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Abstract

AIM: To investigate functional duodenal abnormalities in functional dyspepsia (FD) and the role of serotonin (5-hydroxytryptamine, 5-HT) in mucosal ion transport and signalling. 
METHODS: Duodenal mucosal biopsies were obtained from 15 patients with FD and 18 healthy controls. Immunohistochemistry was used to study the number of 5-HT-containing cells and real-time polymerase chain reaction for expression of 5-HT receptors 1A, 1B, 2A, 2B, 3A, 3B, 3C, 3D, 3E, 4 and 7, as well as expression of the serotonin re-uptake transporter gene SLC6A4 and tryptophan hydroxylase (TPH1). Biopsies were mounted in Ussing chambers for evaluation of basal and 5-HT-stimulated short-circuit current (SCC). 
RESULTS: Conductance was lower in FD [42.4 ± 4.7 mS/cm2 (n = 15) vs 62.5 ± 4.5 mS/cm2 (n = 18), P = 0.009]. 5-HT induced a dose dependent rise in SCC in both FD (n = 8) and controls (n = 9), the rise was lower in FD (P < 0.001). Mean number of 5-HT stained cells per high power field was the same [34.4 ± 8.4 in FD (n = 15) and 30.4 ± 3.7 in controls (n = 18), P = 0.647]. The following genes were highly expressed: 5-HT receptor (HTR) 3E, HTR4, HTR7, serotonin re-uptake transporter gene (SLC6A4) and TPH1. Differences in expression levels were observed for HTR3E (higher expression in FD, P = 0.008), HTR7 (lower expression in FD, P = 0.027), SLC6A4 (higher expression in FD, P = 0.033) and TPH1 (lower expression in FD, P = 0.031). 
CONCLUSION: Duodenal ion transport in response to exogenous 5-HT is abnormal in FD patients and associated with high expression of the HTR3E receptor and the serotonin transporter.
© 2013 Baishideng. All rights reserved. 
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Core tip: The majority of patients with chronic symptoms from the gastro-duodenal region do not present signs of organic disease during routine examination, which commonly leads to the diagnosis of functional dyspepsia (FD). Our study strongly indicates the involvement of 5-hydroxytryptamine related duodenal mucosal mechanisms in FD pathogenesis. Future studies should further investigate alterations in up- and downstream effects related to HTR3E and HTR7 receptors.
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INTRODUCTION 
The majority of patients with chronic symptoms from the gastro-duodenal region do not present signs of organic disease during routine examination, which commonly leads to the diagnosis of functional dyspepsia (FD). FD is known for its high prevalence, association with decreased quality of life[1] and difficult management, which pose a considerable economic burden[2-4]. Highly debated pathogenetic mechanisms include alterations in stomach function, e.g., hypersensitivity and emptying problems. Little is known about duodenal epithelial function in patients with FD and a broader understanding of the mucosal defence barrier, and insight in associated signalling systems is needed[5,6]. 

It is widely recognized that therapies that modulate serotonin (5-hydroxytryptamine, 5-HT) activity are partly effective in patients with functional intestinal disorders. There are indications of increased transcription of tryptophan hydroxylase 1 (TPH1) and lowered serotonin re-uptake transporter (SERT) expression throughout the gut in isolated FD[7]. In addition, SERT polymorphisms appear to play a pathogenetic role in patients with postprandial distress syndrome[8].

5-HT in humans is mainly found in the duodenum, with the highest concentration in the lamina mucosa[9,10], and recent studies have revealed high expression levels of SERT, the 5-HT receptor (HTR) 3 and HTR4 in the duodenum compared to other gut regions[11]. 5-HT is released by duodenal mucosal cells in response to luminal acidification[12] and together with other transmitters is involved in pathways mediating the response to luminal acid[13-15]. Furthermore, 5-HT has been shown to be a potent stimulator of electrogenic secretion in human duodenal mucosal biopsies[16]. 

We hypothesized that disturbances in the duodenal secretory reflex arches involving 5-HT play a pathogenic role in FD. Measurement of ion transport in human epithelia in vivo requires invasive methods; however a modified Ussing chamber for human endoscopic biopsies has been developed in our laboratory[17]. 

