100.00±0.0 100.00±0.0
SP/HAP1 28.50±1.6 28.75±1.4 26.25±1.3

Interneuron Somatostatin HAP1/SOM 100.00±0.0 100.00±0.0 100.00±0.0
SOM/HAP1 1.75±0.4 2.5±0.6 3.75±0.2

Sympathetic 
neuron

TH HAP1/TH 100.00±0.0 100.00±0.0 100.00±0.0
TH/HAP1 0.25±0.02 0.17±0.04 0.27±0.04

Sensory/ 
IPAN 

CGRP HAP1/CGRP 0 6.25±1.0 8.75±0.6
CGRP/HAP1 0 2.25±0.6 2.5±0.6
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Chapter V 

Detailed of research objectives II 

Neurochemical phenotypes of huntingtin-associated protein 1 in reference to 

intestine 

5.1 Abstract 

Huntingtin-associated protein 1(HAP1) is an immunohistochemical marker of stigmoid 

body (STB). Brain/spinal cord regions with lack of STB/HAP1 immunoreactivity are 

always neurodegenerative targets, whereas STB/HAP1-abundant regions tend to be 

spared from degeneration. In addition to central nervous system, we have recently 

reported that HAP1 is abundantly expressed in the excitatory/inhibitory motor neurons 

and interneurons in myenteric plexuses of enteric nervous system (ENS). However, 

HAP1 expression and 

still unknown. In this study, we aimed to clarify the expression and neurochemical 

and rats. HAP1 was highly 

percentage of HAP1-immunoreactive submucosal neurons was not significantly varied 

between the intestinal segments of rats and mice. Double immunofluorescence results 

revealed that almost all the cholinergic secretomotor neurons containing ChAT/ CGRP/ 

somatostatin/ calretinin, non-cholinergic secretomotor neurons containing 

VIP/TH/calretinin, and vasodilator neurons containing VIP/calretinin expressed HAP1. 

Our current study is the first to clarify that STB/HAP1 is expressed in all neuronal 

reflect the involvement of HAP1 in 
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modulation of the secretomotor and vasodilator functions of submucosal neurons in 

ENS. 

5.2 Introduction 

Huntingtin-associated protein 1 (HAP1) was first reported as an interacting partner of 

HAP1 is often localized to stigmoid bodies (STBs), dot-like structures found in the 

cytoplasm of neurons in the central and peripheral nervous systems (Gutekunst et al. 

1998; Takeshita et al. 2006; Fujinaga et al. 2009; Islam et al. 2012, 2017, 2020a; 

Wroblewski et al. 2018). STBs were first identified in our previous studies using a 

polyclonal antibody raised against human placental antigen X-P2 with aromatase 

activity in the rat brain (Shinoda et al. 1992, 1993). HAP1 has been considered as an 

immunohistochemical marker of STB (Fujinaga et al. 2007, 2009; Islam et al. 2012, 

2017, 2020a).

Previous in vitro studies showed that STB/HAP1 has protective effects against 

disease (Li et al. 1995), spinal and bulbar muscular atrophy (Takeshita et al. 2006), 

spinocerebellar ataxia type 17 (Prigge and Schmidt, 2007), Joubert syndrome (Sheng et 

al. 2008), and Machado-Joseph disease (Takeshita et al. 2011). In addition, the 

expression level of STB/HAP1 in the normal rodent brain/spinal cord varies in different 

areas with the highest level in the preoptic regions, hypothalamus or amygdala and low 

level in the cerebral cortex, thalamus, striatum, cerebellum and motoneuons of spinal 

cord (Li et al. 1996; Page et al. 1998; Fujinaga et al. 2004). These brain areas with low 

STB/HAP1 expression appear to be targets of several of neurodegenerative diseases 
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(Islam et al. 2017). These findings lead to the idea that STB/HAP1 is protective against 

neurodegenerative apoptosis/cell death (Fujinaga et al. 2004; Islam et al. 2017; 

Wroblewski et al. 2018). Considering normal physiological functions, the growing 

evidences suggest that STB/HAP1 can modulate feeding activity, postnatal growth and 

stress regulation (Chan et al. 2002; Li et al. 2003; Sheng et al. 2006; Xiang et al. 2014; 

Lin et al. 2010; Niu et al. 2011; Chen et al. 2020). 

In addition to the central nervous system, STB/HAP1 is also expressed in the 

peripheral nervous system, including dorsal root ganglion (Islam et al. 2020) and 

 enteric nervous system (Tarif et al. 2021). 

