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1. Introduction 

 

1.1 Functional Anatomy of the Intestine 

1a) Cellular composition of the intestinal epithelium  

The mammalian intestinal lumen is a continuous tube beginning 

from the duodenum to the anus. The digestion and absorption of 

nutrients and water happens in the intestinal epithelium. In addition, it 

also functions as barrier against luminal pathogens. The intestinal 

epithelial cells are renewed every 4-5 days and form a 

three-dimensional structure folded into hills and valleys1: the 

differentiated villi and the proliferative crypts. 

The Crypts harbour the proliferative cells, which contain stem cells 

and their progeny, transit-amplifying cells (TA cells). 

Transit-amplifying cells have a limited self-renewal capacity, with 

their offspring terminally differentiating into the specialized intestinal 

epithelial cell types after 4-5 times of division, and this process needs 

approximately two days2. Transit-amplifying cells terminally 

differentiate into one of the four principal epithelial cell lineages of the 

gastrointestinal tract. Three of these cell types including the 

enteroendocrine cells, the Paneth cells and the goblet cells belong to 

the secretory lineage. Absorptive enterocytes represent the fourth cell 

type1. 

In the small intestine, the surface area is greatly enlarged through 

epithelial protrusions named villi. Villi are composed of three types of 

differentiated epithelial cells: the absorptive enterocytes, the  

mucus-secreting goblet cells, and the hormone-secreting 

enteroendocrine cells. These cells reach the tip of the villi a few days 

after their terminal differentiation, undergo spontaneous apoptosis, and 

are shed into the gut lumen3. Paneth cells which secrete antibacterial 
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defense molecules settle at the crypt bottoms and migrate downward 

from the stem cell region. In the colon, paneth cells are absent, and the 

stem cells reside directly at the crypt bottom4. (Figure 1) 

 

Figure.1. A schematic representation of the small intestinal epithelium. As shown 

in the figure, the epithelium is shaped into villi (left) and crypts. The lineage 

scheme (right) depicts the stem cells and the two lineages of differentiated cells. 

The left one is the secretory lineage including goblet and enteroendocrine cells 

while the right one represents the enterocyte lineage. Relative positions of cells 

type along the crypt-villi axis can be found in the schematic graph of the crypt in 

the center. (from Radtke F, Clevers H. 2005. Science, 307(5717): 1904-9.) 

 

1b)  Intestinal Stem Cells 

It has been well-known for a long time that the proliferative 

activity of crypts is fueled by the multipotent stem cells. For many 

years scientists tried to identify these relatively undifferentiated 

enigmatic cells - unfortunately with limited success due to a lack of 
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good cellular markers. However, about 30 years ago, 2 models were 

established concerning intestinal stem cell location in the human gut, 

which are still controversial. The first hypothesis is called the“+4 
position model”. It assumes the intestinal stem cells to be located 

above the Paneth cells at position +4 relative to the crypt base5. The 

first three positions are occupied by the terminally differentiated 

Paneth cells. Moreover, it has been reported that DNA label–retaining 

cells specifically locate to this position6. The +4 cells are remarkably 

radiation-sensitive, a feature that protects the stem cell compartment 

from genetic damage. In this model damaged stem cells can be 

replaced by the first 2–3 generations of transit amplifying cells, which 

would return back into the +4 position after regaining the capability of 

stem cell7. The stem cell population has its own cycle time, and the 

division time once needs 8 days8.  

The second hypothesis, also called the “stem cell zone model”, 
proposes that the crypt base columnar (CBC) cells, a cell population at 

the bottom of the crypt, which are small, undifferentiated cells 

represent the intestinal stem cells5. Both models suggest that about 6 

intestinal independent stem cells are found in each crypt, surrounded 

by epithelial and mesenchymal cells regulating the stem cell behavior5. 

The intestinal stem cells differentiate into 4 epithelial cell types. 

The most abundant cells in the epithelium are the columnar cells called 

enterocytes. The main function of enterocytes is the absorption of 

nutrients by apical microvilli. Neuroendocrine cells release hormones 

in an endocrine and paracrine fashion. Goblet cells produce and 

secrete mucins which can form a protective luminal mucus layer. 

Finally, the terminally differentiated Paneth Cells secrete defensins and 

other antimicrobial peptides to keep the crypts free from bacteria9 

(Figure 2). 
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Figure 2. The anatomy of cell types in the crypt of small intestine. It shows crypt 

base columnar (CBC) stem cells (depicted in green), Paneth cells (dark blue), 

transit amplifying (TA) cells (yellow), mesenchyme (orange), absorptive 

enterocytes (pink), secretory goblet (purple) and enteroendocrine cells (light blue). 

(from Krausova M, Korinek V. 2014. Cell Signal, 26(3): 570-9.) 

 

1.2 The Na+/H+ exchanger (NHE) gene family  

The SLC9 gene family (solute carrier classification of transporters) 

is involved in pH homeostasis of cytosol and intracellular 

compartments and organelles. The human sodium/hydrogen 

exchangers (NHE) are encoded by this gene family. The NHE family 

can be divided into plasma membrane and intracellular, organellar 

isoforms (Figure 3). The established plasma membrane isoforms 

include NHE1–510-13. NHE314 and NHE515 are those that cycle from 

and to the recycling endosomes/plasma membrane; NHE1, 2, and 4 

have been demonstrated to reside in the plasma membrane 
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permanently15,16. The organellar isoforms include NHE6 (in the 

recycling endosomes)17,18, NHE7 (in the trans-Golgi network; TGN)19 

and NHE9 (late and recycling endosomes and late 

endosomes/lysosomes). NHE8 is thought to be located mainly in 

mid-trans-Golgi stacks but also found expressed on the apical 

membrane of renal proximal tubule and neonatal intestine20. Of these 

mammalian NHE paralogues, NHE1–3, 7 and 8 are present in all GI 

organs, and NHE6, although predicted to be ubiquitous, has been 

shown to be present only in pancreas and liver19. NHE4 is strongly 

expressed in the stomach and NHE5 does not appear to be present in 

the GI epithelium. NHE4 is expressed in the basolateral membrane of 

the chief, parietal, and to a lesser extent in the mucous cells of the 

gastric gland epithelium16,21. Whether NHE9 is present in the GI tract 

is unknown.  

All NHE isoforms are shown, or believed to, perform the 

electroneutral exchange of Na+ and H+ and are crucial in a variety of 

physiological processes, including the homeostasis of intracellular pH, 

acid-base balance, cell and fluid volume control as well as regulation 

of cell proliferation and apoptosis. In addition, some of these proteins 

plays a pivotal role in sodium and water absorption in the mammalian 

intestine as well as other absorptive and secretory epithelia of 

digestive organs22.  
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Figure 3. Schematic diagram of the localization of NHE isoforms 1 to 9. NHE1 

localizes to the plasma membrane in polarized epithelial cells. The isoforms NHE2, 

3 and 4 are mainly localized in the plasma membrane but still can be found in 

recycling endosomes. The expression of NHE5 is highly restricted to sperm and 

the intracellular vesicles in brain. The NHE6-9 are organellar isoforms which are 

found mainly in intracellular membranes. NHE6 is mostly considered a recycling 

endosomal protein. NHE-7 is found mostly in the trans-Golgi network and NHE-8 

in mid-trans-Golgi stacks. NHE9 is mainly localized in late and recycling 

endosomes and late endosomes/lysosomes. (from Ana D.Mertins,Raquel L. 

Bernardino. 2014. Biology of reproduction, 91(1): 11,1-6.) 

 

NHE1 is present in most mammalian cells and localized in the 

basolateral membrance in polarized epithelial cells. It is ubiquitously 

expressed in virtually all cells and functions as an important 
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intracellular alkalinizing mechanism of the cells in defense of H+ from 

metabolism or some other pathways. Moreover, when coupled to Cl- 

and H2O uptake, NHE1 serves a major role in import of Na into cells 

which restores the cell volume after cell shrinkage. In acinar cells of 

the parotid or sublingual glands, NHE1 is pivotal for 

secretagogue-induced fluid secretion23,24. Increased NHE1 activity is 

found harmful during processes of ischemia-reperfusion in cardiac and 

neural tissues25,26. Moreover, increased NHE1 activity was 

demonstrated sufficient to induce cardiac hypertrophy and heart failure 

in the transgenic mice27.  

Pouysségur.et al first reported that NHE1 could also play a role in 

cancer stems. In athymic nude mice, injection of CCL39 hamster lung 

fibroblasts deficient in NHE1 result in tumors less frequently than 

CCL39 cells with functional NHE128. NHE1-dependent intracellular 

alkalinization plays an important role in the development of a 

transformation-associated phenotype, while inhibition of NHE1 

activity prevents this process29. In breast cancer cells, inhibition of 

NHE1 could induce apoptosis and exert a protective effect against 

cancer30. 

NHE2 is expressed in epithelia of all digestive organs with highest 

expression in the stomach and colon21. It was demonstrated to be 

expressed on the apical membrane of polarized epithelial cells31,32.  In 

the intestinal epithelium, expression of NHE2 along the crypt-villus 

axis differs based on species. In rabbits, one report using an 

immunohistochemical approach localized NHE2 to the brush-border of 

the entire villus of the small intestine, in the apical membrane of the 

upper half part of the crypt and in the surface area of colonic crypts33. 

In the mouse colon, however, NHE2 has been localized predominantly 

to the crypt cells, both by quantitative PCR of sequentially harvest 

cells and by immunohistochemistry34,35. More details relevant to the 
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role of NHE2 in physiological processes will be described in the 

following sections.  

NHE3 is encoded by the SLC9A3 gene. In rats and rabbits, it is 

expressed at high levels in the Na+ absorptive cells of mammalian 

small intestine, colon, gall bladder and kidney cortex and with lower 

levels found in the stomach, heart and brain13. In humans, NHE3 

mRNA levels are also high in the colon. The expression of NHE3 

seems to be higher in the ileum than in other intestinal segments in 

rabbits and humans33. In the intestinal tract, NHE3 is often functionally 

coupled to the Cl−/HCO3− exchanger DRA (downregulated in 

adenoma; SLC26A3) or PAT1 (putative anion transporter1; SLC26A6) 

mediates electroneutral NaCl absorption36. The activity of NHE3 is 

modulated by a variety of intracellular factors such as Ca2+, cAMP, 

PDZ domain containing adapter proteins and extracellular factors 

including gastroenteric hormones and growth factors. D'Souza, S 

reported that at basal conditions, NHE3 recycles between the plasma 

membrane and intracellular compartments37, and the plasma membrane 

NHE3 is endocytosed via clathrin-mediated pathway38. Moreover, 

studies based on density gradient, detergent solubility and 

manipulation of membrane cholesterol content have revealed that 

around half of apical membrane NHE3 is localized in lipid rafts and 

that NHE3 activity and trafficking are lipid rafts dependent39. 

Bachmann et al. found that in the colonic crypts of NHE2-/- mice, 

NHE3 may play a compensatory role in regulation of crypt cell volume 

and pHi34. The group of Marshall Montrose also found that NHE3 

staining extends into the deeper area of colonic crypt in NHE2 

knockout mice when compared with wild type ones by using 

immunofluorescence staining, suggesting a possible increase NHE3 

protein expression in murine colon when NHE2 gene is knockout40. 

