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1. Introduction 

In the normal human body, the extracellular fluid pH of 7.40 is homeostatically 

maintained. The balance is kept accurately by three different mechanisms: immediate 

buffering in the blood, followed soon by exhalation of CO2 via the respiratory system, 

and finally by the renal excretion of excess acid or base. Bicarbonate (HCO3
-) and 

CO2 are the major biological buffers that maintain acid-base balance. Changes in 

HCO3
- concentration have been assumed to be responsible for systematic acidosis or 

alkalosis. 

Besides the systematic acid-base regulation, the HCO3
- participates in the regional 

regulation of acid-base balance, such as in the surface of gastric and duodenal 

epithelium. It buffers the pH of the digestive tract mucosal layer and protects the 

epithelium against luminal acid-induced injury. The fully studied segments of the 

gastrointestinal (GI) tract in this aspect are the stomach and the duodenum, where the 

secretion of HCO3
- into the mucus gel creates a pH gradient with a near neutral pH at 

the surface of epithelium. This pH gradient in the mucus gel provides the first line of 

protective barrier against luminal acid invasion (Seidler and Sjöblom, 2012). 

In addition to the pH gradient, the mucus is another important GI tract protective 

barrier. The mucus covers on the epithelium and provides a buffering layer between 

the epithelium and luminal contents. The formation of mucus is a maturing process of 

mucin molecules. The newly secreted mucins are condensed and compacted granules 

without gel-like properties, and shielded by cations, mostly Ca2+ and H+. During the 

formation of mucus layer, the HCO3
- can neutralize the intragranular protons and 

chelate with the Ca2+ ions, and subsequently help the mucin molecules to expand their 

volume rapidly and dramatically by 500~1000-fold in a few seconds (Quinton, 

2010a). 

The HCO3
- is essential to the formation of protective barriers, and it can also be 

absorbed in a special circumstance and then elicit other physiological activities. In the 

upper small intestine, due to the mixture of alkaline pancreatic juice with the acidic 

chyme, the epithelium is exposed to both high concentrations of CO2 and HCO3
-, and 
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relatively low luminal Cl- concentrations (Turnberg et al., 1970a; Turnberg et al., 

1970b; Turnberg et al., 1969). In this unique ions circumstance, the upper small 

intestine reabsorbs large quantities of HCO3
-, and it is believed that the water will be 

absorbed passively following the osmotic driving forces secondary to HCO3
- 

reabsorption. The molecular mechanisms of upper small intestinal HCO3
- reabsorption 

and water absorption have not been clarified in detail. 

 

Role of HCO3
- in the gastroduodenal protective barrier against luminal acid 

invasion 

In 1824, William Prout confirmed the acid in the stomach as hydrochloric acid 

(HCl) (Kasich, 1946). In the following two centuries, the physiological functions of 

HCl in stomach were found as bactericidal barrier, pepsinogen activation and 

proteolytic digestion initiation. On the other hand, gastric acid has enormous 

damaging potential to the gastric and duodenal epithelium, and Vassilii Boldyreff 

thought that the stomach and duodenum could not tolerate the high concentration of 

acid which was found in the freshly secreted gastric juice (Seidler and Sjöblom, 2012). 

Due to this, a lot of physiologists and physicians tried to find the mechanisms 

whereby gastric and duodenal mucosa is protected from damage induced by luminal 

acid and other invasive factors such as proteolytic enzymes, and nonsteroidal 

anti-inflammatory drugs, etc. In 1892, Schierbeck found high PCO2 tension in dog 

stomach, and in 1898, Pavlov postulated that an alkaline mucus layer protects the 

gastric mucosa from acid (Seidler and Sjöblom, 2012). About 70 years later, Gunnar 

Flemström studied many species including human and found a metabolism-dependent 

HCO3
- secretion from the gastric and duodenal mucosa, and demonstrated that even a 

short contact of mucosa with acid can induce a long lasting HCO3
- secretion 

(Flemström, 1977, 1980; Flemström et al., 1982; Garner and Flemström, 1978; 

Heylings et al., 1982, 1984; Kivilaakso and Flemström, 1984a; Knutson and 

Flemström, 1989). After these landmark discoveries, Flemström and other 

physiologists proved that the secretion of HCO3
- into the gastric and duodenal lumen 

contributed to the formation of pH gradient in the mucus (Kivilaakso and Flemström, 
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1984b; Takeuchi et al., 1983; Williams and Turnberg, 1981). Although the absolute 

quality of HCO3
- ions secreted by epithelial cells is much lower than that of acid 

secretion, these secreted HCO3
- ions are able to neutralize the back-diffusing protons 

into the mucus layer and subsequently protect the underlying mucosa from 

acid-induced damage. This protective barrier against luminal acid invasion was 

termed as the gastroduodenal mucus-bicarbonate protective barrier (Figure 1) (Allen 

and Flemström, 2005; Turnberg, 1987; Williams and Turnberg, 1981). 

 
Figure 1: Gastroduodenal mucus-bicarbonate protective barrier. The HCO3

- ions are secreted 

by epithelial cells and diffuse from the mucus bottom to the surface, thus form a pH gradient. The 

diffused HCO3
- ions can neutralize the back-diffusing protons and protect the mucosa from 

acid-induced damage (Adapted from: Allen and Flemström, 2005). 