(Furness, 2012). We have recently clarified that HAP1 is present in excitatory motor 

neurons, inhibitory motor neurons, and interneurons in the myenteric plexus throughout 

the gastrointestinal tract (Tarif et al. 2021). Although the expression of HAP1 in the 

 cursorily reported in our previous 

study (Tarif et al. 2021), the neurochemical phenotypes of HAP1 have never been 

secretomotor, non-cholinergic secretomotor, and vasodilator groups (Mongardi 

Fantaguzzi et al. 2009). Cholinergic secretomotor neurons express ChAT, CGRP, 

somatostatin, and calretinin. Non-cholinergic secretomotor neurons express VIP, NOS, 

TH, and calretinin. Vasodilator neurons express VIP, and calretinin. Calretinin is 

expressed in all three subtypes of submucosal neurons, whereas, VIP is expressed in 

both non-cholinergic secretomotor and vasodilator neurons (Lomax and Furness, 2000; 

Harrington et al. 2005; Mongardi Fantaguzzi et al. 2009; Girotti et al. 2013). In addition, 



- 53 - 

a noteworthy proportion of calbindin-ir neurons are also found in submucosal plexus 

(Zetzmann et al. 2018). Although the functions of calbindin-ir neurons have not been 

l 

calbindin-ir neurons co-expressed with calretinin/VIP/somatostatin-ir neurons 

(Masliukov et al. 2018; Zetzmann et al. 2018). 

electrolyte secretion and local blood flow (vasodilation) in the gut (Furness 2006, Fung 

and Vanden Berghe, 2020). On the other hand, the submucosal neurons of enteric 

nervous system are probably most vulnerable to degeneration in neurodegenerative 

disease (Chalazonitis and Rao, 2018). It is possible that HAP1 might modulate certain 

functions of enteric nervous system or could protect submucosal neurons from 

neurodegenerative stress. In this context, it becomes important to examine the detailed 

distribution of HAP1 and its neurochemical characterization in reference to 

aimed to examine the detailed neuroanatomical distribution of HAP1 and to elucidate 

its neurochemical phenotypes in the submucosal plexus in reference to the above-

mentioned neuronal markers in the small intestine of adult rats and mice.  

5.3 Materials and methods 

5.3.1 Animals

8-10 weeks of aged mice (C57BL/6J) of either sex, were maintained in a cage under 

standard conditions in an artificially lit room with a 12-h light/dark cycle at 21°C. All 

mice were supplied ad libitum with water and standard pellet diet. The animals were 

obtained from Japan SLC Inc., Shizuoka, Japan. The basic considerations for the 
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handling of laboratory animals were followed by the guidelines for Animal Research 

 The Committee on 

the Ethics of Animal Experimentation at Yamaguchi University School of Medicine 

formulated voluntary in-house regulations for proper scientific conduct of animal 

experiments and welfare based on these Guidelines. 

5.3.2 Tissue section preparation

Animal were anesthetized with sodium pentobarbital (80mg/kg). The mice were 

perfused transcardially with 4% paraformaldehyde in 0.1M phosphate buffer (PB; pH 

7.4) and post-fixed for overnight at 4°C in same fixative. The following day, the 

experimental segments (duodenum, jejunum, ileum) were cut into 1-1.5cm full 

thickness rings. It was washed properly with dimethyl sulphoxide (DMSO, 3×10 min) 

and placed in PBS containing 0.1% sodium azide and 30% sucrose solution for 

cryoprotection and stored at 4°C for three days. Optimal cutting temperature/OCT 

medium (Sakura Finetek USA, Inc., Torrance, CA, USA) was used to embed the tissue 

and then quick-freezed using powdered dry ice. Finally, tissue sections (30 ere 

prepared frontally by using cryostat.  

5.3.3 Whole mount preparation 

For whole mount preparations, segments (duodenum, jejunum, ileum) were cut along 

the mesenteric border, opened, flatted in the Sylgard-lined Petri dish and washed with 

phosphate buffer saline (PBS). The tissue was dissected to remove the mucosa and 

external muscle and producing the submucosal layer consisting of the submucosal 

plexus under a dissection microscope. Tissue sections were cleaned of fixative in 100% 

dimethyl sulphoxide (3×10 min washes) and then in PBS (3×10 min washes).  
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5.3.4 Single immunoperoxidase immunohistochemistry

Immunoperoxidase immunohistochemistry was performed as described by Islam et al. 

2012, 2017. To prevent nonspecific antibody binding and to reduce endogenous 

peroxidase activity, samples were incubated with 10% normal donkey serum (NDS) 

and 0.3% Triton X-100 in PBS for 1h at 4°C. Then, a mixture of 1.5% hydrogen 

peroxide plus 50% methanol was used to bleach the samples for 30 min at 4°C. 

Thereafter, samples were incubated with primary antibodies (Table 1) diluted in PBs 

containing 0.3% Triton X-100 and 1% NDS (PBST-NDS) at 20°C for 4 days. Primary 

antibodies used in the present research available commercially. The antibodies used 

were as follows: goat anti-HAP1 (R19; 1:20,000), rabbit anti-neuronal nuclei (NeuN; 

1: 1,000), rabbit anti-HuD+HuC (1:5,000), rabbit anti-VIP (1:5,000), rabbit anti-NOS 

(1:2,000), rabbit anti-ChAT (1:2,000), rabbit anti-CGRP (1:1,000) antibody, rabbit anti-

calretinin (1:2,000), rabbit anti-calbindin (1:25,000), rabbit anti-somatostatin (1:1,000), 

and rabbit anti-TH (1:1,000). Then, samples were incubated with appropriate 

biotinylated secondary antibodies labelled with donkey anti-goat IgG (AP180B, 

Millipore; 1:1,000) and donkey anti-rabbit IgG (Dako, Denmark; 1:1,000) diluted in 

PBS containing 1% NDS at 4°C for overnight followed by incubation with horseradish 

peroxidase-conjugated streptavidin (Dako, Glostrup, Denmark; 1:1,000) diluted in PBS 

for 2h at 20°C. The location of antigen/antibody complex was detected using -

diaminobenzidine (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and nickel 

ammonium sulfate (Sigma  Aldrich, Tokyo, Japan) in 0.05 M Tris HCl buffer 

containing 0.0008% hydrogen peroxide for violet to black color reaction. Finally, 

sections or whole mount preparations were air dried, dehydrated using an ethanol 

gradient and mounted on glass slides. 