The expression of NHE4 is highest in stomach and is also present 
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to a lesser extent in kidney medulla, hippocampus, zymogen granule of 

pancreas, and salivary gland41. NHE4 localizes to the basolateral 

membrane of epithelial cells in these tissues. In stomach, NHE4 is 

expressed in parietal cells. In the kidney, NHE4 is expressed in the 

basolateral membrane of the proximal tubule, but much more 

abundantly in the basolateral membrane of the thick ascending limb 

and distal convoluted tubules41. In salivary gland, NHE4 is found 

present in acinar and duct cells41. When expressed in fibroblasts, 

NHE4 is almost inactive but can be activated by cell shrinkage42. 

NHE4 is relatively amiloride and EIPA resistant42. Arena, E. A. et al 

reported that NHE4 exchanger is capable of modulating intracellular 

pH and may play an important role in maintaining cellular pH 

homeostasis in rat and human colon43. In GI tract, NHE4 knockout 

mice are hypochlorhydric. Histological studies indicate that NHE4 

knockout mice have decreased numbers of parietal cells, loss of mature 

chief cells and increased number of undifferentiated cells as well as 

necrotic and apoptotic cells44. Bachmann et al. demonstrated that 

parietal cell NHE4 activity does not get activated by a low intracellular 

pH, but by hyperosmolarity or stimulation of acid secretion which 

induces cell shrinkage45. Based on these results, Gawenis et al. suggest 

that basolateral NHE4 in parietal cells, functionally coupled with anion 

exchanger-2 (AE2, SLC4A2) is important for maintaining cell volume 

and intracellular ion concentrations for acid secretion44. 

NHE8 localizes to the apical membrane of the renal proximal 

tubule and intestine. In kidney, NHE8 expression is restricted to the 

proximal tubule whereas in the gastrointestinal tract, NHE8 is found in 

stomach, duodenum, jejunum, ileum, and colon. In renal proximal 

tubules, brush border NHE8 protein expression decreases with 

maturation although the total amount of NHE8 in renal cortical 

membranes is higher in the adult compared to the neonate41. NHE8 KO 
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mice do not demonstrate metabolic acidosis and have unaltered blood 

pressure compared to WT mice. This may be due to a compensatory 

upregulation of brush border NHE3 in the kidney46. In the intestine, 

loss of NHE8 increased the susceptibility for gastric ulcers and 

decreased mucus secretion20,47. NHE8 KO mice also exhibit 

disorganized mucus layers, increased adhesion of bacteria to the distal 

colon, and are more susceptible to mucosal injury48. In addition, NHE8 

is found highly expressed in goblet cells and its expression is 

downregulated by the inflammatory cytokine TNF-α via a 

transcriptional mechanism49. Loss of NHE8 expression results in 

reduction of number of goblet cells and expression of enteric defensins 

suggesting that NHE8 may play a pivotal role in intestinal mucosal 

integrity by regulating the function of Paneth and goblet cells50. A 

combination of these studies in mutant mice indicate that NHE8 plays 

an important role in proximal tubular Na+ and HCO3 − reclamation as 

well as well as in mucosal integrity and the protection of intestinal 

epithelia from bacterial infections.  

 

1.3  Role of NHE2 and NHE3 in intestinal Na+ absorption 

The relative roles of NHE2 and NHE3 were investigated in intestinal 

Na+ absorption by using different inhibitors and relative gene knockout 

mice. In normal rat distal colon, although both NHE2 and NHE3 are 

present on the apical membranes mediating pH-dependent, 

amiloride-sensitive Na+ absorption, they function differently. Under 

physiological condition, NHE3 is considered as the primary transporter 

that mediates both butyrate and HCO3
- dependent Na+ absorption while 

NHE2 is only linked to butyrate-dependent Na+ absorption51. When 

NHE3 is inhibited by cholera toxin or cAMP, butyrate, but not HCO3- 

regulates Na+ absorption via NHE2 in rat distal colon51. In human 
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proximal and distal colon, electroneutral sodium absorption is 

probably mediated by parallel activity of Na+/H+ exchangers like 

NHE2 and NHE3, and Cl-/HCO3
- exchangers. Whereas electrogenic 

sodium uptake is mediated via the epithelial sodium channel ENaC52,53. 

The activities of NHE1 and NHE3 showed a decreasing pattern from 

the proximal to the distal part of the colon, whereas the activity of 

NHE2 did not significantly change54. Our previous finding 

demonstrates that loss of NHE2 expression in mouse did not change 

jejunal fluid absorption and resulted in an even slightly more acidic pH 

of the effluent which indicating that NHE2 is not involved in apical 

Na+/H+ exchange under the experimental conditions although it’s 

highly expressed in jejunum. In contrast, the lack of NHE3 expression 

reduced fluid absorption by half and leads to effluent alkalinisation in 

a luminal Cl−-dependent manner. In addition, jejunum has alternative 

Na+-absorptive mechanisms to NHE3, which was EIPA sensitive and 

inhibited by cAMP, but not attributable to NHE255. In inflammatory 

conditions, such as patients with mild, moderate or severe UC, neither 

NHE3 mRNA or protein expression in brush Border membrane (BBM) 

is altered, but decreased NHE3 activity could be observed56. A recent 

paper reported that although NHE3 function is diminished, NHE2 that 

can mediate butyrate-dependent Na+ absorption is activated in 

inflamed colon57. All the above findings indicate that the relative 

contributions of NHE2 and NHE3 to Na+ absorption appear to be 

dependent on the species or different physiological microenvironment, 

especially for NHE2, which is high expressed in GI tract in 

mammalian species, its definite function contributed to Na+ absorption 

and underlying mechanism still remains obscure. 

- 

 

1.4 NHE1-3 knockout mouse models 
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The intestine of NHE1-3 knockout mice has been studied for years. 

NHE1 is considered the “housekeeping isoform” because it is 

ubiquitously expressed and participates in the regulation of 

intracellular pH and volume. NHE1 KO mice exhibit growth 

retardation, ataxia, slow-wave seizures58,59, resistance to both cardiac 

ischemia-reperfusion injury and mitigating high-fat diet-induced 

myocardial stress and fatty liver disease60. It was demonstrated that 

NHE1 KO mice had a high mortality with only ~10 % of mice 

surviving 5 weeks after birth58, due to selective neuronal death in the 

cerebellum and brainstem resulting in lethal epileptic seizures59. There 

is also slight gastric atrophy but with normal numbers of parietal 

cells21. Xue J et al. reported that there is increased NHE3 expression 

in the cerebellum of the NHE1 KO mouse61 while basal intestinal 

neutral sodium absorption in the NHE1 KO mouse is normal. More 

detailed evaluation of Na absorptive function in NHE1 KO mice is 

warranted, but no gross abnormality has been identified. 

   The NHE2 knockout mice exhibit defects in several organ systems, 

such as diffuse corporal gastritis62, impaired recovery of intestinal 

barrier function63, and increased renal rennin content64. In gastric 

epithelium, NHE2 was localized on the apical membrane of the gastric 

epithelium31 and is expressed highly in mucous, zymogenic, chief, and 

parietal  cells21,65. NHE2 activity is increased in response to 

interstitial alkalinization, possibly to induce acid secretion promoting 

the viability of parietal cells. Schultheis et al. found that in NHE2-/- 

mice there was a loss of net acid secretion coinciding with a reduced 

number of chief and parietal cells which although developing normally, 

undergo premature necrosis65. Meanwhile, the chief cell population 

was reduced in NHE2-/- mice, and mature chief cells are rare which 

may indicate a block in maturation. This process was accompanied by 

progressive inflammation leading to diffuse corporal gastritis that 
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ranges from transmural neutrophilic infiltration to a marked atrophy 

consistent with chronic achlorhydria62. Moeser et al also proposed that 

NHE2 plays major role in intestinal tight junction integrity since 

NHE2 knockout mice have increased intestinal permeability and down 

regulated phosphorylated tight junction proteins like occludin and 

claudin-163. So far there have been no reports that explain the exact 

molecular function of NHE2 in small intestine. As to colon, the mRNA 

and protein expression of NHE3 but not NHE1 in NHE2 knockout 

mouse proximal colonic crypts was nearly twice as much as that in 

NHE2 WT mice, and only NHE3-attributable Na(+)/H(+) exchange 

activity was increased in NHE2 KO mice compared to that in NHE2 

WT mice34. But it was proved that it was a Na(+)-dependent, 

EIPA-sensitive acid extruder, rather than NHE1 and NHE3, which 

compensates for the defect of Na(+)/H(+) exchange activity in NHE2 

KO mice40. Recently it was found that NHE2 could be activated by 

DSS-induced inflammation in rat colon and was responsible for 

butyrate-dependent Na(+) absorption while NHE3 was the main 

Na(+)/H(+) exchange which mediates HCO3(-)-dependent and 

butyrate-dependent Na(+) absorption in normal colon57. 

It is reported till now that only the NHE3-deficient mouse 

presented impaired Na absorption in the intestine and displayed a 

phenotype similar to patients with congenital sodium diarrhea 65,66. 

The NHE3 KO mouse displays diarrhea, increased fluid secretion in 

the small intestine and colon, enlarged diameter of small intestine and 

colon, low blood pressure, metabolic acidosis, decreased body fat and 

a high mortality when deprived of oral Na intake65,67. The additional 

loss of NHE2 in NHE3-deficient mice does not cause an obvious 

reduction in viability, and no apparent worsening of the diarrheal 

state68. NHE3 KO mice were able to survive through compensatory 

mechanisms of increasing intestinal Na absorption through increased 
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expression of the apical proteins H+/K+-ATPase and ENaC in the 

colon. These two important proteins form BB K+/H+ exchange and Na 

absorption. Increased aldosterone production has been shown to be 

involved in increased expression of K+ channel, H+/K+-ATPase and 

ENaC. The increased expression of these ion channels and 

transporters implies an alternative pathway for Na absorption in the 

NHE3-deficient intestine69.  

 

1.5  Effect of NHEs on cell behavior 

NHE1 plays an important role in cell migration70 and the migration 

of various cells was NHE1-dependent, such as fibroblasts71,72, smooth 

muscle cell73, hepatocellular carcinoma cells74, et al. Furthermore, 

NHE1 is essential for cell proliferation and these cells include cervical 

carcinoma cells75, human umbilical cord-derived mesenchymal stem 

cells76, madin-darby canine kidney cells77, et al. It is also demonstrated 

that NHE1 plays a role in tumorigenesis28. NHE1 induced intracellular 

alkalinization seems to be involved in the development of a 

transformed phenotype, and this process could be prevented by NHE1 

inhibition74,78,79. In addition, the protons extruded by NHE1 at the cell 

front result in an acidic microenvironment which enhance cell matrix 

interactions and cell adhesion41.  