In the present study, 5-HT induced ion transport is measured in FD patients and healthy controls. Furthermore, duodenal mucosal biopsies are evaluated for expression of 5-HT receptors (real-time polymerase chain reaction, RT-PCR) and the density of 5-HT-containing cells (immunohistochemistry). 

MATERIALS AND METHODS

Study population and protocol

The study was conducted in accordance with the Helsinki V declaration and approved by the Scientific Ethical Committee of Copenhagen. All participants received both written and oral information prior to the study and provided written informed consent.

Consecutive patients with dyspeptic symptoms referred for gastroscopy at Bispebjerg Hospital (Copenhagen, Denmark) who fulfilled the ROME III criteria[18] were invited to participate in the study. Healthy controls between 18-70 years were recruited. Two questionnaires, the gastrointestinal symptom rating scale and a non-validated Danish translation of a dyspepsia questionnaire developed by Jan Tack and colleagues[19,20], were used in order to confirm the diagnosis of FD, exclude gastroesophageal reflux disease as well as abdominal symptoms in the healthy controls. The gastrointestinal symptom rating scale is a validated instrument comprising 15 items for the assessment of gastrointestinal symptoms in irritable bowel syndrome and peptic ulcer disease[21]. 
Seventeen patients with FD and 20 healthy controls were included in the study. Median age was 39 years (range 24-54 years) in the FD group (7 men, 10 women) and 24 years (range 21-50 years) in the healthy group (5 men, 16 women). With the exception of two subjects who used oral contraception, healthy controls were medication free. Four of the FD patients reported use of proton pump inhibitors on a non-regular basis. None had used proton pump inhibitor treatment one week prior to endoscopy, nor acetylsalicylic acid or non-steroid anti-inflammatory drugs. Over-consumption of alcohol was not present in any subject. One of the FD patients and three of the healthy subjects reported being smokers. 

During gastroscopy, biopsies were obtained from the duodenum at the border between the duodenal bulb and the descending duodenum using standard biopsy forceps (Radial Jaw 4, outside diameter 2.4 mm, Boston Scientific, Denmark). In two FD patients and one healthy control a major part of the biopsies could not be obtained because the procedure was too distressing, while esophageal pathology was found in another healthy control. This meant that only 15 FD patients and 18 healthy controls were included, each with 8-10 biopsies available (out of 10 planned). Three of the biopsies were snap-frozen on dry ice for gene expression studies, one was stored in 4% buffered paraformaldehyde solution for subsequent immunohistochemical evaluation and up to four biopsies were placed in ice-cold Ringer solution for immediate mounting in Ussing chambers. Finally, one biopsy from the gastric antrum and one from the gastric corpus were stored in 4% buffered paraformaldehyde solution for subsequent histological analysis for Helicobacter Pylori detection. 

Mounting of biopsies and electrical measurements 

Duodenal biopsies were transported to the laboratory in ice-cold bicarbonate-Ringer solution and two to four successfully mounted within 30 min in modified Ussing air suction chambers. Use of 10 times magnification through a stereomicroscope (Nikon, Tokyo) ensured correct mucosa-serosa orientation and appropriate fixation. Biopsies were fixed by constant air suction[17]. The exposed tissue area varied from 3.4 to 5 mm2, depending on the used insert, which was chosen to match the tissue size. The height of the (air) suction sleeve was 50 μm. Both sides of the tissue were bathed in bicarbonate-Ringer solution containing (in mmol/L) 140 Na+, 4 K+, 121 Cl-, 1 Ca2+, 0.5 Mg2+, 0.5 SO42- and 25 HCO3-. In addition, 11 mmol/L D-glucose was applied to the serosal side and 11 mM D-sorbitol to the mucosal side. Temperature was maintained at 37° C with the help of water jackets and oxygenation was ensured by constant input of gas-lift-circulating 95% O2 + 5% CO2. Short-circuit current (SCC) and slope conductance were continuously recorded by an automated voltage-clamp device (MFI 1-425) and measured as μA·cm-2 and mS·cm-2 respectively. Solution-resistance correction was performed immediately before mounting. Baseline values were recorded after an equilibration period of 15-30 min when stable values were reached. Further experiments were performed with different stimulating agents, but here we present results from the application of 5-HT, which was performed in nine FD patients and ten healthy controls as follows: 