- 56 - 

5.3.5 Double immunofluorescence immunohistochemistry 

The samples were prepared for double immunofluorescence immunohistochemistry as 

described by Jahan et al. 2015. Samples were incubated with antiserum buffer solution 

(PBS containing 10% normal donkey serum (NDS), 0.3% Triton X-100) for 2h at 4°C 

to prevent non-specific bindings, followed by incubation with goat anti-HAP1 primary 

antibody (R19, 1:20,000), diluted in 1% PBST-NDS as described. Antibodies from 

different species were incubated simultaneously (Table 1). To increase the 

immunoreactivity of neuronal cell bodies in case of using VIP, TH, and CGRP 

antibodies, colchicine with 0.9% NaCl saline solution was injected intraperitonially for 

both single and double label staining (Tarif et al. 2021). After washing (3×10 min) in 

PBS, samples were incubated with Alexa Fluor 594 donkey anti-goat IgG (Invitrogen, 

USA) against HAP1 antibody and Alexa Fluor 488 donkey anti-rabbit IgG (Invitrogen, 

USA) against Hu, NeuN, ChAT, CGRP, calretinin, calbindin, Somatostatin, TH, NOS, 

VIP antibodies for 2-3hr at 20°C followed by three 10-min washes in PB. Then, all 

samples were mounted on glass slides by using mounting medium (Fluoromount/Plus, 

K048, Diagonostic Biosystems, USA). 

5.3.6 Image processing  

Single Immunoperoxidase immunohistochemistry photographs were recorded using an 

Eclipse E80i photomicroscope (Nikon, Tokyo, Japan) and a color digital camera 

(Lumenera Corporation, Ottawa, Canada). Double immunofluorescence 

photomicrographs were analyzed by confocal microscope/LSM510 (Carl Zeiss, Jena, 

Germany) on a Zeiss Pascal confocal laser scanning system. Photos were processed by 

changing the filter to adjust the contrast and brightness only. Adobe Photoshop 

Elements 2020 was utilized to organize the photographs.  
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5.3.7 Cell counting 

Colocalization analysis of HAP1 and other marker were conducted through double 

labeling of the whole mount samples. The cells were detected on the presence of the 

antigen-marking fluorophore and clearly visible cells with nucleus were counted. By 

changing the filter, submucosal neurons were detected by a second antigen-marking 

fluorophore.  Random images were chosen and immunoreactive neuronal profile were 

counted in a total of 10 fields (0.8mm2 /microscopic field for immunoperoxidase 

staining) and 0.25mm2/microscopic field for immunofluorescence staining) in each 

mouse (Tarif et al. 2021). A total of 5 mice were used for each quantification. Data 

were expressed as mean ± standard error of the mean (SEM; n =4).

5.3.8 Statistical analysis 

One-Way ANOVA (analysis of variance) was done to reveal any difference among 

different parts of small intestine in mice and rats. Also, parts-specific differences 

between mouse and rats were revealed by Student's t-test.  P values of <0.05 were 

considered statistically significant. A software package SPSS version 22 for Windows 

(SPSS Inc., Chicago, IL, USA) was used for statistical analyses. 

5.4 Results 

5.4.1 Expression pattern of HAP1-ir cells in the submucosal ganglion 

To examine the detailed distribution of HAP1in the submucosal plexus of small 

intestine, single immunoperoxidase immunohistochemistry was performed using 

whole-mount preparations of duodenum, jejunum and ileum of mice and rats. Strongly 

stained HAP1-ir cells were present in the submucosal ganglion throughout the different 

segments of small intestine of mice (Fig. 15 A-C) and rats (Fig. 15 D-F). Dot like 

stigmoid bodies were observed in the cytoplasm of most of the HAP1-ir cells, however 
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there were some HAP1-ir cells were also present without containing clearly visible 

STBs in their cytoplasm in the submucosal ganglion of small intestine of mice (Fig. 15 

A-C) and rats (Fig. 15 D-F). The distribution pattern of HAP1-ir cells was generally 

similar in different segments (duodenum, jejunum and ileum) of both rodents (Fig. 15 

A-F). The frequencies of occurrences of HAP1-ir cells in submucosal plexuses were 

not significantly varied among the intestinal segments of same species of rodents 

(P>0.05; one-way ANOVA), however the number of HAP1-ir cells were significantly 

higher in the submucosal plexuses in intestinal segments of rats than that of mice 

(P<0.005; Student's t-test) (Fig.15 G).  