However, there are a very few reports that describe the role of 

NHE2/NHE3 in cell behavior. NHE2 is highly expressed in normal 

colon tissue while its expression was significantly downregulated in 

colon carcinoma80, which implies that maybe change in NHE2 

expression was accompanied by the tumorgenesis of colon tissue. In 

contrast, it was also found that NHE2 mRNA and protein expressions 

are significantly increased in Barrett’s Esophagus when compared to 

that in normal esophagus81. These evidences imply that NHE2 is 

probably involved in the tumorigenesis of the gastrointestinal system. 
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Moreover, NHE2 is required for mouse gastric epithelial restitution 

and trefoil factor promotes the epithelial repair via NHE231. So far 

there was no reports about the role of NHE3 in cell proliferation and 

differentiation, but it was found that NHE3 phosphorylation induced 

by PKC was essential for the cell polarity and directional 

migration82-84. 

In conclusion, NHE3 is responsible for Na+/H+ exchange and water 

absorption and its function deficiency in mice could lead to the 

diarrhea phenotype due to the failure of Na+/H+ exchange and water 

absorption. But NHE2 gene deletion in mice does not result in the 

occurrence of the diarrhea and it has been reported there should be 

some other compensation mechanism existing which can maintain 

normal Na+/H+ exchange and water absorption. So far there were few 

reports to investigate the function of NHE2 in gastrointestinal system. 

NHE2 mRNA was highly expressed in stomach, jejunum, ileum, and 

colon. For the stomach, mice lacking NHE2 gene developed gastritis 

of the glandular mucosa, with the characteristics of reduced number of 

parietal cells and the infiltration of neutrophils, lymphocytes, and 

plasma cells. For jejunum, serine phosphorylation of occluding and 

claudin-1 was downregulated in NHE2 knockout mice and the results 

showed that NHE2 was essential for the maintenance of the barrier 

function via the mechanism of tight junction. For colon, Bachmann O 

et al. found that NHE2 was highly expressed in mouse colonic crypt 

and its deficiency led to NHE3 upregulation34. However, Guan Y et al. 

proved that NHE2 gene deletion in mice resulted in a compensatory 

enhancement in a Na(+)-dependent, EIPA-sensitive acid extruder but 

not NHE1 or NHE340.  

NHE was able to increase the intracellular pH by pumping the 

proton outside the plasma membrane and it has been proved that 

intracellular pH could affect the cell proliferation of both 
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non-transformed cells and transformed cells85. As to intestinal 

epithelial cells, it was found that the activation of NHE1 could 

increase the intracellular pH and promote cell proliferation of colon 

epithelial cells86. Moreover, intracellular pH could also influence not 

only the cell proliferation but also the cell differentiation or migration. 

For example, NHE1 inhibition to human umbilical cord-derived 

mesenchymal stem cells could decrease the intracellular pH and 

promote the osteogenic differentiation76. To study the intestinal crypt 

epithelial differentiation, the enteroids and the knockout of target 

genes was used to investigate the effect of the target genes on 

intestinal crypt epithelial differentiation87-89. It was reported that the 

steady-state intracellular pH of enteroids from CFTR KO mice was 

reduced compared to that in CFTR WT mice90 and CFTR was required 

for the differentiation of secretory cell population in intestine91,92，

which confirm the relationship between intracellular pH and intestinal 

epithelial differentiation. 

Due to the fact that NHE2 was mainly expressed in intestinal crypt 

and it was essential for Na+/H+ exchange and intracellular pH 

homeostasis, so our hypothesis was if the lack of NHE2 in mice would 

change the intestinal crypt epithelial differentiation. So in the present 

study, our research will be focused on the effect of NHE2 on the 

intestinal crypt epithelial differentiation. In the first part, both the 

intact intestinal crypt and animal model will be chosen to study the 

role of NHE2 in differentiation of jejunum and colon with various 

parameters, including steady-state intracellular pH, changes of 

expression pattern of various transporters, changes of length of 

crypts/villi, change in secretory and absorptive cells, et al. In the 

second part, Caco-2BBe cells will be used to look at the basic cell 

functions such as cell size, adhesion, proliferation, migration, and 

basic barrier function. 
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2. Objective 

 

   The studies are designed to explore the essential role of NHE2 in 

intestinal pH homeostasis, and the effect that a lack of NHE2 function 

may have on cell proliferation, migration and intestinal cell lineage. 

The first part of study was performed on NHE2 mice and includes the 

 Comparison of the steady-state intracellular pH of jejunal villi and 

distal colonic crypts in NHE2 WT and NHE2 KO mice. 

 Comparative measurement of the total length and the length of  

the proliferation zone of jejunal villi and colonic crypts in NHE2 

WT and KO mice. 

 Study of cellular lineage development in jejunum and colon in 

NHE2 WT and KO mice. 

 Investigation of the enterocyte movement from the crypts to the top 

of the villi after genetic deletion of NHE2.  

  

The second part of the study was performed in the self-differentiating 

intestinal cell line Caco2bbe, in which NHE2 gene was silenced by 

sh-RNA knockdown. It includes the 

 Examination of the effect of NHE2 gene deficiency on the pH 

homeostasis, proliferation, integrity, and migration of intestinal 

epithelial cells in vitro. 

 Investigation of the potential mechanism by which NHE2 affects 

the cell behavior of intestinal epithelial cells. 
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3. Materials and methods 

Animals and ethics 

WT and gene deficient KO mouse models of Slc9a2 (NHE2), Slc26a9 

and carbonic anhydrase II (CAII) were used in the present study. All 

the mice were bred at the animal care facility of Hannover Medical 

School under standard light and temperature conditions and were 

allowed free access to food and water. The NHE2 WT and KO mice 

were congenic on C57BL/6 background, and were fed with the same 

diet. Care was taken to ensure an approximately equal number of male 

and female pairs of WT and KO mice in each group of experiments. 

The mice performed in all the experiments were aged between 3–10 

months. We tried to use littermates, if that was not possible we used 

WT mice of similar age/gender, from the same grandparental lineage. 

Genotyping was performed from tail or ear tissues. All experiments 

involving animals were approved by the Hannover Medical School 

Committee on investigations involving animals and an independent 

committee assembled by the local authorities. 

 

Quantitative real-time PCR 

Mucosa was scraped from the colon from NHE2 WT and KO mice 

and immediately homogenized in RNAlater, as described previously93. 

RNA was isolated from scraped colonic mucosa from mice using 

Nucleo Spin RNAII Total RNA Isolation Kit (Macherey and Nagel, 

Düren, Germany). Reverse transcription was performed with 

SuperScriptIII RNase H-Reverse Transcriptase (Invitrogen, Karlsruhe, 

Germany). The primer sequences of different genes are shown in 

Table 1. We used ribosomal protein S9 (RPS9) and cytokeratin 18 

(CK18) as the reference genes for the NHE3, NHE8 and ENaC 
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expression in the colon because it is expressed in an epithelial- 

predominant fashion in large intestine. 

Table.1 

 

 

 

 

 

 

 

 

 

Preparation of colonic crypts 

Murine colonic crypts were isolated according to the following 

procedure. After CO2 narcosis and cervical dislocation, the distal colon 

(last 0.5–2 cm distal to anus) was excised, washed thoroughly with 

ice-cold buffer A (composition, mM: 120 NaCl, 10 HEPES, 5 Tris, 

2.25 KH2PO4, 1.5 K2HPO4, 1.2 MgSO4, 1.2 calcium gluconate, 100 

glucose, pH 7.4) gassed with 100% O2, everted, filled with 

EDTA-containing solution (composition, mM: 127 NaCl, 5 KCl, 1 

MgCl2, 5 sodium pyruvate, 10 HEPES, 5 EDTA, 1% BSA, pH 7.4), 

and incubated in the same solution at 37°C with gentle mixing. After 

15 min, crypts were isolated by gentle shaking, harvested by 

low-speed centrifugation, immersed in ice-cold buffer A, gassed with 

100% O2 and kept on ice for the following experiment. 

  sequence (5‘  3‘) concentration efficiency 

 

NHE3 
for:   AGGCCACCAACTATGAAGAG 

rev:   AGGGGAGAACACGGGATTATC 

 

300nM 

 

2 

NHE8 
for:   AGTCACCCAGATCCTCATGC 

rev:   TCGGAAGAAGTTCAGCAGGT 
500nM 1.95 

ENac alpha 
for:   ATGATGGTGGCTTCAACGTGA 

rev:   ACATCGCTGCCATTCTCAGTG 
500nM 1.94 

ENaC beta 
for:   TGATGCTTCATGAGCAGAGG 

rev:   TTCATGGTGCAGGGACTGTA 
500nM 1.98 

ENaC gamma 
for:   TGGTGACCTGCTTCTTCGATG 

rev:  TGGTGGCGTTTTCTCTGTTGT 
400nM 1.97 

Cytokeratin 18 
for:   GGAATATGAAGCCCTCTTGAAC 

rev:   TCTGCCATCCACGATCTTAC 
300nM 1.97 

RPS9            
for:   AAGCACATCGACTTCTCCC 

rev:   ACAATCCTCCAGTTCAGCC 
300nM 2.01 
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Steady-state pHi measurement of the colonic crypts 

Crypts were loaded for 15 min with 5 μm BCECF-AM in buffer A at 

room temperature followed by perfusion with buffer A for 10 minutes. 

Subsequently, 50 μl of the crypt suspension was pipetted up and down 

and was dropped onto a coverslip. Crypts were fixed on the coverslip 

with a polycarbonate membrane (25 mm diameter, pore size 3 μm, 
Osmonics, Minnetonka, MN, USA) in a custom-built perfusion 

chamber after 3 minutes of sedimentation, then mounted onto the 

heated (37°C) stage of an inverted microscope (Zeiss Axiovert 200, 

Carl Zeiss AG, Jena, Germany) and perfused with pre-warmed (37°C) 

O2-gassed buffer A for 15 min for a stable baseline reading. If 

appropriate, images were digitized every 30 seconds(plateau phases) 

with a cooled CCD camera (CoolSnap ES, Roper Scientific, Ottobrunn, 

Germany) using the Metafluor software (Universal Imaging 

Corporation, Downington, PA, USA) during exposure of cells to 

alternating 440 and 495 nm wavelength of lights from a 

monochromator (Visichrome, Visitron Systems, Puchheim, Germany) 

with a 515 nm DCXR dichroic mirror and a 535 nm barrier filter 

(Chroma Technology Corp, Rockingham, VT, USA) in the emission 

pathway. Steady-state pHi was assessed by measuring BCECF 

fluorescence in the different regions of the colonic crypt for 20 min 

during stable conditions, then performing a calibration in a very 

narrow pH range (in which the steady-state pHi is expected). 

Calibration of the 495/440 ratio was performed as previously 

described94 for the pH values 6.6 and 7.4 using the high K+ nigericin 

method (solution composition, mM: 100 potassium gluconate, 40 KCl, 

7 HEPES, 1.2 calcium gluconate, 1.2 MgSO4, 20 glucose, 10 μM 

nigericin, pH 7.4 or 6.8). Regions of interest (ROIs) were selected in 

four parts of the crypt from the bottom to the surface areas. Approx. 
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five to eight crypts were measured per experiment, and the results of 

these flux measurements were averaged for each mouse. n is the 

number of mice that were used for each individual data bar, usually 

indicating the pairs of NHE2+/+ and NHE2−/− mice used for each 

experiment. The curve of the 495/440 ratio was reproduced from the 

stored images after background subtraction, followed by conversion of 

the 495/440 ratio values to pHi values using Microsoft Excel software.  

