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Abstract

Mutations in the HGPRT1 gene, which encodes hypoxanthine-guanine phosphoribosyltransferase 

(HGprt), housekeeping enzyme responsible for recycling purines, lead to Lesch-Nyhan disease 

(LND). Clinical expression of LND indicates that HGprt deficiency has adverse effects on 

gastrointestinal motility. Therefore, we aimed to evaluate intestinal motility in HGprt knockout 

mice (HGprt−). Spontaneous and neurally evoked mechanical activity was recorded in vitro as 

changes in isometric tension in circular muscle strips of distal colon. HGprt− tissues showed a 

lower in amplitude spontaneous activity and atropine-sensitivity neural contraction compared to 
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control mice. The responses to carbachol and to high KCl were reduced, demonstrating a 

widespread impairment of contractility. L-NAME was not able in the HGprt− tissues to restore the 

large amplitude contractile activity typical of control. In HGprt− colon, a reduced expression of 

dopaminergic D1 receptor was observed together with the loss of its tonic inhibitory activity 

present in control-mice. The analysis of inflammatory and oxidative stress in colonic tissue of 

HGprt− mice revealed a significant increase of lipid peroxidation associated with over production 

of oxygen free radicals. In conclusion, HGprt deficiency in mice is associated with a decrease in 

colon contractility, not dependent upon reduction of acetylcholine release from the myenteric 

plexus or hyperactivity of inhibitory signalling. By contrast the increased levels of oxidative stress 

could partially explain the reduced colon motility in HGprt− mice. Colonic dysmotility observed in 

HGprt− mice may mimic the gastrointestinal dysfunctions symptoms of human syndrome, 

providing a useful animal model to elucidate the pathophysiology of this problem in the LND.
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1. Introduction

Hypoxanthine-guanine phosphoribosyltransferase (HGprt) is a housekeeping enzyme, 

widely expressed in many organisms from bacteria through mammals, responsible for 

recycling purines by converting free purine bases, hypoxanthine and guanine, into utilizable 

purine nucleotides (Jinnah et al., 2000). Deficient activity of this enzyme results in Lesch-

Nyhan disease (LND), a rare inherited X-linked recessive disorder caused by mutations in 

the HGPRT1 gene (Fu et al., 2014). Mutations lead to overproduction of purine nucleotides 

via de novo synthesis and accumulation of uric acid, and to a variable spectrum of 

neurological and behavioral phenotypes. Patients show a severe motor handicap associated 

with generalized dystonia, sometimes accompanied by choreoathetosis or spasticity (Jinnah 

et al., 2006). Many patients also have cognitive disability, and exhibit an unusual tendency 

towards dangerous behaviours that include recurrent self-injury, with self-biting being 

particularly prominent (Preston, 2007; Schretlen et al., 2005). The neurobehavioral 

phenotype has been linked with dysfunctions of the basal ganglia, and particularly of 

dopaminergic pathways (Gottle et al., 2014; Nyhan, 2000; Saito and Takashima, 2000; 

Visser et al., 2000).

HGprt deficiency in both humans and mice (HGprt−) is associated with a marked loss of 

basal ganglia dopamine, dopamine-related enzymes and dopamine transporters (Egami et al., 

2007; Ernst et al., 1996; Wong et al., 1996), these neurochemically abnormalities are 

selective (Hyland et al., 2004; Jinnah et al., 1999; Jinnah et al., 1994), and 

neuroanatomically confined, because other brain dopaminergic pathways are not affected 

(Jinnah et al., 1992; Jinnah et al., 1994). Altered dopamine receptor expression in LND 

patient brains and lymphocytes has been also reported (Garcia et al., 2012; Saito and 

Takashima, 2000).
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HGprt deficiency has also adverse effects on somatic growth, maturation of bone marrow 

stem cells into erythrocytes, and gastrointestinal function. Common symptoms include 

dysphagia, unexplained vomiting, constipation and bloating. There is a marked discrepancy 

between the prevalence and variety of gastrointestinal symptoms occurring in LND and the 

lack of research in this area. This lack of data is quite surprising considering how critical 

gastrointestinal function for the patient’s quality of life.

The aim of the present study was to investigate the mechanical activity of intestinal muscle 

strips from control and HGprt− mice in an attempt to point out possible differences in the 

motor pattern and in the control mechanisms, taking as experimental model the distal colon. 

Gastrointestinal motility, as other gastrointestinal functions, is organized and integrated by 

the enteric nervous system (ENS). Nearly every mediator/modulator neurotransmitter found 

in the central nervous system is also found in ENS, making the enteric nervous system a 

good model of nervous system, simpler and more accessible than the central nervous system. 