Here question arises, this significant difference in the number HAP1-ir cell is 

due to species difference in HAP1 expression or due to the species difference in the 

total number of neurons in the submucosal plexus in small intestine. To answer this 

question, we examined the expression of pan neuronal marker Hu in duodenum, 

jejunum and ileum of mice and rats (Fig. 16A-F). Our cell counting results revealed 

that the number of Hu-ir cells were significantly higher in the submucosal plexuses in 

intestinal segments of rats than that of mice (P<0.005; Student's t-test) (Fig. 16 G). This 

indicated that the significant difference of HAP1-ir cells in the submucosal plexuses in 

intestinal segments of rats than that of mice was due to the difference in total number 

of neurons in submucosal plexuses.  

Next, profile counting of HAP1-ir cells was performed by comparing the total number 

of Hu with the total number of HAP1-positive neurons (Fig. 16 A-R). Our current result 

clearly revealed that the percentage of HAP1-ir cells in the submucosal plexus of 

different intestinal segments ranged between 89 91% in mice (Fig. 17 A-I) and 87-91% 

in rats (Fig. 17 J-R). However, significant difference in the percentage of HAP1-ir 

submucosal neurons was not observed among the intestinal segments of same species 
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of rodents (P>0.05; one-way ANOVA). Similarly, the percentage of HAP1-ir 

submucosal neurons was also not significantly varied between the intestinal segments 

of rats and mice (P<0.005; Student's t-test) (Fig. 18). 

  To reveal the relationships of HAP1 with neuronal marker (NeuN) we 

performed the double-label immunohistochemistry of HAP1 with NeuN in jejunum. 

Our result showed that all the NeuN are co expressed with HAP1 meaning that HAP1-

ir cells demonstrated attributes of neurons (Fig. 19). Next, we checked the expression 

of different functional markers such as Hu (A), VIP (B), NOS (C), ChAT (D), calretinin 

(E), calbindin (F), Somatostatin (G), CGRP (H) and TH (I) in the submucosal plexus 

of mouse jejunum by using single immunoperoxidase staining (Fig. 20). 

5.4.2 Relationships of HAP1 with the markers of cholinergic secretomotor 

neurons 

To reveal the relationships of HAP1 with the markers of cholinergic secretomotor 

neurons in the submucosal plexus, first we performed the double-label 

immunohistochemistry of HAP1 with ChAT in jejunum. Our cell counting data 

indicated that 100% of ChAT neurons had HAP1 immunoreactivity in jejunum of both 

mouse and rat. Conversely, of HAP1-immunoreactive cell bodies, 44% and 46% were 

ChAT immunoreactive in jejunum of both mouse and rat respectively (Fig. 21 A-F, 

Table 3).  

Next, co-expression ratio of HAP1 with CGRP was determined. Our current 

double-immunofluorescence results revealed 100% of CGRP neurons had HAP1 

immunoreactivity in jejunum of both mouse and rat. Conversely, of HAP1-

immunoreactive cell bodies, 41% and 45% were CGRP immunoreactive in jejunum of 
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both mouse and rat respectively (Fig. 22 A-F, Table 3). In addition, our current study 

also revealed that100% of somatostatin neurons had HAP1 immunoreactivity in 

jejunum of both mouse and rat. Conversely, of HAP1-immunoreactive cell bodies, 28% 

and 31% were somatostatin-immunoreactive in jejunum of both mouse and rat 

respectively (Fig. 22 G-L, Table 3). 

5.4.3 Relationships of HAP1 with the markers of non-cholinergic secretomotor 

and Vasodilator neurons 

To reveal the relationships of HAP1 with the markers of cholinergic secretomotor 

neurons in submucosal plexus, first performed the double-label immunohistochemistry 

of HAP1 with VIP, NOS or TH in jejunum. Our cell counting data revealed that 100% 

of VIP neurons had HAP1 immunoreactivity in jejunum of both mouse and rat. 

Conversely, of HAP1-immunoreactive cell bodies, 54% and 53% were VIP-

immunoreactive in jejunum of both mouse and rat respectively (Fig. 23 A-F, Table 3). 

Our cell counting results also showed that 100% of NOS neurons had HAP1 

immunoreactivity in jejunum of both mouse and rat. Conversely, of HAP1-

immunoreactive cell bodies, 2% and 9% were NOS-immunoreactive in jejunum of both 

mouse and rat respectively (Fig. 23 G-L, Table 3).  

Furthermore, cell counting data showed that 100% of TH neurons had HAP1 

immunoreactivity in jejunum of both mouse and rat. Conversely, of HAP1-

immunoreactive cell bodies, 22% was TH-immunoreactive in jejunum of mouse (Fig. 

24 A-C, Table 3). In case of rat, there is no cell counting data as we did not able to 

detect the cell body of TH (Fig. 24 D-F). 