 

Preparation of isolated intestinal villi for fluorometry 

To measure the steady-state pHi of the intact jejunal villi, the proximal 

jejunum was removed and immediately placed in ice-cold oxygenated 

Ringer's solution (solution composition in mM: 147 NaCl, 4 KCl, 2.2 

CaCl2) with 500 μM DTT to prevent the mucus to clog the villi, pH 
7.4. The jejunum was sliced into 0.5cm sections and each section was 

opened along the mesenteric border. One piece of tissue was 

transferred onto the cooled stage of a dissecting microscope, and an 

individual villus was detached from the intestine by snapping off the 

jejunal base with sharpened microdissection tweezers. Special care 

was taken not to damage the apical part of the villi. The villi were 

attached to a glass coverslip pre-coated with Cell-Tak adhesive (BD 

Biosciences, Bedford, MA). 

 

Fluorometric pHi measurements in intact jejunal villi 

An isolated individual villus was loaded for 10 min with 10 μM 
BCECF-AM (Life Technologies GmbH, Darmstadt, Germany) in 

Ringer's solution at room temperature. After being loaded, the villi 

were fixed on the coverslip with a polycarbonate membrane (25 mm 

diameter, pore size 3 μm, Osmonics, Minnetonka, MN) in a 

custom-made perfusion chamber, mounted onto the pre-heated (37°C) 

stage of an inverted microscope (Zeiss Axiovert 200, Carl Zeiss, Jena, 
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Germany), and perfused with pre-warmed, oxygen-gassed buffer A for 

20 min for stable baseline reading, before the respective experiments 

were performed as detailed in the text. The images were digitized 

every 30 s with a cooled charge-coupled device camera (CoolSnap ES, 

Roper Scientific, Ottobrunn, Germany) by using the Metafluor 

software (Universal Imaging, Downington, PA) during exposure of 

cells to alternating 495nm and 440nm wavelength of lights from a 

monochromator (Visichrome, Visitron Systems, Puchheim, Germany) 

with a 515nm DCXR dichroic mirror and a 535nm barrier filter 

(Chroma Technology, Rockingham, VT) in the emission pathway. 

Several regions of interest at the tip of the villi were outlined and 

monitored during the course of the measurement. Approximately two 

to three villi were measured per experiment, and the results of these 

measurements were averaged for each mouse; n is the number of mice 

that were used for each individual data, bars usually indicate the pairs 

of NHE2+/+ and NHE2-/- mice used for each experiment. The curve of 

the 495/440 ratio was reproduced from the stored images after 

background subtraction. Calibration of the 495/440 ratio was 

performed exactly as described95 by the high-K+ nigericin 

(Sigma-Aldrich Chemie GmbH, Munich, Germany) method (solution 

composition in mM: 100 potassium gluconate, 20 KCl, 20 NaCl, 10 

HEPES, 2.25 KH2PO4, 1.5 K2HPO4, 1.2 calcium gluconate, 1.2 

MgSO4, 10 glucose, 10 μM nigericin, pH 7.4 and 6.8).  

 

HE staining 

The mid-distal part of the colon was studied in all histological studies, 

corresponding with the segment of highest NHE2 expression in WT 

mice. The slides were de-paraffinized according to the following steps: 

xylene twice, 5 minutes for each time; 100% ethanol twice, 5 minutes 

for each time; 90% ethanol 5 minutes; 70% ethanol 5 minutes; 50% 
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ethanol 5 minutes; distilled water 5 minutes. Afterwards the slides 

were rinsed in Hematoxylin (Sigma-Aldrich Chemie GmbH, Munich, 

Germany) for 45 seconds and followed by warm water for 5 minutes. 

Then the slides were rinsed in Eosin (Sigma-Aldrich Chemie GmbH, 

Munich, Germany) for 30 seconds and then in distilled water 4 times. 

After that the slides were washed with 40% ethanol twice, 70% 

ethanol twice, 90% ethanol twice, 100% ethanol twice for 2 minutes 

each, xylene twice for 3 minutes each. Finally the slides were air-dried 

and the tissue covered with DAKO Faramount Aqueous mounting 

medium (DAKO Deutschland GmbH, Hamburg, Germany). Colorless 

nail polish was used to fix the coverslip on the tissue.   

 

Immunohistochemistry 

The slides with tissue sections were de-paraffinized according to the 

following reagents including xylene, 100% ethanol, 95% ethanol, 70% 

ethanol, distilled water. The slides were put into each reagent twice for 

5 minutes each. The slides were placed in a small metal container 

containing hot EDTA antigen retrieval buffer. The container was 

incubated in preheated water for 35 minutes at 96-98°C, then taken out 

of the water and cooled down for about 15 minutes at room 

temperature. The slides were then rinsed in distilled water and 

transferred the into 3% hydrogen peroxide for 10 minutes in order to 

block endogenous peroxidase. The slides were washed with distilled 

water three times for 5 minutes each. Afterwards the slides were 

washed with PBST twice for 5 minutes each and 5% goat serum was 

added in PBST for 1 hour to block unspecific binding sites. Then the 

tissue was incubated with the primary antibody anti-Ki67 (Vector 

Laboratories, United Kingdom) or anti-NHE3 (Biotrend Chemikalien 

GmbH, Köln, Germany) both diluted in background reducing buffer 

(DAKO Deutschland GmbH, Hamburg, Germany) at 4°C overnight. 
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The next day first the slides were first washed twice with PBST twice 

for 5 minutes each time and incubated with the second antibody, a goat 

anti-rabbit HRP (Life Technologies GmbH, Darmstadt, Germany) for 

30 minutes. Then AEC solution (Life Technologies GmbH, Darmstadt, 

Germany) was added for 5 minutes. The sides were washed with 

distilled water and stained first with Mayer Hematoxylin for 15 

minutes and then washed with warm water. Finally slides were 

covered with DAKO Faramount Aqueous mounting medium (DAKO 

Deutschland GmbH, Hamburg, Germany) and nail marker was used to 

fix the coverslip on the tissue. 

 

Alcian blue staining  

The paraffin-embedded colonic tissues were sectioned at 2μm 

thickness. The slides were then de-paraffinized and re-hydrated in 

distilled water. The slides were stained in alcian blue solution (pH 2.5) 

for 30 minutes to stain goblet cells, and washed in running tap water 

for another 5 minutes. After rinsing in distilled water they were 

counterstained in nuclear fast red solution for 1 minute, then washed in 

running tap water for another 1 minute followed by dehydration 

through a series of stepwise ascending alcohol concentration (in 40%, 

70% and 100%), 3 minutes in each concentration. The sections were 

cleared in xylene. Finally, the slides were mounted with resinous 

mounting medium. Colonic tissue sections (ten fields per section, 3–4 

sections per animal, n=4 pairs) were randomly selected for the 

quantification of goblet cells. 

  

Measurement of enterocyte and colonocyte migration in vivo with 

the BrdU labeling strategy 

Mice were subjected to i.p. injection of BrdU (100mg/kg; 

Sigma-Aldrich, Munich, Germany). At the time points designated, 
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mice were sacrificed by carbon dioxide inhalation. The small intestine 

and mid-distal colon were removed, flushed with PBS solution, fixed 

with 4% buffered paraformaldehyde, and processed for paraffin 

embedding and sectioning. De-paraffinized tissue sections (2 μm) were 
denatured in 0.1M NaOH for 40 minutes at 37℃ and then boiled in 

citric acid buffer (0.01 mM, pH 6.0) for 30 minutes and slowly cooled 

down for 20 minutes at room temperature for antigen retrieval. They 

were then washed with 50mM Glycin in PBS for 10 minutes and 

50mM NH4Cl in PBS twice for another 10 minutes followed by 

dilution in 30% hydrogen peroxide 1:10 in methanol. The tissue was 

washed with 2% (v/v) goat serum in water for 20 minutes. After that 

they were stained with mouse anti-BrdU monoclonal antibody (1:100; 

GE healthcare, Freiburg, Germany) at 4℃ overnight. The next day the 

slides were washed with 50mM NH4Cl in PBS four times for 5 

minutes each. The secondary antibody, a goat anti-mouse HRP 

conjugate (Life Technologies GmbH, Darmstadt, Germany), was 

diluted in DAKO and incubated with the tissue at room temperature 

for 1 hour. Then AEC solution (Life Technologies GmbH, Darmstadt, 

Germany) was added for 5 minutes. The sides were washed with 

distilled water and stained with Mayer Hematoxylin for 15 minutes 

and then washed with warm water. Finally slides were covered with 

DAKO Faramount Aqueous mounting medium (DAKO Deutschland 

GmbH, Hamburg, Germany) and nail marker was used to fix the 

coverslip on the tissue. Enterocyte or colonocyte migration was 

quantified as the distance from the crypt base to the highest labeled 

cell within the crypt-villus or colonic crypt axis. 40-80 villi or 150-200 

crypts per mouse were assessed and the mean migration distance was 

used in the subsequent analysis.  

 

Tissue preparation for cryosections 
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The intestine tissues were isolated and were rinsed with ice cold PBS 

three times, then the tissue was kept in 2% paraformaldehyde at 4°C 

for 2 hours. After that the tissue was rinsed with ice cold PBS for two 

times and then stored in 30% sucrose at 4°C overnight. The tissue was 

kept in a small box with Tissue-tek® O.C.T compound, Sakura® 

Finetek (VWR International GmbH, Darmstadt, Germany) and shaken 

for 1-2 hours at 4°C. Then the tissue was transferred into Cryomold 

filled with Tissue-tek O.C.T compound®, Sakura® Finetek and frozen  

on dry ice. The tissue was cut in slices of 5-10µm thickness employing 

a cryostat. The sections were fixed in 80% acetone at -20°C for 3 

minutes and slides then dried in air. The samples were either stored at 

-20°C or used within few hours for immunofluorescence staining. 