5-HT was applied in a dose-increasing manner ranging from 3 to 243 μmol/L (final concentration in the bathing solution) with 5-min intervals between applications. 5-HT was added to the serosal side as previously described[16]. For evaluation of tissue viability, transport capacity and correct tissue orientation, 4 mmol/L glucose and 0.1 mmol/L phloridzin, both purchased from Sigma, Denmark, were sequentially added to the mucosal side. A glucose response of > 5 μA/cm2 or response to phloridzin above -5 μA/cm2 was considered equivalent to full tissue viability. Ten percent of the biopsies did not fulfil these criteria and were excluded from further analysis, resulting in a final number of eight FD patients and nine controls from whom 5-HT-stimulated values were obtained. 

Histopathology and immunohistochemistry 

In addition to one un-mounted biopsy from each subject, all the mounted biopsies were gently collected upon conclusion of the Ussing chamber experiments and fixated in 4% buffered paraformaldehyde for a minimum of 24 h. They were then dehydrated, embedded in paraffin and cut into 10 μm sections, which were stained with hematoxylin/periodic acid Schiff for histological staining and examination. Protocols were blinded to the examiner. Assessment included possible pathology and the extent of epithelial damage, which was graded by a severity score ranging from 0 to 3; with 0 indicating no mucosal damage and 3 severe mucosal damages as previously described[16]. A Leitz Ortoplan microscope (Wetzlar, Germany) fitted with a cooled camera (Evolution MP, MediaCybernetics, Wokingham, Berkshire, United Kingdom) was used for examination and photography. For IHC analysis of anti-5-HT staining cells, sections of approximately 5 microns were deparaffinized and incubated for 5 min in 2% bovine serum albumin followed by 18 h at 4˚C with the primary antibody, monoclonal mouse anti-serotonin (M0758, DakoPatts) diluted 1:200. The immunoreactions were visualized by means of biotinylated rabbit anti-mouse immunoglobulins (E354, Dako) diluted 1:200, as the second layer, followed by streptavidin-peroxidase complex, Vectastain PK-4000, diluted 1:100, for 30 min as the third layer. The sections were finally stained by means of 3,3’-diaminobenzidine for 30 min and counterstained with hematoxylin.

To determine the number, 5-HT-immunoreactive cells were counted in an objective manner from representative photomicrographs of the immunostained biopsies by means of Image-Pro Plus 6.0. Both the number of stained cells and the stained area per high power field were assessed. A field magnified 10 times was suitable to cover the biopsy area with only minor tissue deficiency, which correlates with a tissue area of 1.03 mm × 0.79 mm. 
Gastric biopsies were immediately fixed in 4% buffered paraformaldehyde and after sectioning and staining with Giemsa (Merck, Darmstadt, Germany) examined for HP presence in the light microscope. Participants were considered HP positive if bacteria were found in either the antrum or the corpus fundus biopsies. These protocols were also blinded to the examiner. 
mRNA expression analysis 