A recent study demonstrated that HCO3
--dependent mucosal defense against 

luminal acid may not necessarily require HCO3
- to be secreted into the lumen, but 

requires intact basolateral HCO3
- uptake mechanisms, the intracellular accumulated 

HCO3
- ions are able to rapidly neutralize the protons that have diffused into the 

enterocytes during luminal acid exposure (Akiba et al., 2001). In Akiba’s study, the 

basolateral Na+-HCO3
- cotransporters (NBCs) inhibitor DIDS and apical anion 

channels inhibitor NPPB were used, both inhibitors could diminish the HCO3
- 
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secretion, but the outcomes after luminal acid exposure were opposite. The DIDS 

inhibited the basolateral HCO3
- uptake into the duodenocytes, and this caused 

intracellular acidification and resulted in poor tolerance of the luminal acid challenge 

with subsequent cellular damage. In contrast, the NPPB inhibited the apical HCO3
- 

secretion and caused the accumulation of intracellular HCO3
-, which resulted in 

enhanced resistance against luminal acid (Akiba et al., 2001). From this study, we can 

conclude that HCO3
--dependent intracellular pH (pHi) regulation is an important part 

of gastroduodenal mucus-bicarbonate protective barrier. 

 

HCO3
- facilitates mucus layer build-up in the colon 

The number of commensal bacteria in the human intestine is estimated at 

1013~1014, and the bacterial community in the colon contains about 1000 species (Qin 

et al., 2010; Xu and Gordon, 2003). Although the high number of bacteria lives in 

symbiosis with their host, they still have a serious threat to their host. However, these 

bacteria are well tolerated under normal conditions, two major principles are supposed 

to be involved in this tolerance: (1) minimizing bacteria-epithelium contact by mucus 

layer, and (2) the intestinal immune system (Hooper and Macpherson, 2010). The 

colonic mucus layer provides this physical barrier between colonic epithelium and the 

bacteria, and it also contains a number of proteins such as antibacterial proteins and 

IgA that can limit the bacterial growth and penetration (Artis, 2008). The mucus layer 

thickness is variable in different segments of GI tract, with thickest mucus in the 

colon (Figure 2), this is one of the reasons why we choose the colon as the object for 

mucus layer build-up study.  

Atuma and colleagues demonstrated that there are two mucus layers in the GI 

tract: the outer “loose” layer that can be easily aspirated and the inner mucus layer 

that is “firmly” attached to the epithelium (Figure 2) (Atuma et al., 2001). Further 

studies in the colon of mice proved that the bacteria were present only in the outer 

mucus layer and the inner layer was totally bacteria-free (Johansson et al., 2008). 

Although the mucus layer has a two-layered organization, the major component of 

these two different layers is same, the gel-forming Muc2 mucin (Johansson et al., 
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2008). 

 

Figure 2: The thicknesses of two mucus gel layers in vivo in different segments of GI tract of 

rat. The thickest mucus layer and the second thickest firmly adherent mucus layer were seen in the 

colon (From: Atuma et al., 2001). 

The mucin molecules are stored in intracellular granules of goblet cells, these 

mucin molecules are in a highly condensed and compacted fashion, and together with 

high concentrations of Ca2+ and H+ to shield the negative charges (Perez-Vilar, 2007). 

After exocytosis, the newly secreted mucins can increase their size by 500~1000-fold 

in a few seconds and expand their volume rapidly and dramatically (Quinton, 2010a). 

The explosion of newly secreted mucins is suggested to be driven by electrostatic 

repulsion of negative charge. During this process, HCO3
- ions are believed to 

neutralize the protons and chelate with the Ca2+ ions, so that the anionic charges of the 

mucins become unshielded and then the electrostatic repulsion works to expand the 

mucins (figure 3) (Garcia et al., 2009). 

The disease of cystic fibrosis (CF) is a typical example showing the importance 

of HCO3
- for mucus maturing. CF is caused by nonfunctional chloride and 

bicarbonate ion channel named cystic fibrosis transmembrane conductance regulator 

(CFTR). In CF patients, the mucus maturing can not be achieved because of impaired 

HCO3
- secretion, so the pathologic characteristic of CF patients is the dehydration of 
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secretions with sticky and hyperviscous mucus. This leads to chronic airway 

obstruction, pancreatic insufficiency and intestinal malabsorption, and pulmonary 

disease is the major cause of death in CF patients (Lubamba et al., 2012).  

Using the CFTR animal model of CftrΔF508 mice, defective HCO3
- secretion 

was seen in the duodenum, jejunum, and ileum, as well as in the colon and gallbladder. 

Without the luminal HCO3
-, the mucus discharge decreased significantly (Quinton, 

2010b). When exposed to high concentration (about 115mM) of HCO3
-, the abnormal 

mucus from the CftrΔF508 mice can be transformed to almost normal mucus 

(Gustafsson et al., 2012). 

 
Figure 3: The role of HCO3

- in the expansion and solubilization of granules of condensed 

mucins (From: Quinton, 2008). 

 

The molecular mechanisms related to HCO3
- secretion 

The HCO3
- is essential to the formation of gastroduodenal mucus-bicarbonate 

protective barrier and build-up of mucus layer. The intact HCO3
- secretion needs the 

cooperation of two major aspects: (1) the HCO3
- efflux into the lumen from the apical 

membrane, and (2) the basolateral HCO3
- uptake for providing HCO3

- for apical 

secretion. 
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In the apical side, the CFTR anion channel plays a crucial role in 

agonist-stimulated HCO3
- secretion both in rodent and human intestine (Pratha et al., 

2000; Seidler et al., 1997). In addition, the Slc26 family of anion exchangers mainly 

Slc26a6 (putative anion transporter-1, PAT-1) and Slc26a3 (downregulated in 

adenoma, DRA) are located in the apical membrane, and involved in apical HCO3
- 

secretion via anion exchanging (figure 4) (Tuo et al., 2006; Walker et al., 2009). 

In the basolateral side, two major mechanisms are involved in the basolateral 

HCO3
- supplying system, (1) the Na+ and HCO3

- transporting mediated by NBCs, and 

(2) intracellular CO2 hydration catalyzed by the carbonic anhydrases (CAs), and 

followed by extrusion of the protons via basolateral Na+/H+ exchanger 1 (NHE1) 

(figure 4) (Jacob et al., 2000). Akiba et al demonstrated that intact basolateral HCO3
- 

uptaking was necessary to the apical secretion of HCO3
- ions, because the basolateral 

HCO3
- uptake mechanisms will provide enough intracellular HCO3

- ions which will 

subsequently be secreted into the lumen (Akiba et al., 2001). 