 

Tissue immunofluorescence 

The slides were thawed to and kept at room temperature for at least 2 

hours. They were then washed with PBS for 5 minutes and with 50mM 

NH4Cl for 10 minutes. Afterwards background reducing buffer 

(DAKO Deutschland GmbH, Hamburg, Germany) was used for 20 

minutes for blocking. The primary antibody dilution anti-E-cadherin 

(Cell Signaling Technology, Frank -furt am Main, Germany), 

anti-ZO-1 (Abcam plc, Cambridge, UK) was diluted in background 

reducing buffer (1:400 for both anti-E-cadherin and anti-ZO-1) and the 

tissue was incubated with the diluted primary antibody at 4°C 

overnight. The next day the slides were washed with 50mM NH4Cl 

four times for 5 minutes each, then 3% goat serum/PBS was used for 

20-30 minutes for blocking. After that the slides were washed with 

50mM NH4Cl twice for 5 minutes each. The secondary antibody Goat 

anti-rabbit Alex fluor 488 (Life Technologies GmbH, Darmstadt, 

Germany) was prepared in background reducing buffer (1:1000) and 

the tissue was incubated with secondary antibody at room temperature 
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for 1 hour. The tissue was washed with 50mM NH4Cl twice for 5 

minutes each. Alex fluor 633 Phalloidin (Life Technologies GmbH, 

Darmstadt, Germany) was prepared at a dilution of 5U/ml in PBS with 

1% BSA, 0.2% Triton X100 and the slides were incubated for 30 

minutes at room temperature. Then the tissue was washed with 50mM 

NH4Cl six times for 1 minute each. During this step the DAPI 

mounting medium (SlowFade® Gold Anti-fade Reagent with DAPI, 

Molecular Probes®) (Life Technologies GmbH, Darmstadt, Germany) 

was kept at room temperature. 10ul DAPI mounting medium was 

dropped on each sample and the coverslips were gently put on the 

DAPI mounting medium coated sample without any air bubbles.  The 

slides were stored in the dark. Once the tissue was covered with the 

coverslip, nail marker was used around the coverslip to seal and 

conserve the sample for long term use. The intensity of designated 

protein was calculated with Image J software as mean integrated 

density (/pixel).  

 

Surgical procedures 

The mice were anaesthetized by a spontaneous inhalation of isoflurane 

(Forene; Abbott Germany, Wiesbaden, Germany). The inhalation gas 

contained a mixture of ～10–15% oxygen, ～85–90% air, and 2.0 ± 

0.2% isoflurane. After tracheal intubation, the mice were mechanically 

ventilated (MiniVent Type 845; Hugo Sachs Electronik, March 

-Hugstetten, Germany) and a catheter was placed in the left carotid 

artery for continuous infusion of a solution of the following 

composition (mM) to correct the systemic acid–base balance: 200 Na+, 

100 HCO3 −, 0.005 K+ and 0.005 Cl−, at a rate of 0.3 ml h−1. Animals 

were maintained at 37℃ using a heating pad. After making a mid-line 

incision in the abdomen, the middle (starting ～2.5 cm away from 

caecocolonic junction) and distal colon (last 1.5 cm) with intact blood 
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supply were selected for the experiments. The middle colon was 

opened about 2 cm distal to the caecocolonic junction. A small 

polyethylene tube (PE-100; inner diameter 1 mm) with a distal flange 

was inserted and secured by a ligature, then the middle and distal 

colon was perfused gently to remove the faeces. The outlet tube 

(PE-200; inner diameter 2 mm) was put through the rectum and fixed 

at the anal canal. The middle and distal colon was perfused (Gilson 

minipuls evolution, Villiers, France) at a rate of 30 ml h−1 with normal 

saline using a single pass. The abdomen was closed after the surgery, 

and then the mice were left to stabilize for 20 min for fluid 

equilibration after the surgical trauma. 

 

Measurement of colonic fluid absorption 

Measurement of fluid absorption started after the initial stabilization 

period of 15 min. Prior to perfusion, the perfusate and the collecting 

tubes were weighed after adjusting the pH of the perfusate to 7.4 in a 

37℃ water bath. After perfusion for 15 min, the perfusate and the 

collecting tubes were weighed again. The reduction in weight after 

perfusion was taken as the total fluid loss during the perfusion period. 

After each experiment, the blank fluid loss due to water evaporation, 

adhesion on the tube tip and other non-intestinal absorptive reasons 

was measured under the same perfusion conditions (37℃ water bath, 

15 ml h−1 perfusion speed, 15 min period) but without intestinal 

perfusion. The difference between total fluid loss and blank fluid loss 

was taken as the absorptive fluid loss. After the experiment, the mice 

were killed by cervical dislocation and the colonic segment was 

measured. The fluid absorption rates (in microliters per centimeter per 

hour) were calculated from the absorptive fluid loss (assuming a fluid 

density of 1 ml mg−1), the colonic length and the perfusion time.  
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Cell culture 

C2BBe cells were cultured in DMEM-glutmax with pyruvate, 

supplemented with 10% FBS, 1% penicillin-streptomycin and 1% 

non-essential amino acids (Life Technologies GmbH, Darmstadt, 

Germany). HEK293T cells were cultured in DMEM-glutmax with 

pyruvate, supplemented with 10% FBS, 1% penicillin-streptomycin. 

C2pLKO.1 and C2N2KD cells were grown in the presence of 10µg/ml 

puromycin (Life Technologies GmbH, Darmstadt, Germany). Cells 

were passaged when they reached 70-80% confluence. Cells were 

incubated at 37°C with 5% CO2 and medium was replaced every 2-3 

days. 

 

Bacterial Transformation of DH5α 

competent DH5α cells were thawed on ice, gently mixed with the pipet 

tip and 50µl were transferred into 1.5ml tubes. Then 1µl of pLKO.1, 

pCDNL BH, pLTR-G plasmid (1µg/µl) was added separately to the 

cells. The suspension was mixed gently and the tubes incubated on ice 

for 30 minutes followed by heat shock at 42°C for exactly 30 seconds 

without shaking. Then the tubes were placed on ice for 2 minutes, 

250µl of pre-warmed (37°C) LB were added and the mixture shaken at 

37°C for 1 hour. After centrifugation most of the upper medium was 

removed and the pellet was resuspended. 25µl of the remaining 

suspension were given onto LB plates supplemented with 100µg/ml 

ampicillin. 

 

Plasmid extraction and lentivirus particle production 

Separate colonies were picked, transferred into 2ml LB medium with 

100µg/ml ampicillin and shaken for 8-10 hours at 37°C, then transfer 

100µl of the suspension were transferred to 100ml LB medium with 

100µg/ml ampicillin and shaken for overnight at 37°C. Then Qiafilter 
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plasmid kits (Qiagen GmbH, Hilden, Germany) were used to extract 

and separate the plasmids pLKO.1, pCDNL BH, pLTR-G. HEK293T 

cells were plated at a density of 3x106/dish on 10cm dishes coated with 

poly-L-lysine. After 24 hours jetPRIME (polyplus transfection TM, 

Germany) was used to transfect all these three plasmids together 

(6µg/ml pLKO.1, 4µg/ml pCDNL BH, 2µg/ml pLTR-G) into 

HEK293T cells. Cells were then incubated overnight at 37°C, 5% CO2 

for 48 hours. The cell culture medium was collected in 50ml tube and 

centrifuged for 5 minutes at 3000rpm at room temperature. After 

centrifugation the suspension was filtered through a 0.45µm PVDF 

membrane (Life Technologies GmbH, Darmstadt, Germany). Per dish 

6ml medium were replaced by fresh medium, the cells were incubate 

overnight and the medium was collected again. For the virus 

preparation, the collected medium was centrifuged for 5 minutes at 

3000rpm at room temperature. Following the centrifugation, the 

supernatant was filtered with 0.45µm PVDF membrane. The virus was 

stored at 4°C overnight and then transferred to -80°C for storage. 

 

Lentivirus mediated NHE2 gene knock down in C2BBe cells 

C2BBe cells were plated in 24 well plate at a density of 0.5x105 

cells/well 24 hours prior to viral infection and incubated the at 37°C 

with 5% CO2 overnight. A mixture of complete medium with 

Polybrene (Santa Cruz Biotech, Germany) was prepared at a final 

concentration of 5µg/ml. The medium was removed from the wells 

and replaced by 0.5ml of this Polybrene/medium mixture per well. 

C2BBe cells were infected by adding the prepared virus and then 

incubated at 37°C with 5% CO2 overnight. The culture medium was 

removed and replaced with 1ml of complete medium without 

Polybrene and the cells incubated at 37°C with 5% CO2 overnight. 

When C2BBe cells reached 70-80% confluence, they were passaged 
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and incubated with the complete medium for further experiments. The 

control cells which were infected with empty vector were named 

C2pLKO.1, and the NHE2 gene knock down C2BBe cells were named 

C2N2KD.  

 

RNA extraction, reverse transcription PCR, and Real-time PCR 

RNA was isolated with RNeasy® Mini Kit (Qiagen GmbH, Hilden, 

Germany) and then mRNA was reverse transcribed to cDNA using 

QuantiTect® Rev. Transcription Kit (Qiagen GmbH, Hilden, Germany) 

according to the instruction manual. 1µl cDNA was diluted 1:40 with 

ddH2O for real-time PCR, the PCR reaction system (10µl) was 

composed of: 4µl diluted cDNA, 5µl Sybr green Mix, 0.5µl Forward 

Primer (final concentration 10µM), 0.5µl Reverse Primer (final 

concentration 10µM). NHE1 primer sequence: for GCTGGT 

GGCA GACCCCTAC GA,  rev  ATA GGCCA GTGGGTCT G 

AGCCGA; NHE2 primer sequence: for CTTCCACTTCAA 

CCTCCCGAT, rev GCTGCTATTGCCATCTGCAA; NHE3 primer 

sequence: for ACCGTGCTCTACACCATGAAGATG, rev ATGCGG 

TAGCGGTTCAGAAGCC. The cycling program is as following: 

95°C for 5 minutes, 40 cycles at 95°C for 5 seconds and 60°C for 10 

seconds. The relative gene expressions of NHE1, 2, 3 were analyzed 

with 2-ΔΔCT method. 

  

Cell volume, cell adherence, and cell viability measurement 

C2pLKO.1 and C2N2KD cells were seeded into 96 well plate at a 

density of 1x105 cells for each well. To compare the cell volume, on 

the third day the cells were trypsinized when cells reached 70-80% 

confluence and pictures were acquired under the phase contrast 

microscope. The cell perimeter (µm) was analyzed with the Image J 

software to compare the cell volume. For the analysis of the cell 
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adhesion, the cells were also plated into 96 well plates at the same 

density and cultured for 24 hours. On the second day when cells 

reached 50% confluence the medium was refreshed and cell counted at 

5 different regions for each well. The average value for each well was 

used to calculate the mean value for cell adhesion. Cell viability was 

investigated using cell proliferation reagent WST-1 (Roche, Mannheim, 

Germany) according to the instruction manual. In brief, cells were 

seeded on a 96 well plate at a density of 2000 cells each, and incubated 

for 24 hours, 48 hours, and 72 hours. Then 10µl WST-1 reagent was 

added into 100µl cell culture medium for each well and the absorbance 

was acquired at 450nm and 630nm after two hours using the BioTek® 

Epoch Reader. 