Since, among the different neurotransmitters/modulator that are involved in the control of 

intestinal contractility, acetylcholine (ACh) is thought to be the principal neurotransmitter 

involved in intestinal smooth muscle contraction, via activation of muscarinic receptors, we 

aimed to investigate the involvement of enteric excitatory cholinergic pathways on intestinal 

contractility in HGprt− mice, also in consideration that, we have previously reported that 

guanine-based purines (guanosine and guanine) are able to modulate negatively the 

excitatory cholinergic control of mouse intestine leading to a decrease in contractility (Zizzo 

et al., 2013, 2011). Since HPRT-deficient cells fail to recycle hypoxanthine and guanine, 

resulting in an accumulation of the purines, we hypothesized that an increased effect of 

guanine-based purines on neural target could cause an alteration of neural function, in turn 

resulting in motor dysfunctions.

In addition, since the main neurochemical defect in HGprt-deficiency is linked to prevailing 

dysfunction of dopaminergic pathway in the basal ganglia, we aimed also to investigate 

whether changes in colonic motility of HGprt− mice can be related to an impairment of 

dopaminergic control, according to our recent data showing a role for dopamine in the 

regulation of intestinal motility in mice (Auteri et al., 2017; Zizzo et al., 2016, 2010). 

Finally, we also verified the presence of inflammatory status and oxidative stress in the 

HGprt− mice colon by examining respectively specific markers for inflammation, e.g. 

interleukin-1β (IL-1β) and interleukin-6 (IL-6), and for oxidative stress, such as reactive 

oxygen species (ROS) and malondialdehyde (MDA) levels, as end product of lipid 

peroxidation mediated by oxygen free radicals.

2. Methods

2.1. Animals

Experiments were performed using as control adult male mice (C57BL/6) obtained from 

Charles River Laboratories (Calco-Lecco, Italy) and HGprt-deficient male mice (kindly 

provided by Dr. Jinnah, Emory University, Atlanta, GA). Animals were housed in a specific 

pathogen-free environment and kept under environmentally controlled conditions, (ambient 

temperature 24 °C, humidity 40% and 12 h light/dark cycle) and housed four per cage and 

food and water were available ad libitum. Protocols were approved by the University of 
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Palermo Bioethical Committee and the national Committee on Animal Use and Care. 

Procedures involving animals and their care were conducted in conformity the European 

directives (2010/63/EU) for animal experiments. All applicable international, national, 

and/or institutional guidelines for the care and use of animals were followed. No other 

methods to perform the described experiments (3Rs) were found.

2.2. Functional studies in vitro

Control and HGprt-deficient mice were randomly selected for experiments and euthanized 

using isoflurane anesthesia followed by cervical dislocation. After laparotomy the colon was 

rapidly excised, placed in Krebs solution (mM: NaCl 119; KCl 4.5; MgSO4 2.5; NaHCO3 

25; KH2PO4 1.2, CaCl2 2.5, glucose 11.1). Then, a segment of distal colon (about 5 mm 

proximal to the anus) of approximately 3.5 cm length was obtained and the content of the 

excised segment was gently flushed out with Krebs solution.

The contractile activity of distal colonic circular smooth muscle was recorded as previously 

described by Auteri et al. (2017). Briefly the segment of distal colon was opened along the 

mesenteric border and pinned mucosa side up. The mucosa was removed by sharp dissection 

under a microscope, to avoid the influence of the substances released from the mucosa, and 

full-thickness circular muscle strips (10 mm in length) were suspended in a four-channel 

organ bath containing 10 ml of oxygenated (95% O2 and 5% CO2) Krebs solution 

maintained to 37 °C. The distal end of each strip was tied to an organ holder and the 

proximal end was secured with a silk thread to an isometric force transducer (FORT 25, Ugo 

Basile, Biological Research Apparatus, Comerio VA, Italy). Mechanical activity was 

amplified and digitized via an analogue/digital interface (Quad Bridge and PowerLab/400, 

AD Instruments, Ugo Basile, Biological Research Apparatus, Comerio VA, Italy), prior 

being acquired onto a personal computer. The preparations were subjected to an initial 

tension of 500 mg and were allowed to equilibrate for at least 30 min.

After the equilibration time, preparations were challenged either with 10 μM carbachol 

(CCh), KCl (60 mM), isoproterenol (Iso, 1 μM) or with sodium nitroprusside (100 μM) for 2 

min until stable responses were obtained.