Samples for PCR were stored at -80°C until tissue collection was completed for one-series analysis. Total RNA was extracted from biopsies with commercially available kits (Qiagen, Hilden, Germany) and cDNA synthesized from 0.5-1 μg of RNA with SuperScript™ III reverse transcriptase (Invitrogen, Carlsbad, CA, United States) in accordance with the manufacturer’s instructions. In total, mRNA expression analysis was carried out on 10 FD patients and 16 controls. 
For each gene examined, mRNA expression levels were measured by quantitative RT- PCR in ABI Prism 7500 Sequence Detection Systems (Applied Biosystems) with specific TaqMan Gene Expression Assays (Applied Biosystems), in accordance with the manufacturer’s instructions. Gene expression of HTR1A (Assay ID Hs00265014), 1B (Hs00265286), 2A (Hs01033524), 2B (Hs00168362), 3A (Hs00168375), 3B (Hs00175775), 3C (Hs00365674), 3D (Hs00699391), 3E (Hs00704511), 4 (Hs00410577) and 7 (Hs00989028), the SERT gene (SLC6A4, Hs00984355) and TPH1 (Hs00188220) were studied. RT-PCR reactions were performed in triplicate on each sample and, after normalization to internal endogenous controls (glyceraldehyde 3-phosphate dehydrogenase, Hs99999905), mRNA expression levels for each gene and in each sample were determined by the comparative CT method of relative quantification. Samples were only included in the analysis when gene expression was detected before cycle 35 in the PCR reaction (cycle threshold < 35) for a given gene, which resulted in slightly different N-values for each gene. Results were expressed in arbitrary units relative to a randomly chosen reference sample. 
Statistical analysis 

The effect of the drugs applied in the Ussing chambers was defined as SCC before versus after application. Mean results from the 2-4 biopsies from each subject were used for further analysis and are presented as mean ± standard error of the mean (SE). The unpaired t-test was used to compare the effects of glucose and the difference in basal SCC and slope conductance. The relationship between the concentration of 5-HT and induced SCC was investigated using a linear model, with treatment and log-transformed concentration as fixed effects. The number of 5-HT immune-reactive cells was compared between subject groups using the unpaired t-test. The Mann-Whitney U-test was employed to identify statistically significant differences between patients and controls in the RT-PCR gene expression analysis (mRNA). Commercially available software (Prisma version 5.0 and SAS version 8.2) was used for all statistical analyses and two-tailed P < 0.05 was considered significant. 

RESULTS 
Electrophysiological measurements

Mean basal SCC was 19.8 ± 3.0 μA/cm2 for FD patients (n = 15) and 21.4 ± 3.7 μA/cm 2 for controls (n = 18) with no significant difference between groups (P = 0.749). As shown in Figure 1, comparison of basal conductance revealed significantly lower values for FD patients compared to healthy controls (42.4 ± 4.7 mS/cm2 and 62.4 ± 4.5 mS/cm2 respectively, P = 0.005). Glucose control values after 5-HT stimulation yielded a mean magnitude of 12.5 ± 2.0 μA/cm2 for the FD group and 12.1 ± 2.5 μA·cm-2 for controls (P = 0.906). 5-HT induced a dose dependent SCC rise in both healthy controls and FD patients (Figure 2). The 5-HT-induced rise in SCC was significantly lower in the latter (P < 0.001). 

Histology

Histology revealed some variation with regard to biopsy depth; however, the surface epithelium and entire lamina propria were intact in all samples before and after mounting. Several biopsies also included the lamina muscularis mucosa and in some cases the submucosal layer contained part of Brunner’s glands. Epithelial damage before mounting ranged from 0-3 in both groups with a mean score of 0.7 in dyspeptic and 1.1 in healthy subjects (P = 0.179). 5-HT stained cells were found in the epithelium and Brunner’s glands, but only the number of cells in the epithelium was included in the evaluation since not all biopsies contained sub-mucosal tissue (Figure 3). In un-mounted biopsies, the mean number of cells per high power field was 34.4 ± 8.4 in the FD group and 30.4 ± 3.7 in controls (P = 0.647). 
Helicobacter staining was positive in one FD patient and none of the healthy subjects.