 
Figure 4: Schematic diagram of basolateral HCO3

- supply and apical HCO3
- secretion. The 

NBCs and intracellular CO2 hydration are two major basolateral HCO3
- supplying mechanisms. 

The HCO3
- and Na+ are transported at the same direction into the cell by NBCs, in the other hand, 
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intracellular CO2 hydration and proton extrusion by NHE1 also result in intracellular HCO3
- profit. 

In the apical membrane, the HCO3
- is secreted by Cl-/HCO3

- exchangers of PAT-1 and DRA, or by 

CFTR channel (Adapted from: Chen et al., 2012). 

 

Role of electroneutral Na+-HCO3
- cotransporter (NBCn1, Slc4a7) in duodenal 

HCO3
- secretion and colonic mucus layer build-up 

In 2000, NBCn1 was cloned and was thought to function as a base loader (Choi et 

al., 2000). The NBCn1 gene knock-out (KO) mouse was created by the insertion of a 

gene trap into the putative NBCn1 promoter sequence (Boedtkjer et al., 2011).  

In the duodenum, immunohistochemistry showed the NBCn1 was located in the 

basolateral membrane of the villi, whereas no signal was found in the crypts 

(Praetorius et al., 2001). Our previous study also demonstrated that the NBCn1 was 

highly expressed in the basolateral membrane of duodenal epithelium (Chen et al., 

2012). The deletion of the NBCn1 resulted in a significant reduction of basal as well as 

forskolin (FSK)-stimulated HCO3
- secretory rates both in vivo and in isolated duodenal 

mucosa, despite evidence for up-regulation of alternative HCO3
- uptake pathways in 

the NBCn1 KO duodenum (Chen et al., 2012). Because the signaling pathways 

involved in FSK-stimulated HCO3
- secretion are partly or possibly largely different 

with that of luminal acid-induced duodenal HCO3
- secretion (Singh et al., 2012), our 

study was carried out to explore the physiological significance of NBCn1 in luminal 

acid-induced HCO3
- secretion in duodenum. 

As the basolateral HCO3
- uptake is responsible for the pHi regulation, we also 

studied the pHi recovery of duodenal enterocytes after luminal acid exposure and 

assessed the role of NBCn1 in pHi regulation after luminal acid exposure. 

In the colon, our recent work showed the localization of NBCn1 in the basolateral 

membrane of colonic goblet cells (Chen et al., 2012). The role of NBCn1 in colonic 

mucus layer build-up still remains unknown and is studied here. 

 

Jejunal fluid absorption and electroneutral NaCl absorption 

In the GI tract, the small intestine secretes and absorbs large amounts of fluid and 
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electrolytes. About 10 liters of fluid enters the small intestine from ingestion and 

secretions of a variety of sources, including the salivary glands, stomach, pancreas, 

bile ducts and the small intestine. Approximately 7.5 liters are absorbed by the small 

intestine, and the remainder is absorbed by the colon, with 100ml ~ 200ml 

constituting the stool volume.  

Water absorption in the body is passively driven by osmotic force which is 

secondary to active movement of Na+ and Cl− or HCO3
-. In jejunum, the electroneutral 

NaCl absorption plays a vital role in driving the fluid absorption. Current dogma 

envisions electroneutral NaCl absorption in intestine to be mediated via the 

coordinated action of NHEs and Cl-/HCO3
- exchangers (figure 5) (Kato and Romero, 

2011). The NHEs involved in the fluid absorption are supposed to be the NHE2 and 

NHE3, both of them are expressed in the apical membrane of enterocytes in the small 

intestinal villi (Bookstein et al., 1997; Hoogerwerf et al., 1996). As to the Cl-/HCO3
- 

exchangers, two members of Slc26 family named PAT-1 (Slc26a6) and DRA (Slc26a3) 

cooperate with NHEs in the electroneutral NaCl absorption. Both PAT-1 and DRA 

colocalize with NHEs in the apical membrane in jejunal epithelium, and DRA is the 

major Cl-/HCO3
- exchanger coupled with NHE3 for electroneutral NaCl absorption 

across the mammalian small intestine (Walker et al., 2008). Loss-of-function 

mutations of DRA cause congenital Cl--loosing diarrhea in humans (Hoglund et al., 

1996), and a similar phenomenon is seen in DRA-deficient mice (Schweinfest et al., 

2006). PAT-1 is a robust Cl-/HCO3
- exchanger and also exchanges sulphate, oxalate 

and formate at lower rates, PAT-1 KO mice have no diarrhea, but develop kidney 

stones if without dietary oxalate restriction (Jiang et al., 2006). The roles of DRA and 

PAT-1 in intestinal fluid absorption were studied in our previous study, both DRA KO 

and PAT-1 KO mice showed decreased intestinal fluid absorption, and the reduction 

was much more pronounced in DRA KO mice (Singh et al., 2010). 
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Figure 5: Schematic diagram of jejunal electroneutral NaCl absorption and subsequent fluid 

absorption. Both PAT-1 and DRA colocalized with NHEs in the apical membrane in jejunal 

epithelium. During luminal saline perfusion, the Na+ is absorbed by NHEs (NHE2 and NHE3), 

and Cl- absorption is mediated by Cl-/HCO3
- exchangers (PAT-1 and DRA). The water is absorbed 

passively secondly to osmotic force resulted from active movement of Na+ and Cl− (Adapted from: 

Kato and Romero, 2011). 

 

Different roles of PAT-1and DRA as Cl-/HCO3
- exchangers 

As shown in figure 5, both DRA and PAT-1 work in parallel to absorb Cl- and 

exclude HCO3
- in the electroneutral NaCl absorption (Kato and Romero, 2011), but a 

number of observations indicated different functions of PAT-1 and DRA in specific 

situation. 