Electrical field stimulation (EFS) was applied from a Grass S88 electrical stimulator (Grass 

Instruments Co., Quincy, MS, USA) through a stimulus isolation unit (SIU5) using direct 

coupling. Stimuli (0.5 ms, 10 V for 10 s) were delivered, via a pair of platinum plate 

electrodes, in trains of 4 Hz frequency. Such parameters were chosen to specifically activate 

cholinergic neurons (Zizzo et al., 2011).

Agonists were left in contact with the tissue for 8 min whilst the antagonists for a period of 

20–30 min before to analyse their effects.

2.3. Faecal output and water content in faeces

Faecal output was assessed in mice placed individually in grid-floor cages and left there to 

become acclimatized to their environment for 3 days before the experiment. During this 

period, the animals were fed normal chow and supplied water ad libitum. The day of the 

experiments, food was withdrawn, and faecal pellet output was then monitored. The pellets 
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discharged by each animal during a period of 1 h were collected, counted and weighed 

immediately and after drying (24 h at 80 °C). The water content of faeces was calculated as: 

stool water content (%) = (wet weight − dry weight)/wet weight × 100 (Cil et al., 2016).

2.4. Drugs

The following drugs were used: atropine, carbamylcholine chloride (carbachol, CCh), 7-

chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride 

(SCH-23390), domperidone, guanine, isoproterenol (Iso), KCl, Nω-nitro-L-arginine methyl 

ester hydrochloride (L-NAME), Sodium nitroprusside (SNP), tetrodotoxin (TTX) (Sigma–

Aldrich, Inc., St. Louis, US). Domperidone was dissolved in dimethyl sulfoxide, guanine in 

30% solution of 1 N NaOH, all the other drugs were dissolved in distilled water. The 

working solutions were prepared fresh on the day of the experiment by diluting the stock 

solutions in Krebs. Drugs were added to the organ bath in volumes of < 1.0% of the bathing 

solution. The maximal final concentration of dimethyl sulphoxide in the organ bath was 

0.5%, whilst the final concentration of NaOH in the organ bath was 0.3%. Control 

experiments using solvents alone showed that both of them had effect neither on the 

spontaneous nor on the evoked contractile activity.

2.5. Histomorphological examination

The segment of distal colon was excised and frozen in isopentane precooled in liquid 

nitrogen, and stored at −80 °C until use. Distal colon sections (7 μm) were cut at −20 °C and 

thawed onto 3-amino-propyl-ethoxysilane-coated slides. Frozen sections were fixed in 4% 

paraformaldehyde and stained with hematoxylin-eosin and then dehydrated with ethanol and 

xylene, mounted with Entellan (Merck, Darmstadt, Germany). Computerized image analysis 

were performed using a Leica microscope (DMRBE, Leica Microsystems GmbH, 

Germany), equipped with digital video camera (Spot-RT Slider, Diagnostic Instruments, Mi, 

USA). Circular muscular thickness and myofiber diameter were measured with ImageJ 

software (Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, 

USA, http://imagej.nih.gov/ij/, 1997–2017) (Frinchi et al., 2014).

2.6. Western blotting analysis

Colonic samples were homogenized in cold buffer containing 50 mM Tris–HCl pH 7.4, 150 

mM NaCl, 1% Triton, 0.5% SDS, H2O and protease inhibitor cocktail (P8340, Sigma-

Aldrich S.r.l., Milan, Italy). Homogenate were left on ice for 30 min and then centrifuged at 

13,000 rpm for 30 min at 4 °C. The supernatants were stored at −80 °C and aliquots were 

taken for protein determination. Western blot analysis was performed as described (Frinchi 

et al., 2014). Shortly, the samples with 30 μg of protein and molecular weight markers 

(161-0375, Bio-Rad Laboratories S.r.l., Segrate, Milan, Italy) were run on 8% and/or 12% 

polyacrylamide gel at 100 V and electrophoretically transferred onto nitrocellulose 

membrane (Hybond-C-extra, GE Healthcare, formerly Amersham, Europe GmbH–Milan, 

Italy). Following 1 h incubation in blocking buffer (1× TBS, 0.1% Tween-20, 5% w/v non-

fat dry milk) the membrane was incubated with gentle shaking overnight at +4 °C in the 

same buffer with the dopaminergic receptor D1 affnity purified antibodies (1:200) 