Finally, we performed double-label immunohistochemistry of HAP1 with 

calretinin and calbindin. Calretinin and calbindin are expressed in diverse group of 
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submucosal neurons (Mongardi Fantaguzzi et al. 2009; Zetzmann et al., 2018). Our 

current results demonstrated that 100% of calretinin neurons had HAP1 

immunoreactivity in jejunum of both mouse and rat. Conversely, of HAP1-

immunoreactive cell bodies, 94% and 92% were calretinin-immunoreactive in jejunum 

of both mouse and rat respectively (Fig. 25 A-F, Table 3). Furthermore, 100% of 

calbindin neurons had HAP1 immunoreactivity in jejunum of both mouse and rat. 

Conversely, of HAP1-immunoreactive cell bodies, 34% and 42% were calbindin-

immunoreactive in jejunum of both mouse and rat respectively (Fig. 25 G-L, Table 3).  

5.5 Discussion 

The present research is the first to examine the detailed distribution of HAP1in the 

submucosal plexus of intestine in adult mouse. The current study is also the first to 

elucidate the neurochemical phenotypes of HAP1 immunoreactivity in reference to 

cholinergic secretomotor, non-cholinergic secretomotor, and vasodilator neurons in the 

submucosal plexus. To date, the distribution of HAP1 has been extensively analyzed in 

the brain (Gutekunst et al., 1998; Fujinaga et al., 2004, Dragatsis et al., 2004; Sheng et 

al., 2008; Lin et al., 2010; Niu et al., 2011; Islam et al., 2012, 2017; Wroblewski et al., 

2018; Chen et al., 202), spinal cord (Islam et al., 2017), dorsal root ganglion (Islam et 

al., 2020a), and in myenteric plexus of enteric nervous system (Tarif et al., 2021). 

Nevertheless, the detailed distribution and neurochemical characterization of HAP1 

have never been examined in the 

immunoperoxidase and immunofluorescent immunohistochemical technique, the 

current study determined the distribution and neurochemical characterization of HAP1-

ir cells in the submucosal plexus in mouse and rat small intestine. Our current results 

showed that the number of Hu-ir cells were significantly higher in the submucosal 
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plexuses in intestinal segments of rats than that of mice, however, the profile counting 

of HAP1-ir cells (comparing the total number of Hu with the total number of HAP1-

positive neurons) indicted that the percentage of HAP1-ir submucosal neurons was also 

not significantly varied between the intestinal segments of rats and mice. 

Neurochemical characterization of HAP1 revealed that all the secretomotor and 

vasodilator neurons express HAP1 immunoreactivity (Fig. 26). The current study might 

reflect HAP1's involvement in regulation of the secretomotor (activate secretion) and 

vasodilator (reduce secretion) functions of enteric neurons. 

In the submucosa of mouse small intestine, there are three classes of neurons, 

such as non-cholinergic secretomotor neurons, cholinergic secretomotor neurons, and 

vasodilator neurons (Mongardi Fantaguzzi et al. 2009). These submucosal neurons 

regulate the movement of water and electrolytes across the mucosal epithelium (Furness 

et al. 2003). The cholinergic and non-cholinergic secretomotor neurons are uniaxonal 

projecting short distances (often < 1mm) and display S-type electrophysiology 

(Mongardi Fantaguzzi et al. 2009; Wong et al. 2008; Foong et al. 2014). The 

secretomotor and vasodilator neurons supply to either the mucosa or vasculature 

separately instead of supplying to both, suggesting that common diverging inputs are 

required to regulate blood flow and intestinal secretion (Mongardi Fantaguzzi et al. 

2009). Cholinergic secretomotor neurons express ChAT, CGRP, somatostatin, and 

calretinin, whereas, non-cholinergic secretomotor neurons express VIP, NOS, TH, and 

calretinin. However, vasodilator neurons express VIP, and calretinin (Lomax and 

Furness, 2000; Harrington et al., 2005; Mongardi Fantaguzzi et al. 2009; Girotti et al., 

2013). Previous quantitative data indicate that VIP is present  about 50%, ChAT is 

present about 42%, calretinin is present approximately 91%, CGRP is expressed about 

31%, somatostatin is present about 30%, NOS is expressed about 29%, and TH is 
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present about 22% of total neurons in the submucosal plexus of mouse (Mongardi 

Fantaguzzi et al., 2009). Our current study revealed an intriguing result that all the 

neurochemical markers of submucosal neurons showed a very high coexpression ratio 

with HAP1-ir cells (co-expression about 100%). Taking the methodological limitations 

into account, our current results may indicate that most of the secretomotor and 

vasodilator neurons contain HAP1 immunoreactivity. However, in our current study, 

we found a very small population of Hu-ir neurons that did not contain HAP1-

immunoreactivity, indicating that those neurons were not secretomotor and vasodilator 

type. These results are consistent with the previous report (Mongardi Fantaguzzi et al., 

2009), where they stated that there were about 8-10% submucosal neurons which were 

neither ChAT or VIP-immunoreactive. 