First, controversial results came from the pHi measurement of duodenal villous 

enterocytes. Walker et al (Walker et al., 2008) used the CO2/HCO3
- bath solution 

(solution containing 25mM NaHCO3
-, gassed with 5%CO2+95%O2) to mimic the 

physiological situation of duodenal lumen (high concentrations of CO2 and HCO3
-), 

they found the pHi was higher in DRA-deficient duodenocytes than that of DRA 

wild-type (WT), while the pHi was lower in PAT-1 KO than that of PAT-1 WT. The 
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higher pHi in DRA KO mice fits well with the property of Cl-/HCO3
- exchanger as 

described above, but the lower pHi in PAT-1 KO mice showed an opposite result, this 

indicates a totally different role of PAT-1 and DRA in the luminal CO2/HCO3
- 

situation. And we speculate the PAT-1 displays Cl-out/HCO3
-
in exchange property in 

high luminal concentrations of CO2 and HCO3
- circumstance. 

Second, different results were obtained in the study about stoichiometry of 

Cl-/HCO3
- exchanging of PAT-1 and DRA. Some studies suggested both PAT-1 and 

DRA exchanged the Cl- and HCO3
- in a 1:1 manner (Alper et al., 2011; Chernova et 

al., 2005; Lamprecht et al., 2005; Lamprecht et al., 2006), while others suggested a 

2:1 coupling of Cl- and HCO3
- for DRA, and 1:2 for PAT-1 (Shcheynikov et al., 2006). 

Until now, the stoichiometry of PAT-1 and DRA still remains unclear. 

Third, our previous data showed an increased fluid absorption induced by luminal 

fructose application in the jejunum, this effect was strongly reduced in the PAT-1 KO 

mice, but unaffected in the DRA KO mice (Singh et al., 2008). 

 

HCO3
- reabsorption and fluid absorption in upper intestinal tract 

When the acidic chyme goes into the duodenum and proximal jejunum, it will 

meet the HCO3
--rich pancreatic juice, then mix together and produce high 

concentrations of CO2 as well as of HCO3
-. In this special situation, the small intestine 

will reabsorb large quantities of HCO3
-, and loss of this function, for example, in 

patients with enterostomy, will develop severe dysfunctions in systemic acid-base 

balance (Worcester, 2002). The HCO3
- is actively reabsorbed in the jejunum and 

causes stimulation of fluid absorption, this process is Na+-dependent and generates an 

increase of luminal CO2, suggesting it to be mediated by luminal Na+/H+ exchange 

activity (Turnberg et al., 1970a; Turnberg et al., 1970b; Turnberg et al., 1969). A 

Na+-independent jejunal HCO3
- reabsorption in rat was described by Hubel (Hubel, 

1973) and Podesta (Podesta and Mettrick, 1977). To the best of our knowledge, the 

molecular mechanisms about small intestinal HCO3
- reabsorption and related fluid 

absorption have not been clarified in detail. 

As we mentioned above, the measurement of pHi revealed a HCO3
--dependent 
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acidic pHi in the PAT-1 KO compared with WT mice in duodenal epithelium, this 

suggested a Cl-out/HCO3
-
in exchange property of PAT-1 in high concentrations of CO2 

and HCO3
- circumstance (Simpson et al., 2007; Walker et al., 2008). And this 

Cl-out/HCO3
-
in exchange property of PAT-1 was confirmed again in the situation of 

Pept1-mediated nutrient absorption when the apical NHE3 was pharmacological 

inhibited (figure 6) (Alvarez et al., 2005; Simpson et al., 2010). In addition to the 

Cl-out/HCO3
-
in exchange property, the PAT-1 is highly expressed in the upper intestine 

(Wang et al., 2002). Taken together, we speculate that the highly expressed PAT-1 in 

upper intestine maybe participate in the HCO3
- reabsorption and following fluid 

absorption. As another member of Slc26 family, DRA also has the Cl-/HCO3
- 

exchange activity and its role in HCO3
- reabsorption still remains unsolved. In our 

study, the roles of PAT-1 and DRA in jejunal HCO3
- reabsorption and fluid absorption 

are evaluated and compared. 

 

Figure 6: The PAT-1 mediated Cl-
out/HCO3

-
in exchange property during dipeptide absorption 

in the luminal CO2/HCO3
- situation. During dipeptide absorption, the protons are also absorbed 

via H+-dipeptide transporter Pept1, this leads to the intracellualr acidification. To neutralize the 

acidic pHi, the intracellular protons are excluded out by Na+/H+ exchange of NHE3, or by luminal 
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HCO3
- absorption via Cl-

out/HCO3
-
in exchange activity of PAT-1 in the presence of luminal 

CO2/HCO3
--buffered solution (From: Simpson et al., 2010). 
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2. Objective 

In the upper GI tract, the luminal acid induced injury to the epithelium needs to 

be counteracted by gastroduodenal mucus-bicarbonate protective barrier. In the colon, 

build-up of a thick mucus layer is a major defence mechanism against pathogens. The 

HCO3
- is utmost important for formation of these two protective process. The 

basolateral HCO3
- supply is essential for the intact HCO3

- secretion, the NBCn1 is 

located in the basolateral side and mediates the Na+-HCO3
- cotransport activity to 

fulfill the basolateral HCO3
- supply. The physiological role of NBCn1 in 

duodenocytes acid-base balance and colonic mucus layer build-up was studied in the 

first manuscript. We mainly used the following methods to evaluate different 

purposes. 

 Using the systemic acid-base controlled anaesthetised NBCn1 WT and 

NBCn1 KO mice as the in vivo animal model. The duodenum was 

perfused by single pass method, and the duodenal HCO3
- secretory rates 

after acid exposure were evaluated and compared between NBCn1 WT 

and KO mice. 