(SC31478, Santa Cruz Biotechnology), rat monoclonal antibody anti-DAT (dopamine 

transporter,1:200; SC-32258, Santa Cruz Biotechnology) and rabbit-polyclonal antibody 
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anti-TH (tyrosine hydroxylase, 1:5000; AB152, Chemicon) antibodies. Mouse monoclonal 

HRP conjugated antibody anti β-actin (1:10000; SC-47778 HRP, Santa Cruz Biotechnology) 

was used as loading internal standard. After washing, the membrane was incubated for 1 h at 

room temperature with anti-rabbit IgG horseradish peroxidase-conjugated diluted 1:8000 (Sc 

2004, Santa Cruz Biotechnology), or anti-goat HRP-conjugated secondary antibody diluted 

1:6600 (SC-2768, Santa Cruz Biotechnology) or anti-rat HRP-conjugated secondary 

antibody diluted 1:5000 (Sc2006, Santa Cruz Biotechnology) and bands were visualized by 

chemiluminescence (ECL, GE Healthcare, Amersham). The blot was exposed to 

autoradiography film (Amersham Hyperfilm ECL; 28-9068-36), developed in Kodak D19 

developer and fixer, and the densitometric evaluation of bands was performed by measuring 

the optical density (O.D.) using NIH ImageJ software. Results were expressed as arbitrary 

units.

2.7. Assay of dopamine by high-performance liquid chromatography

Samples were processed and assayed for dopamine (DA) by reverse phase high-performance 

liquid chromatography with electrochemical detection. In short, tissue was weighed and then 

homogenized in ice-chilled 0.6 M perchloric acid containing 1.7 mg/ml ethylene glycol tetra 

acetic acid and 1.1 mg/ml reduced glutathione. After centrifugation for 15 min at 2500 ×g at 

0 °C, 1.1 mg/ml of the supernatant was adjusted to pH 8.6 with 6 M potassium hydroxide 

and then processed for determination of DA concentration. 25 μl of 3 M potassium chloride 

were added to 200 μl of the 0.2 M perchloric acid eluate. After centrifugation, 50 μl of the 

supernatant were injected into the high-performance liquid chromatography system. The 

limit of sensitivity in the supernatant, defined as two times baseline noise, was 0.01 ng/ml 

for DA.

2.8. Measurement of pro-inflammatory cytokines by ELISA-assay

Colon tissue (10 mg) was homogenized in 10 ml of homogenization buffer (supplied in the 

ELISA kit) and after centrifugation at 14,000 rpm for 30 min at 4 °C, 100 μl of the 

supernatant was used for determination of interleukin-1β (IL-1β, Cloud-Clone Corp) and 

interleukin-6 (IL-6, Cloud-Clone Corp) levels, according to manufacturer’s instructions. At 

the end of protocol, the plate was read on iMark™ Microplate Absorbance Reader at 450 

nm.

2.9. Reactive oxygen species (ROS) analysis

The production of ROS was evaluated using 2′, 7′-dichlorodiidro-fluorescineacetate 

(DCFH-DA) (Molecular Probes, Eugene, OR). Colon tissue (5 mg) was homogenized in 5 

ml PBS buffer and after centrifugation at 14,000 rpm for 30 min at 4 °C at 100 μl of the 

supernatant was added 1 μl of DCFH-DA. Following 5 min incubation at 37 °C, the 

oxidation levels were evaluated using the GloMax® Discover System (Promega) at 

excitation wavelength of 475 nm and emission wavelength 555 nm.

2.10. Lipid peroxidation assay

The lipid peroxidation assay kit (Sigma Aldrich) was used to detect the concentration of 

malondialdehyde (MDA), an end product of lipids peroxidation. The amount of 10 mg of 
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colon tissues was homogenized in 300 μl of MDA lysis buffer (supplied in the kit) and 

colorimetric reaction with thiobarbituric acid (TBA) was read on iMark™ Microplate 

Absorbance Reader at 532 nm, according to manufacturer’s instructions.

2.11. Data and statistical analysis

All data were analysed by operators, blinded to the protocol assignment. Data are given as 

means ± SEM; n in the result section refers to the number of animals on which observations 

were made. At least 5 individual experiments were carried out for each independent protocol 

and the exact number is reported in the figure legends. The amplitude of the spontaneous 

and evoked mechanical activity was reported in absolute value. Statistical analysis of 

dopamine tonic modulation of colonic contractility was performed by means of oneway 

ANOVA followed by the Bonferroni’s post hoc test. All the others statistical comparisons 

were performed by mean of Student’s t-test. A probability value of 0.05 was regarded as 

significant.