Neurons of submucosal plexus are involved in modulation of intestinal water 

and electrolyte secretion and local blood flow (vasodilation) in the gut (Furness, 2006, 

Fung and Vanden Berghe, 2020). Vasodilator and secretomotor reflexes are crucial for 

intestinal blood flow and secretion that can be triggered by different chemical or 

mechanical stimulation. (Christofi et al., 2004; Hansen and Witte, 2008). Vasodilation 

is occurred by the activation of muscarinic M3 receptor onto endothelial cells (Vanner 

and Surprenant, 1996). Whereas, mucosal muscarinic M3 receptors or VPAC1 

receptors are activated to elevate intracellular Ca2+ and cAMP for triggering secretory 

responses (Xue et al., 2007). Although further detailed physiological and morphological 

studies need to be performed in the future to examine how HAP1 affects the activation 

of mucosal or endothelial M3/VPAC1 receptor expression to modulate vasodilator and 

secretomotor reflexes, our present results might serve as basis for the elucidation of 

HAP1-dependent regulation secretomotor/vasodilator functions of submucosal neurons. 
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On the other hand, HAP1 can sequester the pathological mutant molecules and 

trap the toxic aggregation in the cytoplasm to prevent apoptosis-inducing nuclear 

translocation in different neurodegenerative diseases (Takeshita et al., 2006, 2011). In 

addition, the brain/spinal cord regions with low HAP1-expresson are always target for 

neurodegeneration, whereas the regions with high HAP1-expression are spared from 

neurodegeneration (Fujinaga et al. 2004; Takeshita et al. 2006, 2011; Islam et al. 2012, 

2017). In addition to brain/spinal cord, ENS is also a neurodegenerative target for 

different neurodegenerative disorders (Chalazonitis and Rao, 2018). Furthermore, the 

ENS can act as a potential portal for pathogenesis of neurogenerative disorders 

(Kuwahara et al., 2020; Sharon et al., 2016). The Braak hypothesis states that pathologic 

-synuclein enters into the gastrointestinal tract to the ventral midbrain via the vagus 

nerve, where there is loss of dopaminergic neurons in substantia nigra pars compacta 

(Kim et al., 2019).  Our current results showed that HAP1 was highly present in 

submucosal plexus. In our previous study, we found that HAP1 was also abundantly 

expressed in myenteric neurons (Tarif et al., 2021). Taken together, due to putative 

plexus suggests that HAP1-immunoreactivity may give out beneficial stability to 

enteric neurons from neurodegeneration. It is intriguing to consider that the individual 

with decreased HAP1-expression or mutated HAP1 or in the ENS might be more 

vulnerable to neurodegenerative diseases. It has been reported that HAP1 is 

significantly reduced in different cancer tissues, such as breast cancer (Zhu et al., 2013), 

pancreatic cancer (Li et al., 2019), suggesting that HAP1 can serve as a potential 

diagnostic marker for certain cancer. Downregulated or mutated HAP1-expression in 

ENS could be a potential risk factor for certain neurodegenerative disorders. Changes 

in the composition of gut microbiota in the GIT are believed to link with the 
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pathogenesis of neurological disorders in ENS and CNS (Sugunya and Koo, 2020). 

Now a days the microbiota/gut-and-brain axis is an emerging and widely accepted 

concept. HAP1 might affect the colonization of microbiota in intestine and 

consequently affect the neurodegeneration in ENS and CNS. Therefore, future studies 

should include detailed in vitro and in vivo studies to clarify the effects of HAP1 on 

the vulnerability of enteric neurons regarding neurodegenerative disorders to explore 

new diagnostic/therapeutic paradigms of certain neurodegenerative diseases utilizing 

tissues from the gastrointestinal tract.  

In conclusion, our present study is the first to examine the expression HAP1 

in the Meisner s plexus of ENS. The present study is also the first to clarify the 

characterization of HAP1-ir cells in refence to secretomotor and vasodilator 

submucosal neurons. Our current results reveal that HAP1 is expressed in all the 

secretomotor and vasodilator neurons. The current study might reflect the 

involvement of HAP1 in modulation of the secretomotor and vasodilator functions of 

submucosal neurons. Our current results lay a basic foundation for future studies that 

seek to clarify the physiological and pathological roles of HAP1 in the Meisner s 

plexus of ENS. 
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Fig. 15 Quantification of huntingtin-associated protein 1 (HAP1) in whole mount 

preparation in mouse and rat (Single immunoperoxidase staining). Photomicrographs 

showing HAP1-ir cells in the submucosal plexus in duodenum, jejunum, and ileum in 

mouse (A-C) and rat (D- -f). Counting of HAP1-ir cells in the 

submucosal plexus of mouse and rat in duodenum, jejunum and ileum (G). 

Immunoreactivity of HAP1 was counted in a microscopic field of 0.8mm2 in 10 

nonoverlapping 10X fields (n=4). 
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Fig. 16 Quantification of Hu in whole mount preparation in mouse and rat (Single 

immunoperoxidase staining). Photomicrographs showing Hu-ir cells in the 

submucosal plexus in duodenum, jejunum and ileum in mouse (A-C) and rat (D-F). 