 

Measurement of steady-state intracellular pH(pHi) 

Cells were seeded on 25mm glass coverslips in 6 well plates at a 

density of 0.4x106 cells/well and incubated for 24 hours to reach 80% 

confluence. On the second day cells were loaded with 5µM 

BCECF-AM for 30minutes at 37°C heating chamber for the 

steady-state pHi measurement gassed with O2 while loaded with 5µM 

BCECF-AM for 30minutes at 37°C in a 5% CO2 incubator for the 

steady-state pHi measurement gassed with CO2. The coverslip was put 

into the open chamber and the changes of pHi were monitored with a 

dual photon excitation system. BCECF was excited alternately with 

495nm and 440nm wavelength and the intensity of the emission was 

recorded at 530nm wavelength.  Firstly the cells attached to the 

mounted coverslip were pre-perfused with NaCl basal solution for at 

least 30 minutes at 37°C gassed with O2/CO2. Then the emission signal 

was recorded for 20 minutes, before the cells were perfused with 

calibration solution (pH 6.8, pH 7.4) with 10µM nigericin. Finally the 

ratio of 495/440 was converted into respective pH value by linear 
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curve fitting. Because the signal intensity from 495nm wavelength is 

pH dependent but the signal intensity from 440nm wavelength is pH 

insensitive, the ratio of 495/440 was chosen as a stable parameter to 

reflect the pHi changes. Furthermore, there was linear relationship 

between 495/440 ratio and pHi in the pH range of 6.8-7.4. Therefore, 

the ratio of 495/440 can be converted into pHi values in the present 

study. NaCl basal solution: NaCl 130mM, D-glucose 25mM, K2HPO4 

0.5mM, KCl 5mM, MgCl2.6H2O 1mM, CaCl2.2H2O 2mM, HEPES 

11mM; The calibration solution contained: D-glucose 25mM, K2HPO4 

0.5mM, KCl 135mM, MgCl2.6H2O 1mM, CaCl2.2H2O 2mM, HEPES 

11mM.  

 

Measurement of transepithelial electrical resistance (TEER) 

Cells were plated on 0.4µm transwell membranes in 6-well plates at a 

density of 1x106 cells/well and the medium was changed every two 

days. On the second day cells reached 100% confluence and the day 

was defined as the first day for the TEER measurement. The cells were 

incubated for 14 days to make the cells completely differentiated. The 

TEER was measured each day using EVOM2 instrument (World 

Precision Instruments, Berlin, Germany). 

 

Cell immunofluorescence 

Cells were plated on 0.4µm transwell membranes in 6-well plates at a 

density of 1x106 cells/well. On the second day cells reached 100% 

confluence and cells were incubated for 2 days or 14 days. On day 2 or 

day 14 firstly cells were washed with cold PBS and fixed in 4% 

paraformaldehyde for 10 minutes at room temperature. After that cells 

were permeabilized in 0.2% TritonX-100 in PBS for 5 minutes and 

blocked with 5% goat serum for 30 minutes at room temperature. Then 

the cells were stained with the primary antibody against E-cadherin 
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(Cell Signaling Technology, Frankfurt am Main, Germany) overnight 

at 4°C. Then cells were washed with PBS and incubated with 

secondary antibodies Alexa 488-conjugated goat anti-mouse IgG and 

Alexa 543-conjugated goat anti-rabbit IgG (Life Technologies GmbH, 

Darmstadt, Germany). Finally cells were mounted with DAPI 

mounting medium and sealed with nail oil. Then the signal was 

collected using a Leica Inverted MP confocal microscope and both xyz 

and xzy models were chosen to acquire the images. 

 

Fluorescence-based scratch wound healing assay  

When cells reached 80% confluence in T75 flask, cells were passaged 

and centrifuged for 5 minutes at the speed of 2000rpm at room 

temperature and then remove the medium. The cell pellet was 

resuspended in the medium and DiR was added into the medium with 

the final concentration of 3.75µm. Then the mixture containing cell 

and DiR was immediately by pipetted and then incubated at 37°C with 

5% CO2 for 15 minutes. After that the mixture was taken out from the 

cell incubator and centrifuged at the speed of 2000rpm for 5 minutes at 

room temperature. The medium was removed, the cell pellet 

resuspended, and cells were seeded in collagen A coated 96 well plate 

at a density of 2x104 for each well. The cells were cultured at 37°C 

with 5% CO2 overnight. The next day the medium was refreshed and 

new medium containing 50µg/ml Mitomycin C (Sigma-Aldrich 

Chemie GmbH, Munich, Germany) was added for 2 hours to inhibit 

proliferation. Then the cell sheet was wounded by vacuum suction 

with 100µl tips and the plate was scanned using an infrared 

fluorescence scanner (Odyssey®, Li-Cor Biosciences) at 800nm 

emission wavelength. Further scans for C2BBe cells were performed 

at different time points including 6 hours, 12 hours, and 24 hours. 

Migration assays were analyzed using Odyssey 2.1, Image J and Excel 
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software. Wound healing was determined as migration index: MI = 

(initial area – final area)/initial perimeter.  

 

Statistical evaluation 

All results were expressed as mean ± SEM, n usually represents the 

number of mice used for an individual experiment or if not described 

otherwise in the respective context. The data were analyzed by 

one-way ANOVA if for multiple comparisons or student’s t test for 
paired samples. Results were considered significant at P<0.05. 
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4. Results 

(Note: the Quantitative RT-PCR experiments were performed by 

Brigitte Riederer; the cell experiments were performed by Zhenglin 

Yuan, the fluid absorption measurements were performed by Jiajie 

Qian, working group Seidler/Stock, Gastroenterology, Hannover 

Medical School. The injection with Brdu and blocks preparation were 

performed by Anurag Kumar Singh; the lentivirus production and 

NHE2 gene knock down experiments were performed by Sunil Yeruva, 

working group Seidler/Stock, Gastroenterology, Hannover Medical 

School.) 

4.1 The steady-state pHi of the colonic crypts 

Firstly, we investigated whether the loss of NHE2 had an effect on the 

steady-state pHi of the epithelial cells in murine intestine. We chose 

the colon because in this part of the intestine, NHE2 is the NHE with 

the highest expression levels compared to the other NHEs, both in 

murine and human54 colon. Colonic crypts were isolated by 

established ethods and loaded with the pH-sensitive dye BCECF as 

decribed in the method section. The colonic crypt was optically 

divided into four parts from the base to the surface area along the 

colonic crypt axis: base area, lower middle area, higher middle area 

and surface area. The steady-state pHi of the colonic crypt was 

acidic(green pseudocolour indicating low pH) in the base area but 

alkaline(red) in the surface area for both NHE2 WT(Figure 1, A) and 

NHE2 KO(Figure 1, B) mice. In NHE2 WT mice, the steady-state pHi 

increased gradiently from the base area to the surface area (Figure 1, 

D). The individual pHi measurement trace was shown as an example 

for either the NHE2 WT(Figure 1, C1) or the NHE2 KO (Figure 1, C2). 

2-4 separate traces were acquired from one mouse and 5 mice were 

used for each independent experiment. Compared to NHE2 WT mice, 

the steady-state pHi of the colonic crypt epithelial cells in NHE2 KO 
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mice was reduced in all the four parts(Figure 1, D), but the decrease of 

the steady-state pHi was significantly different in both lower middle 

and higher middle areas whereas without significant differences in 

base area (Figure 1, D). (n=5, *p≤0.05, **p≤0.01).   

Figure 1: The steady-state pHi of the colonic crypts  
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D 

 
Fig. 1. The steady-state pHi of the colonic crypts. Distal colonic crypts were 

isolated and the steady-state pHi was measured ratiometrically by fluorometry. 

The steady-state pHi of the colonic crypt was acidic (green) in base area but 

alkaline (red) in surface area for both NHE2 WT (A) and NHE2 KO mice (B). 

Individual traces of colonic cryptal steady-state pHi in NHE2 WT (C1) and KO 

mice (C2) are shown. D: The steady-state pHi of the colonic crypt epithelial cells 

in NHE2 KO mice was reduced in the crypt epithelial cells at all the four parts 

when compared with WT mice, and significant differences could be observed in 

the lower middle and the higher middle segments of colonic crypts between these 

two groups. Data are presented as mean±SEM. n=5. *P<0.05, **P<0.01. 
  

 

 

4.2 The morphology and proliferation of the colonic crypt 

epithelial cells 

The above results show that the crypt cells in WT colon are 

significantly more acidic than the proliferating cells along the length of 

the crypt, as well as the crptal mouth/surface cells. They also 

demonstrated that the proliferating cells in the mid crypt regian of 

NHE2 KO colon display a significantly lower pHi than the colonocytes 

in the equivalent part of the crypt in WT mice. The next question was 

how this difference in pHi affected cellular proliferation. Firstly, the 

length of the crypts were measured. Figure 2 shows the morphology of 

distal colonic crypts in NHE2 WT/KO mice. The lengths of mid-distal 

colonic crypts were measured as the distance from the crypt base to the 

surface in both WT (Figure 2, A1) and in KO mice (Figure 2, B1), and 
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to our surprise, the length of the crypt was significantly increased. 

Ki67 is a specific marker for cell proliferation. The proportion of the 

proliferative zone in a crypt was measured as percentage of the length 

of the proliferative zone related to the total length of the same crypt 

(Figure 2, A3, B3). Ki67 staining showed that the proportion of the 

proliferation zone (Figure 2, C), the ratio of Ki67 positive cell 

number/total cell number (Figure 2, D), and the length of the colonic 

crypt (Figure 2, E) were significantly increased in NHE2 KO mice 

compared to that in NHE2 WT mice. In NHE2 WT mice, the 

proliferative cells were primarily located in the base area of the 

colonic crypt where they were spaced together (Figure 2, A2),while in 

NHE2 KO mice, the proliferative cells were diffusely distributed in 

both base area and middle area, some Ki67 positive cells translocated 

even to surface area (Figure 2, B2). This may indicate that 

NHE2-mediated increase in steady-state pHi happens when the 

proliferating cells move up the crytal axis and start to differentiate to 

absorbing enterocytes, and that this increase is important in the switch 

from proliferation to differentiation of the colonocytes. Loss of NHE2 

shifts the pHiincrease to a cryptal area nearer towards the surface, and 

resuls in an overall cryptal elongation.  
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Figure 2: The proliferation of the colonic epithelial cells(n=4) 
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Fig. 2. Morphology and proliferation of the colonic crypt epithelial cells. The 

distal colon of NHE2−/− mice displayed elongated crypts (B1) when compared 

with WT mice (A1). Proliferation zone was investigated by Ki67 staining in WT 

(A2, A3) and KO mice (B2, B3). The length of the proliferation zone of the crypt 

and length of the crypt were measured as shown in A3, B3. The proportion of the 

proliferation zone (C), the ratio of Ki67 positive cell number/total cell number (D), 

and the total length of the colonic crypts (E) were significantly increased in NHE2 

KO mice compared to that in NHE2 WT mice. Data are presented as mean±SEM. 

Scale bars 100μm. n=3-5 pairs. *P<0.05 

 

4.3 Colonocyte migration measurement along the crypt axis 

A measure of migration speed of colonocytes along the cryptal axis 

can be obtained by pulse-labeling proliferating cells with 

bromo-desoxyuridine for two hours (this substance is incorporated into 

newly synthetized DNA) and following the relative location of the 

labeled cells over the following days. Pilot experiments demonstrated 

that the colonocytes reach the upper crypt area in 3-4 days after 

labeling. NHE2 WT/KO mice were subjected to injection of BrdU and 

sacrificed at the indicated time point. Mid-distal colon was removed 

and processed for routine histology. Tissue sections were examined 
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after staining with anti-BrdU antibody. Nuclei were counterstained 

with DAPI. BrdU-labeled enterocyte migration was analyzed as 

described inMethods. BrdU-labeled cells are dark red and nuclei are 

blue. Immnohistochemistry was performed at indicated time(3 hours, 1 

day, 2 days and 3 days) after BrdU injection in NHE2 WT and KO 

mice respectively (Figure 3, A). Quantitative analysis revealed a 

increase in BrdU-labeled enterocyte crypt-villus migration after 

genetic deletion of  NHE2 (Figure 3, B). n = 150-200 crypts per 

mouse were evaluated, and the experiments were repeated two times 

(Figure 3, B). (*means P < 0.05). These experiments show that the 

relative distance from the base of the crypts, where the labeling 

occurred, is larger for NHE2 KO compared to WT colonocytes. 