3. Results

3.1. Mice body weight and colonic circular muscle morphology

Animal body weight did not show significant difference between the two groups (34.2 ± 2.2 

g in control vs 31.5 ± 1.8 g in HGprt− mice; n = 5 each, P > 0.05). In addition, the 

histomorphological analysis of the distal colon circular muscle did not reveal any trophic 

alteration, as evaluated by measuring circular muscle thickness and myofiber diameter in 

random sampled areas, in HGprt− mice vs control (Fig. 1).

3.2. Contractility of circular muscle strips from mouse colon

Strips of circular muscle from distal colon obtained from both control and HGprt− mice, 

once mounted in the organ bath, developed a spontaneous contractile activity consisting in 

ongoing phasic contractions. This spontaneous activity was approximately 50% lower in 

amplitude in HGprt− mice as compared to controls, even when normalized to the tissue dry 

weight (Fig. 2).

In control and HGprt− preparation, electrical field stimulation (EFS, 4 Hz) induced a TTX (1 

μM) sensitive response, characterized by an early muscular inhibition followed by a 

cholinergic contraction. The cholinergic contraction was, once again, significantly lower in 

amplitude in HGprt− colon (decrease of the response in HGprt− vs control was 69.0 ± 6.2%, 

n = 5 each) (Fig. 2). The cholinergic receptor agonist, CCh (10 μM), induced TTX-

insensitive sustained contractions that were smaller in HGprt− colon as well the contractions 

induced by high KCl (60 mM) (Fig. 3). The decrease of the amplitude of the evoked 

contractions was comparable in both circumstances (decrease of the response in HGprt− vs 

control was 48.7 ± 2.2% for carbachol (n = 5 each) and 53.7 ± 7.9% for KCl, n = 5 each, P > 

0.05). The decrease in cholinergic nerve-mediated contractions to EFS was significantly 

higher than the decrease in the cholinergic myogenic contractions in response to carbachol 

(P < 0.05).

Zizzo et al. Page 7

Auton Neurosci. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Atropine did not have any effect on the spontaneous activity in both preparations (from 

383.6 ± 11.2 mg to 364.1 ± 20.3 mg, n = 5, in the presence of 1 μM atropine in control mice 

and from 190.2 ± 8.2 mg to 179.3 ± 13.2 mg, n = 5, in the presence of 1 μM atropine in 

HGprt− mice).

To assess the magnitude of colonic smooth muscle tone, colon strips were exposed to 100 

μM SNP, or 0.1 μM Iso, which at these doses elicited stable and reproducible relaxations. 

Both SNP and isoprotenerol caused a significant smaller relaxation in HGprt− colon (Fig. 3).

Since among the enteric inhibitory neurotransmitters, nitric oxide (NO) plays a major role, 

we attempted to reverse the strikingly decreased spontaneous contractions in colonic strips 

of HGprt− mice by adding L-NAME, a NO synthase inhibitor. L-NAME (100 μM) modified 

neither the amplitude of the spontaneous contractions nor the EFS-induced contractions in 

control mice, whilst in HGprt− mice, a slight increase was observed in the spontaneous 

activity, with the EFS-induced contractions being unchanged (Fig. 4). Indeed, L-NAME 

(100 μM), in both preparations, abolished the inhibitory muscular inhibition in response to 

EFS.

As previously reported, guanine-based purines (guanosine and guanine) are able to modulate 

negatively the excitatory cholinergic control of mouse intestine (Zizzo et al., 2013, 2011). 

Guanine (1 mM) is still able to reduce by the same extent the neurally-evoked cholinergic 

contractile responses also in HGprt− mice (from 612.0 ± 10.6 mg to 373.5 ± 21.2 mg in 

control and from 306.5 ± 7.82 mg to 189.7 ± 19.7 mg ± 11.2 mg in HGprt− mice, in the 

presence of 1 mM guanine n = 5 each).

We recently reported that constitutively active D1-like receptors may be involved in a tonic 

inhibitory control of colonic contractility since the D1 receptor antagonist, SCH- 23390, 

caused a significant increase in the basal tone, in the amplitude of spontaneous and in EFS-

evoked contractions (Auteri et al., 2017). Surprisingly, in HGprt− mice the effect of the D1 

receptor antagonist SCH-23390 (3 μM) on the basal tone and on the spontaneous and 

neurally-evoked activity was lost, suggesting that in HGprt− mice there is an impairment of 

tonic dopamine modulation of colonic contractility, whilst domperidone (5 μM), a D2 

receptor antagonist, had no effect in control or HGprt− mice (Fig. 5).