 In the in vivo animal model, the villi of luminally perfused exteriorised 

duodenum were loaded with pH sensitive dye SNARF-1 AM, the pHi 

changes after acid exposure were measured by two-photon confocal 

microscopy, and compared between NBCn1 WT and KO mice. 

 The colon was perfused in in vivo animal model, the colonic HCO3
- 

secretory rates in basal and after FSK stimulation were studied, and the 

colonic epithelium surface pH was measured by two-photon confocal 

microscopy. 

 The colonic mucus layer thickness in basal and after FSK stimulation 

were measured by two-photon confocal microscopy in the in vivo animal 

model, the thickness of firmly adherent mucus layer was also evaluated by 

immunohistochemical staining. 
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Due to the mixture of alkaline pancreatic juice with the acidic chyme, high 

concentrations of CO2 and HCO3
- exist in the lumen of upper intestine. Studies show 

a large quantity of HCO3
- is reabsorbed, and the HCO3

- reabsorption subsequently 

drives the water absorption. The PAT-1 is highly expressed in the upper intestine and 

mediates the Cl-out/HCO3
-
in exchange activity. The roles of PAT-1 and another 

Cl-/HCO3
- exchanger, DRA, in upper small intestinal HCO3

- reabsorption and water 

absorption were studied in the second manuscript. 

 Using the systemic acid-base controlled anaesthetised mice as in vivo 

animal model, the jejunum was perfused with different solutions 

according to different study purpose. The fluid absorption was calculated 

based on the weight reduction of solutions before and after perfusion. 

 The different roles of DRA and PAT-1 in jejunal HCO3
- absorption were 

evaluated by three different ways: (1) measurement of the pH changes of 

outflow solutions after perfusion in in vivo model; (2) in vitro pHi 

measurements of microdissected jejunal villi loaded with the pH indicator 

BCECF using fluorometry technique; (3) in vivo pHi and epithelial surface 

pH assessment of exteriorised, vascularly perfused jejunal mucosa using 

two-photon confocal microscopy. 

 The NHE3 expression, membrane abundance and NHE3 activity were 

analyzed to differentiate the reduction in fluid absorption was caused by 

PAT-1 or DRA deficiency or by reduction of NHE3 function. 
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4. Manuscripts 

4.1 Essential role of the electroneutral Na+-HCO3
- cotransporter NBCn1 in 

murine duodenal acid-base balance and colonic mucus layer build-up in vivo 

 

In this manuscript, I shared the first author with Anurag Kumar Singh, and I 

contributed the following work to this paper. 

(1) Colonic fluid absorption and HCO3
- secretion measurement. This part of 

methods was described in page 24 of the thesis with the subtitle of “measurement of 

in vivo fluid absorption and bicarbonate secretion”, the corresponding table and 

figures were table 1 in page 26 of thesis, figure 5 C and D in page 30 of thesis. 

(2) In vivo measurement using two-photon confocal microscopy. Anurag Kumar 

Singh and I worked together to perform these experiments, the methods was described 

in page 24 and 25 of thesis with the subtitle of “two-photon in vivo measurement” and 

“mucosal thickness”, the corresponding results are figure 6 C and D in page 31 of 

thesis, and figure 7 in page 32 of thesis. 
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4.2 The Distinct Roles of Anion Transporters Slc26a3 (DRA) and Slc26a6 (PAT-1) 

in Fluid and Electrolyte Absorption in the Murine Small Intestine. 

 

I shared the first author with Qin Yu in this manuscript, and I contributed the 

following work to this paper. 

(1) Jejunal fluid absorption and pH change after perfusion. The methods was 

described in page 42 of thesis with the subtitle of “in vivo fluid absorptive rate and 

effluent pH measurements”, the detailed data was showed in table 1 in page 44 of 

thesis, table 2 in page 47 of thesis, figure 1-5 in page 44-47 of thesis, and 

supplementary table 2 in page 59 of thesis. 

(2) Two-photon in vivo measurement by me and Qin Yu. It was described in page 

43 of thesis with the subtitle of “Two-photon confocal microscopy in vivo 

measurements”, the related figures were figure 6 in page 48 of thesis and 

supplementary figure 3 in page 63 of thesis. 
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Supplementary methods:  

Previously unpublished details for RNA isolation, quality control and quantitative PCR 

 
RNA Isolation and Reverse Transcription 

RNA-Isolation from jejunum of PAT WT and PAT KO mice was done with RNeasy Mini Kit 

(Qiagen, Hilden, Germany). The integrity of the RNA was controlled with the QIAxcel system 

(Qiagen, Hilden, Germany) and the Reverse Transcription with RevertAid Reverse Transcriptase 

(Thermo Fisher Scientific) 

 
Quantitative RT-PCR 

Real-time PCR reactions were carried out using Rotor-Gene SYBR Green PCR Kit in the 

Rotor-Gene Q Cycler (Qiagen, Hilden Germany). PCR extensions were performed at 60°C with 

40 repeats. Data were analyzed using Rotor-Gene Software and exported to Microsoft Excel. 

Relative quantification was carried out using villin and RPS9) as reference genes. 

 

Primer list: 

Genotyping Sequence Product length, 
Accession No. 