-F). Counting of Hu-ir cells in the submucosal plexus of mouse 

and rat in duodenum, jejunum and ileum (G). Immunoreactivity of HAP1 was counted 

in a microscopic field of 0.8mm2 in 10 nonoverlapping 10X fields (n=4). 
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Fig. 17 Photomicrographs showing double-label immunofluorescence 

immunohistochemistry of HAP1 and Hu in the submucosal plexus of duodenum, 

jejunum and ileum in whole mount preparations of mouse and rat (A-R). Cells positive 

for both HAP1 and Hu is indicated by double arrowheads.  Hu Single-positive cell is 

indicated by arrows. Scale bar =5 -R). 
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Fig. 18 The graphs showing coexpression ratios of HAP1 visualized with the pan-

neuronal marker Hu-immunoreactivity (ir) in the submucosal plexus of mouse small 

intestine. Immunoreactivity of HAP1/ Hu was counted in a microscopic field of 

0.25mm2 in 10 nonoverlapping 20X fields. Values represent the mean ± SD (n = 4).
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Fig. 19 Photomicrographs showing double-label immunofluorescence 

immunohistochemistry of HAP1 and NeuN in the submucosal plexus of mouse jejunum 

(A-F) in whole mount preparations. Cells positive for both HAP1 and NeuN is indicated 

-F). 
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Fig. 20 Expression of different functional markers such as Hu (A), VIP (B), NOS (C), 

ChAT (D), calretinin (E), calbindin (F), Somatostatin (G), CGRP (H) and TH (I) are 

detected in the submucosal plexus of mouse jejunum. -J) and 
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Fig. 21 Photomicrographs showing double-label immunofluorescence 

immunohistochemistry of HAP1 with ChAT in the submucosal plexus of jejunum in 

whole mount preparations of mouse (A-C) and rat (D-F). Cells positive for both HAP1 

with ChAT are indicated by double arrowheads. HAP1 single positive cell is indicated 

-F). 
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Fig. 22 Photomicrographs showing double-label immunofluorescence 

immunohistochemistry of HAP1 with CGRP (A-F) and HAP1 with somatostatin (G-L) 

in the submucosal plexus of jejunum in whole mount preparations of mouse and rat. 

Cells positive for both HAP1 with CGRP and HAP1with somatostatin are indicated by 

double arrowheads. HAP1 single positive cell is indicated by arrowhead. Scale bar 

-L). 
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Fig. 23 Photomicrographs showing double-label immunofluorescence 

immunohistochemistry of HAP1 with VIP (A-F) and HAP1 with NOS (G-L) in the 

submucosal plexus of jejunum in whole mount preparations of mouse and rat. Cells 

positive for both HAP1 with VIP and HAP1 with NOS is indicated by double 

-

I). 
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Fig. 24 Photomicrographs showing double-label immunofluorescence 

immunohistochemistry of HAP1 with somatostatin in the submucosal plexus of 

jejunum in whole mount preparations of mouse (A-C) and rat (D-F). Cells positive for 

HAP1with TH are indicated by double arrowheads. HAP1 single positive cell is 

indicated by arro -F). 
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Fig. 25 Photomicrographs showing double-label immunofluorescence 

immunohistochemistry of HAP1 with calretinin (A-F) and HAP1 with calbindin (G-L) 

in the submucosal plexus of jejunum in whole mount preparations of mouse and rat. 

Cells positive for both HAP1 with calretinin and HAP1with calbindin are indicated by 

double arrowheads. HAP1 single positive cell is indicated by arrowhead. Scale bar 

-L). 
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Fig. 26 Simplified schematic representing two layers of the small intestine in the enteric 

nervous system. Differentiated cells (vasodilator and secretomotor neurons) expressing 

the neurotransmitters are showed in the submucosal plexus where HAP1 is present in 

all the vasodilator and secretomotor neurons except some undefined neurons. ChAT, 

choline acetyltransferase; NO, nitric oxide synthases; VIP, vasoactive intestinal 

peptide; CR, calretinin; CB, calbindin; SP, substance P; SOM, somatostatin; CGRP, 

calcitonin gene-related peptide  



- 78 - 

Table 3.  Co-expression ratios of HAP1 with different neuronal marker in the 

submucosal plexus in jejunum of mouse and rat 

ChAT, Choline acetyl transferase; CGRP, Calcitonin gene-related protein; TH, 

Tyrosine hydroxylase; VIP, Vasoactive Intestinal Peptide; NOS, Nitric acid synthase; 

SOM, Somatostatin; Values represent the mean ± SEM (n = 4)

Relationship of HAP1 with different marker 

(ratio%) 

Mouse Rat 

Marker Interrelations 

ChAT HAP1/ChAT 100.00±0.0 100.00±0.0

ChAT/HAP1 43.75±2.4 45.75±2.9

CGRP HAP1/CGRP 100.00±0.0 100.00±0.0

CGRP/HAP1 41.25±1.4 44.75±1.25

Somatostatin HAP1/SOM 100.00±0.0 100.00±0.0

SOM/HAP1 27.5±1.5 31.25±2.2

VIP HAP1/VIP 100.00±0.0 100.00±0.0

VIP/HAP1 54.25±2.2 53.25±2.3

NOS HAP1/NOS 100.00±0.0 100.00±0.0

NOS/HAP1 1.75±0.25 9.25±0.8

TH HAP1/TH 100.00±0.0 - 

TH/HAP1 22.25±1.3 - 

Calretinin HAP1/Calretinin 100.00±0.0 100.00±0.0

Calretinin/HAP1 93.5±1.2 92.25±1.3

Calbindin HAP1/Calbindin 100.00±0.0 100.00±0.0

Calbindin/HAP1 33.5±1.8 42.05±2.3
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Chapter VI 