3.3. Faecal parameters measurements

Faecal output monitored by counting and weighing faecal pellets excreted over a period of 1 

h by each animal, was significantly reduced in HGprt− mice. In fact, over 1 h, the faecal 

pellet number was 8.8 ± 1.6 and 6.3 ± 1.8 and the stool weight was 417.6 ± 30.1 mg and 

255.8 ± 20 mg in control vs HGprt− mice (n = 5 each; P < 0.05). Furthermore the faeces 

produced by HGprt− mice had water contents lower than control mice (70.4 ± 3.6%) in 

control vs 56.7 ± 3.3% in HGprt− mice; n = 5 each; P < 0.05).

3.4. Dopamine-related markers

Western blot analysis of protein concentrations in the distal colon extract revealed a 

reduction of D1 receptor protein in the tissue from HGprt− mice, without significant 

differences in DAT or TH protein levels, as compared to tissue from control mice (Fig. 6).
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HPLC analysis of samples from distal colon extracts showed no significant difference in 

dopamine concentration between control and HGprt− mice (Fig. 6).

3.5. Pro-inflammatory cytokines levels

As shown in Fig. 7A–B we found that both IL-1β and IL-6 levels were unchanged in HGprt− 

mice as compared to control mice.

3.6. ROS and lipid peroxidation levels

Oxidative stress, evaluated by detecting ROS, showed a significant increase in HGprt− mice 

as compared to control mice (Fig. 7C). Lipid peroxidation is the degradation of lipids that 

occurs as a result of oxidative damage, typically by reactive oxygen species, resulting in a 

well-defined chain reaction with the production of end products such as MDA. Therefore, in 

this work in order to measure lipid peroxidation levels we measured the concentration of 

MDA. The analysis revealed a significant increase of MDA levels in HGprt− mice as 

compared to control mice (Fig. 7D). This increase of MDA levels correlated with the 

increased levels of ROS.

4. Discussion

The present results demonstrate a significant decrease in intestinal contractility in HGprt 

deficient mice, which is not due to impairment of the excitatory cholinergic system or of the 

inhibitory nitrergic system. A widespread dysfunction of the contractile apparatus is 

suggested. Moreover, dysfunction in the enteric dopaminergic system with a reduction of D1 

receptor expression has been observed. However, it remains to be solved the impact of 

dopaminergic dysfunction in the colonic motor alteration observed in HGprt− animals.

HGprt is an enzyme which plays a role in purine metabolism in virtually all cells of the 

body, recycling the purine bases, hypoxanthine and guanine, into the usable purine 

nucleotide pools. In the absence of HGprt hypoxanthine and guanine are degraded to uric 

acid. Secondary biochemical changes result in enhanced endogenous purine synthesis 

(Jinnah, 2009). Our results suggest that the failure of purine recycling owing to HGprt 

deficiency has a negative impact on the intestinal contractility in the circular muscle of 

mouse colon.

Our experiments showed that circular muscle preparations of colon from HGprt− mice, when 

compared to control mice, is characterized by a marked reduction of the amplitude of the 

spontaneous contractile activity, even when normalized to the tissue dry weight. We 

observed also a reduction in colonic contractility in response to carbachol and KCl. 

Moreover, the atropine-sensitive neurally-evoked contraction was lower in amplitude in 

HGprt− colon. The decrease in the cholinergic nerve-mediated contractions to EFS was 

significantly higher than the decrease in the cholinergic myogenic contractions to carbachol, 

suggesting a possible decrease in ACh release from the enteric nerves. However, a decrease 

in ACh release from the enteric nerves seems unlikely to be responsible to the reduced 

contractility of colonic muscle in HGprt− mice, since contractile activity was not affected by 

atropine indicating that it is not under a tonic excitatory control by cholinergic nerves. Since 

the contractile response to the muscarinic agonist itself was reduced in HGprt− animals, it is 
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possible to speculate either that the circular muscle is less sensitive to ACh or that there is 

also widespread dysfunction of the contractile apparatus, which is also hinted by the reduced 

response to the depolarising agent KCl.

Recently, we have reported that guanine-based purines (guanosine and guanine) are able to 

modulate negatively gastrointestinal contractility in mouse, regulating the release of 

acetylcholine from the enteric excitatory cholinergic pathways intestine leading to a decrease 

in contractility (Zizzo et al., 2013, 2011). Data from the present work indicate that also in 

HGprt− mice exogenous administered guanine is still to modulate the prejuctional release of 

ACh by enteric nerves, indicating that cholinergic system is sensitive to guanine-based 

purines also in HGprt− mice, and then raising the possibility that cholinergic dysfunctions 

may derived from an increased effects of guanine-based purines on neural target.