NHE2com.rev GTG ACT GCA TCG TTG AGC AGA GAC TCG WT: 450bp, KO: 221bp 
NHE2wt.for CAT CTC TAT CAC AAG TTG CCC ACA ATC GTG  
NHE2mt.for GAC AAT AGC AGG CAT GCT GG             
NHE3wt.for CTT TTG CGG CAT CTG CTG TCA G WT:199bp, KO:113bp 
NHE3com.rev CAG AAA TGA AGA CCA GTG TCA GC  
NHE3mt.for GCA TGC TCC AGA CTG CCT TG  
PATcom.for CCA AAC ATA GGA GGC AAT CC WT: 300bp, KO:110bp 
PATwt.rev GGT ATC CTG TGC GTG AAT GGC TC  
PATmt.rev AAT TGA CCT GCA GGG GCC CTC G  
DRA.for GGC AAA ATG ATC GAA GCC ATA GGG WT: 234bp, KO:118bp 
DRA.rev GAT GGT CCA GGA ATG TCT TGT GAT GTC  
DRA.neo GGA AGT AGC CGT TAT TAG TGG AGA GG  
Car2wt.for GTG AGT TAC AGA GAC AGA AG                                                                 WT: 237bp 
Car2wt.rev GGA CTT TCT GAA GGA CTT G  
Car2mt.for GAT TGG ACC TGC CTC AT KO: 163bp 
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Car2mt.rev TAC CTC CGG TAA ACT GTT C  
   
qRT-PCR   
DRA.for TTC CCC TCA ACA TCA CCA TCC 110bp, NM_021353 
DRA.rev GTA AAA TCG TTC TGA GGC CCC  
NHE3.for AGG CCA CCA ACT ATG AAG AG 110bp, NM_00108160 
NHE3.rev AGG GGA GAA CAC GGG ATT ATC  
Villin.for TCA TAC TCA AGA CTC CGT CC 119bp, NM_009509 
Villin.rev TAC CAC TTG TTT CTC CGT CC  
RPS9.for AAG CAC ATC GAC TTC TCC C 150bp, NM_029767.2 
RPS9.rev ACA ATC CTC CAG TTC AGC C   
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Supplementary Table 1: Ionic compositions of the solutions used in the in vivo jejunal 

perfusate experiments (Figs 1-5). 

 

Solutions in Figure 1 

NaCl 150 mM NaCl 

Cl--free 150 mM Na-Gluconate 

Na+-free 150 mM NMDG-Cl 

Na+- and Cl--free 150 mM NMDG-Gluconic acid lacton 

Solutions in Figure 2 and 3 

NaCl 150 mM NaCl 

CO2/HCO3
- 24 mM NaHCO3 + 126 mM NaCl, gassed with 5%CO2+95%O2 

Basic solution 150 mM NaCl 

Solutions in Figure 4 

NaCl 150 mM NaCl 

Cl--free 150 mM Na-Gluconate 

Cl--free + CO2/HCO3
- 

24 mM NaHCO3 + 126mM Na-Gluconate, gassed with 
5%CO2+95%O2 

Solutions in Figure 5 

NaCl 150 mM NaCl 

Na+-free 150 mM NMDG-HCl 

Na+-free + CO2/HCO3
- 

126 mM NMDG-HCl + 24 mM Choline bicarbonate, gassed with 
5%CO2+95%O2 
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Supplementary Table 2:  

Blood gas analysis of PAT-1 and NHE3 mice taken at the end of experiments 

 

 PAT-1  NHE3 

 WT KO  WT KO 

pH 7.45±0.01 7.46±0.01  7.440.02 7.45±0.02 

pCO2 30.36±2.08 25.33±0.67  35.253.36 25.00±1.81 

pO2 (mmHg) 155.75±13.72 220.50±2.86  154.7511.62 180.75±10.48 

sO2 (%) 98.88±0.25 100.00±0.00  98.750.41 99.37±0.18 

HCO3
-(mM) 20.73±1.31 19.67±0.88  23.001.57 17.37±1.08* 

ABE (mM) -1.73±1.05 -1.67±1.20  0.000.94 -4.37±1.17** 

SBE (mM) -2.73±11.21 -2.67±1.20  -0.381.24 -5.75±1.12** 

SBC (mM) 22.82±0.92 22.33±0.88  24.380.82 20.87±0.91* 

 

Both WT and KO groups of PAT-1 and NHE3 mice were infused with the same carotid perfusion 

solution for correcting the systemic acidosis caused by anaesthesia. There is no significant 

difference between PAT-1 WT and PAT-1 KO groups during the experiments. Between NHE3 WT 

and NHE3 KO mice, there is no significant difference in pH, pCO2, pO2 and sO2, but different in 

[HCO3
-], ABE, SBE and SBC. *p<0.05, **p<0.01, when compared with the WT group in same 

gene background. 
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Supplementary Table 3:  

 

Steady-state pHi in villous enterocytes in the presence and absence of CO2/HCO3
- 

 

Mice CO2/HCO3
- O2 

Wild type 7.31±0.04 7.43±0.06 

Slc26a6 -/- 7.10±0.03  ** 7.20±0.02  ** 

NHE3 -/- 7.09±0.06  *** 7.37±0.02    * 

NHE2 -/- 6.96±0.13  *** 7.40±0.06 

Slc26a3 -/- 7.42±0.05    * 7.50±0.03    * 

 

Steady-state pHi was measured by incubating the microdissected BCECF-loaded villi for at least 

30 min in the respective solution, mounting to the microscope stage and another 20-30 min 

equilibration in the respective solution, followed by calibration in solutions with a pH close to the 

expected pHi range (1). All experiments were performed in the presence of 10 mM glucose in the 

medium. *p<0.05, **p<0.01, ***p<0.001. 
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Villous enterocyte steady state pHi in the presence and absence of glucose and CO2/HCO3
- 

Steady state pHi (long- term incubation in the respective solution) in the presence and absence of 

glucose and presence and absence of CO2/HCO3
- also demonstrated a persistently lower pHi in 

CO2/HCO3
- as compared to O2/Hepes, pHo 7.4. Glucose may lower pHi by various mechanisms, 

because it affects apical membrane potential via electrogenic Na+ glucose cotransport, resulting in 

depolarization. It also causes enterocyte volume increase and elicits a regulatory volume decrease, 

which includes the activation of anion channels that may be conductive to base equivalents (2, 3). 

Substantial nutrient-induced swelling has been shown to results in cell acidification (4). Cell 

swelling also inhibits NHE1 (5, 6). In addition, glucose utilization may lower pHi because of 

acidic metabolites accumulating in the cell. *p<0.05, **p<0.01, n=6. 
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Switch from oxygenated saline to CO2/HCO3

- buffered saline causes a persistent decrease in 
jejunal villous enterocyte pHi in vitro. 