Expression levels

Expression levels were undetectable for three genes, HTR1A, HTR3B and HTR3D, while there was only very low expression of HTR1B, HTR2A, HTR2B, HTR3A and HTR3C. The following genes were strongly expressed: HTR3E, HTR4, HTR7, serotonin re-uptake transporter gene (SLC6A4) and TPH1. Genes that exhibited statistically significant differences in expression level between FD patients (n = 8-10) and healthy subjects (n = 13-16) include HTR3E (higher expression in dyspepsia, P = 0.008), HTR7 (lower expression in dyspepsia, P = 0.027), SLC6A4 (higher expression in dyspepsia, P = 0.033) and TPH1 (lower expression in dyspepsia, P = 0.031) (Figure 4). 
DISCUSSION
5-HT increased the short circuit current in both healthy controls and FD patients in a dose-dependent manner, although the values were lower in FD patients (Figure 2). Slope conductance was significantly lower in FD patients.
Increased SCC is a direct result of secretion of negative ions to the duodenal lumen or flow of positive ions in the opposite direction and in the duodenum, bicarbonate secretion and hydrogen ion absorption are considered to be the most relevant fluxes. Disturbances in the response to duodenal acid have previously been described as related to dyspeptic symptoms[22,23]. Lower SCC values in our FD group might result from dysfunction in bicarbonate transport and subsequent impaired secretion. 

Generally, the SCC values obtained in this study were distinctly lower than previously described by Engelmann et al[16], which could be explained by the fact that the studies were performed in different settings and electrophysiological measurements are easily affected by environmental factors. One should also bear in mind that the study by Engelmann et al[16] included patients with different dyspeptic conditions, which were not characterized by ROME III, and had no control group. In order to validate our results from the electrophysiological measurements, raw data were re-analysed by a second investigator blinded to the protocol and the analysis confirmed the results. 

Reims et al[24] reported the applicability of Ussing chamber-measured epithelial electrical resistance for quantifying permeability changes in duodenal biopsies. In our case, biopsies from patients with FD had significantly lower conductance (thus higher resistance) compared to healthy controls, which may indicate decreased permeability. This result is rather surprising, because duodenal mucosal disease is generally associated with mucosal damage and impaired barrier function, thus one would expect higher permeability in patients with FD compared to healthy controls. Furthermore, increased epithelial permeability has been demonstrated in irritable bowel syndrome (IBS) sub-groups[25-27]. Routine histology did not reveal morphological alterations in our biopsies and there was no evidence of increased edge leakage in the healthy controls.  One could argue that the resistance measured in our experiments reflects disturbance in electrolyte transport rather than nutrient or large molecule passage. Thus, it would be more reasonable to assume lower conductance of bicarbonate or chloride ions because of channel dysfunction or, for example, lowered tight junction capacity. With the present measurements of SCC and slope conductance we are unable to discriminate between an altered ionic passage through the cell compartment and/or the paracellular pathway. Alteration in potassium channels both apically and basolaterally in epithelial cells may account for the observed changes in conductance as well as in other channels involved in the bicarbonate secretory process. A molecular reconfiguration in the paracellular pathway as an explanation for the observed difference in conductance is also a possibility.
Expression of HTR3E was considerably increased in FD patients, as was that of SLC6A4. However, HTR7 and TPH1 were significantly less expressed in patients with FD (Figure 4).