Moreover, HGprt− colon displayed also a reduced muscle tone as assessed by the smaller 

relaxation in response to sodium nitroprusside or isoprotenerol. It is possible to hypothesize 

that the distal colon of HGprt− mice could be under a functional hyperactivity of inhibitory 

mediators and that this condition would therefore manifest as decreased smooth muscle tone 

and diminished amplitude of spontaneous phasic and EFS-induced contractions. However, 

hyperactivity of the NO system seems unlikely, since L-NAME, NO synthase inhibitor, was 

not able in the HGprt− tissue to restore the large amplitude spontaneous and nerve-evoked 

contractions characteristic of the control tissue. The observed reduced muscle tone, 

amplitude of spontaneous and EFS-induced contractions could indicate a muscle weakness. 

However, histological evaluation did not reveal trophic alteration of circular muscle mass. 

Further experiments are needed to solve this issue.

One puzzle result from our experiments was the observation that in HGprt− mice the 

excitatory effect of the D1-like antagonist SCH-23390 on the basal tone and on the 

spontaneous and evoked activity was lost. Western blot analysis showed a reduced 

expression of D1-like receptor in HGprt− colon that may explain the loss of the tonic 

inhibitory control of colonic contractility by constitutively active D1-like receptors, recently 

demonstrated in control animals (Auteri et al., 2017). However, this observation is difficult 

to reconcile with the hypomotility observed in HGprt− mice leaving opened the question of 

the role of constitutively active D1-like in the regulation of colonic contractility under 

physiological conditions. On the other hand, we did not observe change in the expression of 

TH and DAT and HPLC analysis revealed no significant difference in intestinal dopamine 

concentration between control and HGprt− colon. Therefore, enteric dopaminergic neurons 

seem not to be affected in HGprt deficiency, in agreement with several histopathological 

studies of autopsied brains, which have not revealed any consistent loss of neurons in the 

substantia nigra (Jinnah et al., 2006). As reported in the brain, more than one 

neurotransmitter system may be affected in the gut of HGprt− mice and the downregulation 

of D1 receptors may be an epiphenomenon resulting from the effects of other mediators. A 

suggestive hypothesis may be that the increase in hypoxanthine concentration interfering 

with adenosine transport, as reported in HGprt deficient peripheral blood lymphocytes from 

LND patients (Torres et al., 2004), increases extracellular adenosine levels and adenosine 

binding to its receptors, in turn leading to the reduction of D1 receptor expression, due to 
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adenosine/dopamine receptor interaction (Fuxe et al., 2010). Further experiments will be 

done to explore this issue.

The conclusion of a decreased motor activity in the large intestine of HGprt− mice is also 

supported by the reduced faecal output and amount of water in the stools observed in these 

animals when compared to the controls.

The present study provided evidence for an increase in oxidative stress in the colon of HGprt
− mice. We showed that in colonic tissue of HGprt− mice there is increased amounts of lipid 

peroxidation, associated with over production of oxygen free radicals. These findings are in 

agreement with previous data showing an induction of oxidative stress, particularly lipid 

peroxidation in the brain of HGprt− mice (Visser et al., 2002).

Indeed, these experimental findings are also consistent with human studies that have shown 

significant changes in free radical in the blood of patients with LND (Saugstad and 

Marklund, 1988). Thus, it is possible to speculate that the observed reduction of colon 

contractility in HGprt− mice could be partially dependent on increased oxidative stress. 

However, the inflammatory cytokines levels in the HGprt− colon were unchanged as 

compared to control mice, indicating absence of any inflammatory status.

In conclusion, our results reveal that, HGprt deficiency causes in mouse colon a decrease the 

contractility not dependent upon reduced ACh release from the myenteric plexus or 

hyperactivity of inhibitory signalling (nitrergic or dopaminergic system). By contrast, the 

observed reduction of colon contractility in HGprt− mice could be partially dependent on 

increased oxidative stress. In addition, since clinical observations of patients with LND 

indicate that the alteration of the purine recycling due to lack of HGprt enzyme activity is 

associated with dysfunction of intestinal motility, such as dysphagia, nausea-vomiting, 

constipation and bloating (Jinnah et al., 1999), results from the current study suggest that 

colonic dysmotility observed in HGprt− mice may mimic the gastrointestinal dysfunctions 

symptoms of LND. Therefore the HGprt− mice can be considered a viable model for 

elucidating disease pathogenesis in LND.
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Abbreviations