(A) pHi trace in WT enterocytes in the absence and presence of 10mM glucose in the perfusate, 

before and after a switch of the solution from a Hepes-buffered 100%O2 gassed solution, pH 7.4 to 

a 5%CO2/95%O2 gassed, HCO3
- containing solution pH 7.4. A rapid decrease in pHi is seen in the 

presence and absence of glucose, with partial recovery to a lower steady state pHi. Left panel: time 

course. Right panel: initial pHi-decline in the absence and presence of glucose. (B)  Initial 

pHi-decline after switch to CO2/HCO3
- in PAT-1 deficient and WT enterocytes. (D) Initial 

pHi-decline in DRA-deficient and WT enterocytes in the absence of glucose *p<0.05, n=3-5. 
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Villous enterocyte pHi in vivo during a switch of the perfusate from unbuffered saline, pH 7.4, to 

5%CO2/HCO3
-, pH 7.4 

Intracellular pHi, assessed at three different levels along the villous axis, in SNARF-1-loaded villi 

of exteriorised, vascularly perfused jejunum of anaesthetised, acid/base controlled mice. 3 

measurements were performed at 5 min intervals, then the solution was switched twice, to ensure 

thorough solution change, and another 3 measurements performed. A significant decrease of pHi 

was seen at all measured distances from the villus tip. 

 

References in suppl. Files: 

1.  Hegyi P, Rakonczay Z, Jr, Gray MA, Argent BE (2004) Measurement of intracellular 
pH in pancreatic duct cells: a new method for calibrating the fluorescence data. 
Pancreas 28, 427-434 

2. MacLeod RJ, Hamilton JR (1991) Separate K+ and Cl- transport pathways are activated 
for regulatory volume decrease in jejunal villus cells. Am J Physiol 260(3 Pt 
1):G405-15 

3. MacLeod RJ, Hamilton JR (1991) Volume regulation initiated by Na+-nutrient 
cotransport in isolated mammalian villus enterocytes. Am J Physiol 260(1 Pt 1):G26-33 
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4. MacLeod RJ, Hamilton JR (1999) Increases in intracellular pH and Ca2+ are essential 
for K+ channel activation after modest 'physiological' swelling in villus epithelial cells. 
J Membr Biol 172(1):47-58. 

5. Fuster D, Moe OW, Hilgemann DW (2004) Lipid- and mechanosensitivities of 
sodium/hydrogen exchangers analyzed by electrical methods. Proc Natl Acad Sci U S A 
101(28):10482-7 

6. Elsing C, Gosch I, Hennings JC, Hübner CA, Herrmann T (2007) Mechanisms of 
hypotonic inhibition of the sodium proton exchanger type 1 (NHE1) in a biliary 
epithelial cell line (Mz-Cha-1). Acta Physiol (Oxf) 190(3):199-208 
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5. Summary 

Essential role of the electroneutral Na+-HCO3
- cotransporter NBCn1 in murine 

duodenal acid-base balance and colonic mucus layer build-up in vivo 

The HCO3
- is necessary to the formation of gastroduodenal mucus-bicarbonate 

protective barrier and maturing of colonic mucus layer. The NBCn1 is located in the 

basolateral membrane of cells, and mediates the basolateral HCO3
- uptake activity. In 

this manuscript, we confirmed the essential role of NBCn1 in murine duodenal 

acid-base balance and colonic mucus layer build-up. We based this conclusion on the 

following results. 

 The immunofluoscence analysis showed strong expression of NBCn1 in the 

basolateral membrane of duodenal villous cells, no expression was seen in the 

enterocytes of duodenal crypts. 

 The duodenal enterocyte pHi was assessed at different distance from the tip of the 

villus using the in vivo animal model. The pHi decreased rapidly and significantly 

after the exposure of the duodenal surface to a pH 2.5 solution. After withdrawal 

of luminal acid exposure, the pHi recovered gradually in NBCn1 WT mice, but 

this recovery was absent in NBCn1 KO mice. The immunohistochemistry showed 

that short exposure of the mucosa to pH 2.5 solution did not result in obvious 

villous damage. These results demonstrated that the basolateral NBCn1 is 

essential to the pHi recovery of duodenal enterocytes after intracellular 

acidification induced by a luminal acid challenge. 

 The duodenal HCO3
- secretion ability after luminal acid exposure was evaluated 

in vivo. The results showed exposure of pH 2.5 solution for 5 min elicited an 

almost 2 fold increase of duodenal HCO3
- secretion in NBCn1 WT mice, while 

this stimulative effect was absent in NBCn1 KO mice. The results suggested that 

the basolateral NBCn1 is necessary for intact duodenal HCO3
- secretion 

stimulated by luminal acid exposure. 
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 In the colon, the NBCn1 is expressed in the basolateral membrane of colonic crypt 

cells, and immunohistochemistry suggested that NBCn1 is strongly expressed in 

the basolateral membrane of colonic goblet cells. 

 Different from the duodenum, there were no differences between NBCn1 WT and 

KO mice in aspect of pHi recovery after intracellular acidification, epithelial 

surface alkalization, or colonic HCO3
- secretion in vitro and in vivo. The 

explanation of this phenomenon maybe the exclusive expression of NBCn1 in 

goblet cells in colon. 

 The mucus layer thickness measurement in in vivo animal model indicated that the 

absence of NBCn1 resulted in a significant delayed mucus build-up in basal and 

FSK-stimulated conditions. The immunohistochemical staining showed a thinner 

firmly adherent mucus layer in NBCn1-deficient mice. These results demonstrated 

that NBCn1-mediated basolateral HCO3
- uptake into colonic goblet cells is 

important for proper mucus layer build-up. 