SLC6A4 is the approved gene symbol for SERT. The transporter gene was highly expressed in the duodenal samples and there was a significant difference between experimental groups with higher expression in patients with FD. A relationship between SERT gene alterations and FD has been suggested in a number of reviews[8,28]. There are also several studies that have pointed out significant associations between SERT polymorphism and IBS[29-33]. To our knowledge, the only result that confirms the relevance of SERT polymorphisms in relation to dyspeptic symptoms comes from studies of postprandial distress syndrome[8], while at least two other investigations failed to detect significant associations[34-37]. Gene expression levels have previously been described in dyspeptic female patients[7], where decreased SERT expression was found in the patient group. Our results suggest the opposite, although the small sample size reduces reliability. As this issue remains unclear, further studies to detect a significant relation between alterations in SERT expression and FD are necessary. Both HTR3E and HTR4 have been reported to be prevalent in duodenal mucosa[11], which is supported by our study. Furthermore, we found elevated expression of the HTR3E sub-type in patients with FD. HTR3E polymorphism possibly related to increased HTR3E production has been described in IBS[38] and our results might thus account for involvement of this receptor in FD pathology. In IBS, HTR3 antagonists are already in clinical use, and the cation-selective ligand-gated ion channels have been found to be involved in motility and bicarbonate secretion. Interestingly, expressions of other HTR3 sub-types, i.e., A and B, were low in our samples. A strong genetic correlation between HTR3C and HTR3E in human duodenal tissue has recently been proposed[35] and patch clamp studies have revealed that HTR3C, HTR3D and HTR3E are non-functional when expressed alone[39]. HTR3A gene polymorphism has recently been associated with severe dyspeptic symptoms[40]. As HTR3A expression was generally low in our biopsies, differences between FD patients and controls might not have become apparent. 
HTR7 is one of the 5-HT receptors about which very little is known, mainly due to the lack of specific ligands. A role in upper intestinal smooth muscle relaxation[41,42], activation of afferent neurons [43] as well as high expression in the stomach and ileum[44] has been revealed previously, and we found high expression in duodenal samples. Our results also indicate significant differences in expression level between patients with FD and controls. HTR7 has been proposed as a novel target for treatment of FD and related disorders[45] and further elucidation of its pathophysiological role would definitely be valuable.
TPH1 gene abnormalities have recently been suggested in IBS[46] and lower mRNA expression levels have been observed in such patients[30]. We found lower expression values in our FD group, indicating that decreased 5-HT availability might be part of the disease pathology. In contrast, Foxx-Orenstein et al[7] presented results demonstrating higher expression in duodenal mucosa of female patients with FD. A recent study of TPH1 expression in gastric mucosal biopsies from children with FD found no difference between these patients and controls[47]. 
As we did not observe any significant differences in the content of 5-HT-positive cells between FD patients and controls, further studies including a larger number of subjects may be needed to conclusively address this issue. 5-HT content in duodenal mucosa has been studied immunohistochemically in patients with post-infectious FD and found to be significantly reduced in patients 6 mo or more after the infection, but not in recovered controls [48]. 
The low number of subjects in the patient and control groups and differences in terms of age and smoking status (which can affect the mucous layer and bicarbonate secretion) are a limitation of this study. 

In conclusion, our study strongly indicates the involvement of 5-HT related duodenal mucosal mechanisms in FD pathogenesis. Future studies should further investigate alterations in up- and downstream effects related to HTR3E and HTR7 receptors. 
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Figure 1 Basal slope conductance of duodenal mucosa as measured in a modified air-suction Ussing chamber. Conductance, in millisiemens per square cm (mS SEQ CHAPTER \h \r 1/cm2), is significantly higher in healthy controls (n = 18) compared to patients with functional dyspepsia (FD) (n = 15), P = 0.0045 vs functional dyspepsia. mean ± SE. 
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Figure 2 Dose-response of 5-hydroxytryptamine-induced short circuit current. Addition of 5-hydroxytryptamine (5-HT) in cumulative concentrations by steps of a factor three from 3 to 243 μmol/L on the serosal side of duodenal biopsies mounted in an Ussing chamber resulted in an increased short circuit current, microampere per square cm (μA SEQ CHAPTER \h \r 1/cm2), in both functional dyspepsia patients (n = 8) and healthy controls (n = 9), with significantly lower values in the dyspeptic group (P < 0.001 for the overall difference). Cubes represent patients and dots represent healthy subjects (mean ± SE). SCC: Short circuit current.
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Figure 3 Paraformaldehyde-fixed duodenal tissue from a patient with functional dyspepsia. The tissue was stained immunohistochemically using a polyclonal antibody against 5-hydroxytryptamine (5-HT). There are many 5-HT immunoreactive cells in the surface epithelium, both in the crypts and the villi. The biopsy has an intact surface epithelium without signs of mechanical damage (magnification ×220). 
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Figure 4 Gene expression (mRNA) levels differed significantly in duodenal mucosa from functional dyspepsia patients compared to healthy controls. Empty bars represent patients (n = 10 for HTR3E, SLC4A6 and TPH1, and n = 8 for HTR7) and filled bars represent controls (n = 16 for SLC4A6 and TPH1, n = 15 for HTR3E and n = 13 for HTR7). All levels were measured by quantitative real-time polymerase chain reaction and expressed as mean fold change ± SE relative to the values obtained for a control sample arbitrarily chosen as a reference. P < 0.05, P < 0.01 vs control group.