ACh Acetylcholine

CCh Carbachol

SCH-23390 7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine 

hydrochloride

DA Dopamine
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DAT dopamine transporter

HGprt hypoxanthine-guanine phosphoribosyltransferase

Iso isoproterenol

EFS electrical field stimulation

LND Lesch-Nyhan disease

ENS enteric nervous system

NO nitric oxide

L-NAME Nω-nitro-L-arginine methyl ester hydrochloride

SNP sodium nitroprusside

TTX tetrodotoxin

TH tyrosine hydroxylase

IL-1β interleukin-1β

IL-6 interleukin-6

ROS reactive oxygen species

MDA malondialdehyde
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Fig. 1. 
Microphotographs from tissue sections of distal colon from control and HGprt− mice stained 

with hematoxylin eosin for morphological analysis. (A) low magnification (20×) showing 

circular muscle and (B) high magnification (100×) showing a sampled area in (A). In 

histograms, HGprt− and control mice are compared for circular muscle thickness (C) and 

myofibers diameter (D). Both circular muscle thickness and myofibers diameter did not 

show any significant differences. Square in (A) indicates a sampled area for myofibers 

diameter measurement. Scale bar: (A) 100 μm, (B) 20 μm.
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Fig. 2. 
Upper panel - Original tracings showing the spontaneous phasic activity and the cholinergic 

response to EFS (0.5 ms, 4 Hz, 10 V for 10 s) in the circular muscle strips of mouse distal 

colon from control or in HGprt− mice. Lower panel - Histograms showing the amplitude of 

the spontaneous phasic activity and of the response to EFS (0.5 ms, 4 Hz, 10 V for 10 s) in 

the circular colonic muscle strips of mouse distal colon from control or HGprt− mice. Data 

are means ± S.E.M and are expressed in absolute value (n = 5 for each group). *P < 0.05.
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Fig. 3. 
Histograms showing the amplitude of the contractile response evoked by CCh (10 μM) and 

KCl (60 mM) and the amplitude of the relaxant response evoked by Iso (1 μM) or SNP (1 

mM) in the circular colonic muscle strips of mouse distal colon from control or HGprt− 

mice. Data are means ± S.E.M and are expressed in absolute value (n = 5 for each group). *P 

< 0.05.
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Fig. 4. 
Histograms showing the effect induced by L-NAME (100 μM) on the amplitude of the 

spontaneous phasic activity and on the amplitude of the response to EFS (0.5 ms, 4 Hz, 10 V 

for 10 s) in the circular colonic muscle strips of mouse distal colon from control or HGprt− 

mice. Data are means ± S.E.M and are expressed as absolute value (n = 5 for each group).
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Fig. 5. 
Histograms showing the effects induced by SCH-23390 (3 μM), D1 receptor antagonist, or 

by domperidone (5 μM) D2 receptor antagonist, on the amplitude of the spontaneous phasic 

activity and of the response to EFS (0.5 ms, 4 Hz, 10 V for 10 s) in the circular colonic 

muscle strips of mouse distal colon from control or HGprt− mice. Data are means ± SEM 

and are expressed in absolute value (n = 5 for each group). The graphed value for the control 

bars are the mean of the control data obtained before each treatment. *P < 0.05.
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Fig. 6. 
Western blot analyses in distal colon extracts of dopamine receptor D1, tyrosine hydroxylase 

(TH) and dopamine transporter (DAT) protein levels (A–C) and HPLC analysis of dopamine 

(DA) concentration (D). TH, DAT and DA levels showed no significant change, whereas D1 

receptor levels exhibited a significant reduction in colon preparations from HGprt− mice 

when compared to control mice. Striatum: tissue from brain region striatum, used as positive 

internal control. Data are means ± S.E.M. *P < 0.05.

Zizzo et al. Page 20

Auton Neurosci. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Pro-inflammatory cytokines, ROS and lipid peroxidation levels. The analysis of IL-1β (A) 

and IL-6 (B) protein levels showed that both cytokines were unchanged in HGprt− mice as 

compared to control mice. The analysis of ROS levels (C) revealed a significant increase of 

ROS levels in HGprt− mice as compared to control mice. Lipid peroxidation levels, detected 

by measuring the concentration of MDA (D), revealed a significant increase of MDA levels 

in HGprt− mice as compared to control mice. Data are means ± S.E.M. *P < 0.05, **P < 

0.01.
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