Whether colonocytes actively migrate, or are simply moved upward by 

the dynamic process of colonocyte apoptosis in the surface region and 

colonocyte proliferation in the base, pushing the differentiating 

epilhelium upward, has not been clearly established. Some form of 

loosening and reestablishing contact with the basal lamina needs to 

occur, which is consistent with the definition of sheet cell migration, 

even though no change in the cellular morphology, classic for 

“epithelial to mesenchymal transformation, EMT” is evident.  
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Figure 3: Brdu staining in distal colon and migration 

measurement(n=150-200 crypt/mouse) 

A 
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B   

 

 

Figure 3.Brdu staining in 3distal colon and migration measurement. Mice 

were injected with Brdu andsacrificed at the designated time.A: 

Immunohistochemistry from mice sacrificed at different time points after Brdu 

injectionin NHE2 WT and KO mice. B: Migrationdistance was measured as the 

length from crypt base to the highest Brdu labeled cell. Statistical analysis 

indicated that migration speed of colonocyte in NHE2 KO mice was significantly 

faster than that in WT mice at each time point (3 hours, 1 day, 2 days and 3 days). 

Data are presented as mean±SEM. Scale bars 100μm. n=150-200 crypts/mouse. 

*P<0.05. 

 

 

4.4 The proliferation of the colonic crypt epithelial cells in Slc26a9 

and Car2 WT/KO mice 

One potential confounding factor in the interpretation of the causality 

of changes in proliferation of the colonic cells may be the fact that the 

mice become hypergastrinemic subsequent to their loss of parietal 

cells65. Controversy exists regarding the question whether, and what 

degree of, hypergastrinemia will stimulate the growth of epithelial 

cells in other parts of the intestine than the stomach. We therefore also 

assessed the cryptal length and the proliferative zone length of two 
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other mouse models with hypergastrinemia. The Slc29a9-deficient 

mouse develops loss of acid secretory capacity and much more severe 

hypergastrinemia than seen in NHE2 KO mice within the first weeks 

of life, however, Slc26a9 is not expressed in colonic mucosa96. The 

carbonic anhydrase 2 (Car2)-deficient mouse has reduced acid 

secretory capacity from birth, however the parietal cells do not display 

signs of damage, and the increase in gastrin levels is less severe than in 

NHE2 KO mice. Car2, however, is expressed in colonocytes, and in 

addition the mice display respiratory acidosis and a mild decrease in 

serum pHi
97. In order to address the influence of hypergastrinemia on 

colonic crypt and proliferative zone length, Slc26a9 WT (Figure 4, A) 

and KO (Figure 4, B) mice, CAII WT (Figure 4, E) and CAII KO 

(Figure 4, F) mice were used for immnohistochemistry and the 

proliferation of colonic epithelial cells was measured by Ki67 staining. 

The proportion of the proliferative zone in the crypt was calculated as 

percentage of the length of the proliferative zone over the total length 

of crypt (Figure 4, C-D,G-H). The results showed that neither in 

Slc26a9 nor in CAII mice the significant differences in the proportion 

of the proliferation zone could be observed (Figure 4, I).   

 

 

 

 

 

 

Figure 4：proliferation zone of colonic crypt in Slc26a9 and CAⅡ 

WT/KO mice.  
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Figure. 4. Proliferation zone of colonic crypt in Slc26a9 and CAII WT/KO 
mice. Proliferation zone was investigated by Ki67 staining in Scl26a9 WT (A), 

Slc26a9 KO (B), CAII WT (E) and CAII KO mice (F). The length of the 

proliferation zone in the crypt and the total length of the crypt were measured as 

shown in C-D, G-H. I: No significant differences of the proportion of the 

proliferation zone in colonic crypts were observed between WT and KO genotypes 

either in Scl26a9 or CAII mice. J, K: The length of colonic crypt in CARII KO 

mice was significantly greater than in WT mice, while the percentage of Ki67 

positive cell/crypt in CARII KO mice was significantly lower than in WT mice. 

Data are presented as mean±SEM. Scale bars 100μm. n=3 pairs. *P<0.05. 

 

 

4.5 The integrity of the adherens and the tight junctions of colonic 

epithelial cells 

Intestinal epithelial cells migrate up the cryptal axis by socalled “sheet 
migration”. In the process of sheet migration, the epithelial cells need 

to loosen and reattach their adhesion to the basal lamina and to each 

other. Ecadherin is essential for the process of sheet migration98,99, and 

ZO-1 is a protein that regulates tight junctional function and is 

important for intestinal barrier function (Tight junctions and the 

molecular basis for regulation of paracellular permeability100. In order 

to investigate potential alterations of the adherens and tight junctions 
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integrity of the colonic epithelial cells, the expression and localization 

of of E-cadherin and ZO-1 was investigated by immunohistochemistry, 

For both 63×(Figure 5, A,B,L,M) and 63×, Zoom 4(Figure 5, C-J, N-U) 

magnifications, E-cadherin expression was significantlyhigher  in the 

base ofthe crypts,  (Figure 5, C), the lower middle area (Figure 5, D) 

and higher middle area (Figure 5, E) of NHE2 WT mice compared to 

that in base of the crypts area (Figure 5, G), lower middle area (Figure 

5, H) and higher middle area (Figure 5, I) of NHE2 KO mice, but 

E-cadherin expression of the colonic crypts in surface area was not 

different between NHE2 WT (Figure 5, F) and NHE2 KO (Figure 5, J) 

mice. No changes of ZO-1 expression in lower middle, higher middle 

and surface parts of the crypt between NHE2 WT (Figure 5,O-Q)and 

KO mice (Figure 5, S-U) but a significantly decreased expression in 

the base part in NHE2 KO mice (R) compared to NHE2 WT mice (N). 

These results suggest that the loss of NHE2 may increase the 

permeability of the colonic epithelium in the cryptal area. (Figure 5, 

K). 

 

 

 

 

 

 

 

 

 

 



 49 

Figure 5:The integrity of the colonic epithelial cells (E-cadherin and 

ZO-1 immunofluorescence staining) 

 

 

NHE2+/+                     NHE2-/- 

 

base    lower middle  higher middle  surface 

 

NHE2+/+ 

NHE2-/- 

 

 



 50 

  

 

NHE2+/+                     NHE2-/- 

 

base    lower middle   higher middle    surface 

NHE2+/+ 

NHE2-/- 



 51 

 

 

Fig. 5.: The integrity of colonic epithelial cells (E-cadherin and ZO-1 
immunofluorescence staining). The integrity of the colonic epithelial cells was 

investigated with E-cadherin (green, A-J) and ZO-1 staining (green, L-U). The 

nuclei were stained in blue and F-actin was stained in red. The images were 

acquired at magnification of 63× (A, B, L, M) and 63×, Zoom 4 (C-J, N-U). The 

intensity of designated protein was calculated with Image J software as mean 

integrated density (/pixel). K: The quantitative analysis showed that E-cadherin 

expression in base, lower middle and higher middle parts of crypt in NHE2 WT 

mice (C, D, E) was significantly less than that in KO mice (G, H, I), while there 

was no obvious difference of intensity of E-cadherin in surface parts of crypts 

between NHE2 WT (F) and KO mice (J). V: There was no changes of ZO-1 

expression in lower middle, higher middle and surface parts of crypt between 

NHE2 WT (O, P, Q) and KO mice (S, T, U)  but a significantly decreased 

expression in the base part in NHE2 KO mice (R) compared to NHE2 WT mice 

(N). Data are presented as mean±SEM. Scale bars 5μm. n=4 pairs. *P<0.05 

 

4.6 Goblet cell count in distal colon 

The next question was whether the cellular differentiation pattern 

into the different colonic epithelial lineages are altered in 

NHE2-deficient colon. To study this question, the Alcian blue 

staining which stains goblet cell was utilized. The number of goblet 

cell/crypt was counted and then the difference between NHE2 WT 

(Figure 6, A, C) and KO mice (Figure 6, B, D) was compared. The 
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result showed that the number of goblet cell /crypt in NHE2 KO mice 

was significantly greater than that in NHE2 WT mice (Figure 6, E). 

This result further confirms that the deletion of NHE2 may alter 

lineage differentiation colonic epithelial cells. The experiment shown 

here were supplemented by experiments performed by D.r Anurag 

Singh, who measured the juxtamucosal pH (the microclimate pH 

directly above the surface cells), the mucus layer thickness and the 

mucus layer buildup in the mid-distal colon of anesthetized mice. 

These experiments showed a significantly increased mucus layer 

thickness, as well as an increased mucus layer buildup speed in 

NHE2-deficient mid-distal colon.  

 

Figure 6: Alcian blue staining in distal colon and goblet cell count. 
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E 

 
Figure.6 Alcian blue staining in distal colon and goblet cell count. Alcian blue 

staining was used for goblet cell count (stained in blue) in colonic crypt in NHE2 

WT (A, C) and KO mice (B, D). E: Statistical analysis showed that the number of 

goblet cell/crypt in NHE2 KO mice was significantly greater when compared with 

WT mice. Data are presented as mean±SEM. Scale bars 100μm. 50-80 crypts per 

section, 3-4 sections per mouse and n=3 pairs. *P<0.05. 

 

4.7 Expression of NHE3 in the colonic crypts in NHE2 WT and 

KO mice 

Due to the fact that both NHE2 and NHE3 were localized at the 

apical side of the intestinal epithelial cells, the protein expression 

of NHE3 in colonic crypts was investigated in NHE2 WT and 

NHE2 KO mice. For NHE2 WT mice, NHE3 protein was mainly 

expressed in colonic crypt epithelial cells which occupy the upper 

fifth part of the surface area along the colonic crypts (Figure 7, A). 

When NHE2 gene was deleted in mice, NHE3 protein expression 

was extended to the deeper area but it was still limited within the 

surface area of the colonic crypts (Figure 7, B). 
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Figure 7: NHE3 expression in colonic crypts.  

 

 

NHE2+/+                     NHE2-/- 

Fig.7 Expression of NHE3 in the colonic crypts in NHE2 WT and KO mice. A: 

NHE3 protein was mainly expressed at the apical membrane of colonic crypt 

epithelial cells which occupy the upper fifth part of the surface area along the 

colonic crypts. B: NHE3 protein expression was extended downward to the deeper 

area but it was still limited within the surface area of the colonic crypts. n=3. 