General summary and Conclusion 

Our present study is the first to clarify the expression HAP1 in both myenteric and 

submucosal plexus of the ENS. Our current result shows that HAP1 is highly expressed 

in the ENS throughout the gastrointestinal tract. HAP1-immunoreactivity is present in 

excitatory motor neurons, inhibitory motor neurons and in interneurons except sensory 

neurons in the myenteric plexus. Our results may suggest the importance of HAP1 in 

regulation of both excitatory and inhibitory motor neuron or interneuron functions. It is 

possible that due to lack of putative STB/HAP1 protectivity, the sensory neurons 

(Dogiel type II) might be more vulnerable to neurodegeneration in different stresses. 

HAP1 could be used as a potential novel neurochemical marker for Dogiel type I 

neurons.  

Our second study is also the first to examine the expression HAP1 in the 

HAP1 in the submucosal plexus of enteric nervous system of mice and compared it with 

the rat gastrointestinal tract. We found that HAP1 was uniformly distributed in the 

neurons express HAP1. Our current study is the first to clarify that HAP1 is expressed 

in all type of cells in submucosal plexus. The current study might reflect the 

involvement of HAP1 in modulation of the secretomotor and vasodilator functions of 

submucosal neurons.  

As HAP1 is present in all the cells of ENS except sensory neurons, these suggest that 

HAP1 can modulate the functions of enteric neurons especially motility functions. 

Furthermore, the ENS can act as a potential portal for pathogenesis of neurogenerative 
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disorders. ENS is also a neurodegenerative target in these disorders. It is possible that 

individuals with lower HAP1 expression or containing mutated HAP1 in enteric 

neurons might be vulnerable to different neurodegenerative disorders. Changes in the 

composition of gut microbiota in the GIT linked with the pathogenesis of neurological 

disorders in ENS and CNS. The microbiota/gut-and-brain axis is an emerging and 

widely accepted concept. Role of HAP1 in the microbiota-gut-brain axis in relation to 

neurodegenerative disorders might be an interesting area for future research.  

STB/HAP1 might affect the colonization of microbiota in intestine and consequently 

affect the neurodegeneration in ENS and CNS. Our current results lay a basic 

foundation for future studies that seek to clarify the physiological and pathological roles 

of HAP1 in the ENS which might provide new insights and shed light on yet-to-be-

uncovered new diagnostic or therapeutic applications for neurodegenerative diseases 

including 

SBMA. In Japan and all over the world, the annual crude prevalence and incidence rates 

of neurodegenerative diseases are increasing in an alarming rate. Our results plausibly 

able to explain the answer that HAP1 protection might be the key to protect enteric 

autonomic/motor neurons and lack of HAP1 protection might make them more 

vulnerable to neurodegeneration. Our data also may create an opportunity to explore 

new diagnostic/therapeutic paradigms of certain neurodegenerative diseases utilizing 

tissues from the gastrointestinal tract.
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Chapter VII 

List of Abbreviations 

ALS, amyotrophic Lateral Sclerosis 
AR, androgen receptor  
5-HT, 5-hydroxytryptamine 
CB, calbindin 
CGRP, calcitonin gene-related peptide 
ChAT, choline acetyltransferase  
CM, circular muscle  
CR, calretinin  
CNS, central nervous system 
DRG, dorsal root ganglion  
ENS, enteric nervous system  
EPAN, extrinsic primary afferent neurons  
GFAP, glial fibrillary acidic protein 
GIT, gastrointestinal Tract 
HAP1, huntingtin associated protein 1  
Htt, huntingtin  
Iba1, ionized calcium binding-adapter molecule  
ICC, interstitial cell of Cajal  
ICC-MY, interstitial cell of Cajal in the myenteric plexus  
IgG, immunoglobulin G  
IPAN, intrinsic primary afferent neurons  
LM, longitudinal muscle  
M, mucosa  
MM, muscularis mucosae  
NDS, normal donkey serum  
NeuN, neuronal nuclei  
NOS, nitric oxide synthases  
PB, phosphate buffer  
PBS, phosphate buffer saline  
PBST-NDS, PBS containing 0.3% Triton X-100 and 0.05% NDS  
PolyQ, polyglutamine  
SBMA, spinal and bulbar muscular atrophy 
SCA, spinocerebellar ataxia 
S, serosa  
SM, submucosa  
SOM, somatostatin  
SP, substance P  
STB, stigmoid body  
TBST, tris-buffer saline with 0.1 % Tween  
TRPV1, transient receptor potential vanilloid 1 
TH, tyrosine hydroxylase 
VPAC1, vasoactive intestinal polypeptide receptor 1  
VIP, vasoactive intestinal peptide 
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