 

The Distinct Roles of Anion Transporters Slc26a3 (DRA) and Slc26a6 (PAT-1) in 

Fluid and Electrolyte Absorption in the Murine Small Intestine. 

The upper small intestine faces unique ionic conditions with high luminal CO2 

tensions as well as high HCO3
- concentrations, after the acidic gastric juice has been 

neutralized by the alkaline pancreatic juice. The small intestine will reabsorb large 

quantities of HCO3
-, and this is followed by passive fluid absorption. Both DRA and 

PAT-1 are strongly expressed in the villous enterocyte brush border membrane, and 

serve as the Cl-/HCO3
- exchangers. The PAT-1 has been confirmed as a HCO3

- 

importer in conditions with high luminal CO2 tension and HCO3
- concentration. In 

this manuscript, we evaluate the different roles of PAT-1 and DRA in HCO3
- 

reabsorption and subsequent fluid absorption in the murine jejunum. Our study 

suggests that both PAT-1 and DRA significantly contribute to intestinal fluid 

absorption and enterocyte acid-base balance, but PAT-1 and DRA are activated by 

different ion gradients, PAT-1 is activated by luminal HCO3
- and plays an important 
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role in jejunal HCO3
- reabsorption and subsequent fluid absorption, while DRA is 

activated by Cl- gradient and absorbs Cl- and exports HCO3
-. 

 The in vivo jejunal fluid absorption measurement showed decreased fluid 

absorption rates in DRA KO and PAT-1 KO mice when compared with the WT 

mice. But the pH measurement of outflow solutions showed opposite results, the 

outflow solution was acidified strongly in DRA KO mice, while alkalized in 

PAT-1 KO mice. This indicated that the PAT-1 and DRA may not perform the 

same Cl-/HCO3
- exchange function. 

 The fluid absorption increased significantly after switching from oxygenated 

saline to CO2/HCO3
- buffered solution, this stimulation was absent in PAT-1 and 

NHE3 KO mice. This demonstrated the necessity of either PAT-1 or NHE3 in 

CO2/HCO3
--stimulated fluid absorption. 

 In Cl--free perfusate solutions, the CO2/HCO3
- also stimulated the jejunal fluid 

absorption, and this stimulation was absent in the PAT-1 KO mice, but present in 

DRA KO mice. These results suggested that PAT-1 is necessary for the 

Cl--independent and CO2/HCO3
--induced fluid absorption, and DRA is responsible 

for the Cl--dependent fluid absorption. 

 Then we removed the Na+ from perfusate solutions, this manoeuvre resulted in a 

secretion of jejunum. When CO2/HCO3
- was added into the Na+-free perfusate 

solution, a small but significant reduction in fluid absorption was observed in 

PAT-1 WT but not in PAT-1 KO mice, this result indicated that the PAT-1 may be 

able to absorb some fluid in the absence of luminal Na+. 

 From the in vivo and in vitro study models, a persistent decrease in jejunal villous 

enterocyte pHi was observed after switching from oxygenated saline to 

CO2/HCO3
- buffered saline. 

 In the surface pH measurement, we used three different bath solutions and 

measured the surface pH in different distance levels from the epithelial bottom. 

We found the surface pH was acidic than enterocytes pHi during saline perfusion, 

while surface pH was higher than enterocytes pHi during CO2/HCO3
- buffered 

saline perfusion. This experiment indicated a considerable proton gradient into 
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enterocytes exists during saline perfusion, and HCO3
- gradient into enterocytes 

exists during CO2/HCO3
--buffered saline perfusion. 

 The fluid absorption was lower in PAT-1 KO mice during CO2/HCO3
- buffered 

saline perfusion, to clarify this reduction in fluid absorption was caused by PAT-1 

deficiency or decreased NHE3 activity in PAT-1 KO mice, we evaluated the 

NHE3 expression, membrane abundance and NHE3 activity in WT, PAT-1 KO 

and DRA KO mice. We found that absence of PAT-1 resulted in low enterocyte 

pHi, but no altered NHE3 expression, membrane abundance and activity. Absence 

of DRA resulted in high enterocyte pHi, a redistribution of NHE3 to the terminal 

web region and decreased NHE3 activity. This result confirmed that the PAT-1 is 

necessary for the jejunal HCO3
- reabsorption and followed fluid absorption. 
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6. Outlook 

Our studies provided significant novel insight into the mechanisms of intestinal 

anion and fluid transport, of pHi regulation and the maintenance of the intestinal 

barrier. However, the studies were performed in mice, and it is our goal to investigate 

human physiology, for which mice are only model systems. 

Therefore, future goals are to study the expression and function of these anion 

transporters in human intestinal tissues under normal conditions and in disease states. 

We also aim at constructing heterologous expression systems in which we can learn 

more about the molecular regulation of the studied transporters. We also want to 

understand intestinal barrier properties more deeply, for example, the importance of 

the mucus layer, its properties, and its interaction with the intestinal microbiome.  

Ultimately, the goal is to help design treatment strategies how the intestinal 

barrier and in particular the HCO3
- abundance at the mucosal surfaces can be 

strengthened.
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7. Abbreviations 

GI gastrointestine 

HCl hydrochloric acid 

NBCs Na+-HCO3
- cotransporters 

pHi intracellular pH 

CF cystic fibrosis 

CFTR cystic fibrosis transmembrane conductance regulator 

PAT-1, Slc26a6 putative anion transporter-1 

DRA, Slc26a3 downregulated in adenoma 

CAs carbonic anhydrases 

NHE Na+/H+ exchanger 

NBCn1, Slc4a7 electroneutral Na+-HCO3
- cotransporter 

KO knock-out 

FSK forskolin 

WT wild-type 

ACC acetylcysteine 

SO2 oxygen saturation 

ABE actual base excess 

SBE standard base excess 

SBC standard bicarbonate content 

qPCR quantitative PCR 

PBS phosphate-buffered saline 

NMDG N-methyl-D-glucamine 
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