  

4.8 mRNA expression of NHE3, NHE8 and ENaC in the 

different segments of colon in NHE2 WT and KO mice 

In order to get a potential insight into The expression of NHE3, NHE8 

and ENaC-α,β,γsubunits of proximal, middle and distal colon were 

compared in NHE2+/+ and NHE2-/- mice. RPS9 and CK18 were chosen 

as the reference genes for the above target gene expression in the colon 

because they are expressed in anepithelial-predominant fashion in the 

large intestine. It was found that NHE3 is highly expressed in each 

segment of the colon，and there were no significant differences in 

NHE3 and NHE8 expression between NHE2 WT and KO mice 

(Figure 8, A-D). The expression of ENaC-αwas higher than that of 

ENaC-βand ENaC-γ in both middle and distal colon, but only the 

ENaC-γexpression in distal colon was significantly higher in NHE2-/- 

mice when compared with NHE2+/+ mice (Figure 8, E-F). This implies 
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that ENaC-γmay play a compensatory role when the NHE2 gene was 

knock out.  

 

      Figure 8: mRNA expression of NHE3, NHE8 and ENaC in 

different segments of colon in NHE2 WT and KO mice  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure.8 mRNA expression of NHE3, NHE8 and ENaC in the different 
segments of colon in NHE2 WT and KO mice. NHE3 is highly expressed in 

each segment of the colon and there were no significant differences of NHE3 and 

NHE8 expression in colon between NHE2 WT and KO mice (A-D). ENaC-α

presents predominant abundance in the middle and the distal colon among the 

three ENaC subunits, but only the ENaC-γexpression in distal colon was 

significantly higher in NHE2-/- mice when compared with NHE2+/+ mice (E-F). 
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Data are presented as mean±SEM. n=4-5 pairs. *P<0.05 

 

4.9 Fluid absorption of distal colon 

In order to investigate the role of NHE2 in Na+ and water absorption, 

NHE2+/+ and NHE2-/- mice were used for fluid absorption detection. 

When perfused with NaCl at the first 30 minutes, NHE2 deficient mice 

did not present a different fluid absorptive rate compared to WT 

littermates. After adding AZD, a specific inhibitor of NHE3, the fluid 

absorptive rate in both of NHE2+/+ and NHE2-/- mice was significantly 

reduced. For NHE2 WT mice, it decreased by 65% while in KO mice 

it decreased to 10% at the time point of 60 minutes, which may imply 

that NHE3 plays a compensatory function in fluid absorption in NHE2 

KO mice (Figure 9).  

 

Figure 9: Fluid absorption of distal colon 

 

Fig. 9. Fluid absorption in the distal colon For time period from 0-30min, 

luminal perfusate with 130mM NaCl +20mM Hepes, pH7.4; From 31-60 minutes, 

luminal perfusate with  130mM NaCl +20mM Hepes+ 10µM AZD, pH 7.4; From 

61-90min, luminal perfusate with 24mM NaHCO3+106mM NaCl + 20mM 

Mannitol+ 5%CO2+ 10µM AZD. In the basal condition at the first 30 minutes, 

NHE2 deficient mice did not present a different fluid absorptive rate compared to 

WT littermates, but the fluid absorptive rate in both NHE2+/+ and NHE2-/- mice 
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was significantly reduced after adding 10µM AZD. When switched from 

oxygenated saline to CO2/HCO3 − buffered saline with AZD, the CO2/HCO3 −- 

induced increase in fluid absorption could be observed, but not as strongly as that in 

basal saline perfusate without AZD. (data not shown). Data are presented as 

mean±SEM. Scale bars 100μm. n=3 pairs. *P<0.05. 

  

 

4.10 The steady-state pHi of the jejunal villi 

The cellular expression pattern of NHE2 in the small intestine is not 

known. Although early experiments suggested a villus-predominant 

apical NHE2 expression, it is unclear whether the antibody was 

specific for NHE2 or whether it bound to additional proteins. One 

finding that argues against a villus-predominant expression of NHE2 

in the small intestine is its low expression level in areas of the intestine 

in which the total area of the crypt epithelium is small in relation to the 

area of the villus epithelium (i.e. small intestine) and very high in areas 

where the cryptal area predominates (i.e. colon) (See Figure 2 and 11). 

We therefore tried to investigate the cellular expression pattern of 

NHE2 along the crypt-villus axis using laser microdissection. 

Unfortunately, using very sensitive detection methods, RNA 

degradation was always observed. We next tried to isolated jejunal 

crypts using a calcium chelation and centrifugation technique101, but 

the same problem was evident. We therefore do not know the exact 

cellular expression pattern of NHE2 in the small intestine.  

To check if NHE2 was involved in Na+/H+ exchange and intracellular 

pH homeostasis of the upper part of the villus epithelium, the 

steady-state pHi of the jejunal villi was measured using the 

fluorometry technique as described in material and methods. Five to 

ten regions of the jejunal villi were chosen for the steady-state pHi 

measurement for each villus (Figure 10, A). The individual pHi 

measurement trace was shown as an example for either in a NHE2 WT 
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mouse (Figure 10, B1) or in NHE2 KO one (Figure 10, B2). 2-4 

separate traces were acquired from one mouse and 5-6 mice were used 

for each independent experiment. The statistical analysis showed that 

the steady-state pHi of the jejunal villi in NHE2 WT mice (n=6) was 

7.23±0.02 while that in NHE2 KO mice was 7.37±0.07 (n=5). The 

steady-state pHi of jejunal villi in NHE2 KO mice was significantly 

higher compared to that in NHE2 WT mice (** means p≤0.01) (Figure 

10, C). Since an active NHE2 in the plasma membrane can only result 

in an increase of steady-state pHi, the results suggest that the epithelial 

cells in the upper villus area regulate their steady-state pHi by 

mechanisms other than NHE2, and that the higher steady-state pHi 

found in the enterocytes in the upper villi of the NHE2 KO jejunum 

may be due to changes in the expression and/or membrane localization 

of other acid/base transporters.  

 

 

Figure 10: The steady-state pHi of the jejunal villi (n=5-6) 
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Fig. 10. The steady-state pHi of the jejunal villi. Proximal jejunal villi were 

microdissected under the microscope and the steady-state pHi was measured by 

fluorometry. A: Five to ten regions of the jejunal villi were chosen for the 

steady-state pHi measurement for each villus. B1, B2: Individual traces of villus 

steady-state pHi measurement in NHE2 WT and KO mice respectively. C: The 

steady-state pHi of the proximal jejunal villi in NHE2 KO (n=5) mice was 

significantly higher when compared with WT mice (n=6). Data are presented as 

mean±SEM.. **P<0.01. 

 

4.11 The morphology of the jejunum 

The morphology of the jejunum of NHE2 WT (n=5) and NHE2 KO 

(n=5) mice was compared by measuring the length the jejunal villi 

(Figure 11, A and B), the height of the crypts, and the width of the 

crypts (Figure 11, C and D) by Image J software. The results showed 

that there was no significant difference in both the height and the width 

of the crypts of the jejunum of NHE2 WT and NHE2 KO mice (Figure 

11, E). However, the length of jejunal villi in NHE2 KO mice was 
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significantly reduced compared to that in NHE2 WT mice (* means 

p≤0.05) (Figure 11, E), which suggests that NHE2 was involved in the 

morphogenesis of the jejunal villi and the possible reason was due to 

the changed steady-state pHi of the jejuna villi given to the above 

resuts.  

 

 

Figure 11: The morphology of the jejunum 
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Fig. 11. The morphology of the jejunum. The proximal jejunum of NHE2+/+ 

mice displayed elongated villi (A) when compared with WT mice (B). 

Measurement of length and width of crypts in the proximal jejunum in NHE2+/+ 

and NHE2-/- mice (C, D). E: Statistical analysis showed that there were no 

difference in crypt length or width between NHE2 WT and KO mice. Data are 

presented as mean±SEM. Scale bars 200μm and 50μm. n=5 pairs. *P<0.05 

 

4.12 The proliferation of the jejunum 

The cell proliferation was analyzed by the immunohisto -chemistry 

staining of the proliferation marker Ki67. The images were acquired at 

magnifications of 10× (Figure 12, A, B) and 20× (Figure 12, C-F). The 

presence of Ki67 positive cells was mainly limited to the crypt area for 

both NHE2 WT (Figure 12, A) and NHE2 KO (Figure 12, B) mice. 

The proliferative zone was measured as distance from the crypt base to 

the highest Ki67 labeled cell (Figure 12, E, F). The statistical analysis 

showed that the length of the proliferation zone of the proximal 

jejunum in NHE2 KO mice was significantly greater than that in WT 

ones (Figure 12, G). n=4. This result implied that NHE2 regulates the 

proliferation of jejunal crypt epithelial cells and the lack of NHE2 in 

mice will promote the proliferation of the jejunal crypt epithelial cells. 
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Figure 12: The proliferation zone of the jejunal epithelial cells 

   

  

  

          NHE2+/+                       NHE2-/- 
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Fig. 12. The proliferation zone of the jejunal epithelium. The proliferation zone 

of the proximal jejunum in NHE2+/+ and NHE2-/- mice was investigated by Ki67 

staining (A, B). C, D: Crypt region with higher magnification. The length of the 

proliferation zones of crypts were measured as shown in E, F. G: The length of the 

proliferation zone of the proximal jejunum was significantly greater in NHE2 KO 

than in WT mice. Data are presented as Mean±SEM. Scale bars 200μm and 
100μm. n=4 pairs. *P<0.05 

 

4.13 The integrity of the jejunal epithelial cells 

The integrity of the jejunal epithelial cells was investigated with 

E-cadherin (green, Figure 13, A-F) and ZO-1 staining (green, Figure 

13, G-P). The nuclei were stained with DAPI (red), F-actin was stained 

with Alexa Fluor 633 phalloidin (red). The images were acquired at 

magnifications of 40× (Figure 13, A, B, G, H) and 63×, Zoom 4 

(Figure 13, C-F, I-P). The results showed that E-cadherin expression 

was similar in both the crypt (Figure 13, C1, E1) and the surface of 

villi (Figure 13, D2, F2) between NHE2 WT (A, C, D) and KO mice 

(B, E, F), while the intensity of E-cadherin was significantly greater in 

both the lower middle (Figure 13, C2, E2) and the higher middle 

compartments (Figure 13, D1, F1) of villi in NHE2 WT mice 

compared to KO ones (Figure 13, Q). Similarly, there were no changes 

in ZO-1 expression in the crypts (Figure 13, I, M), but significantly 

decreased expression in the lower middle (Figure 13, J, N), the higher 
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middle (Figure 13, K, O) and the surface area (Figure 13, L, P) of 

NHE2 WT mice compared to NHE2 KO mice (Figure 13, R). Due to 

that both E-cadherin and ZO-1 are the markers of the epithelial 

integrity, the above results indicate that NHE2 could maintain the 

integrity of the proximal jejunal epithelial cells in the jejunal villi but 

not jejunal crypts.  

 

Figure 13: The integrity of proximal jejunal epithelial cells 

(E-cadherin and ZO-1) 
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Fig. 13. The integrity of proximal jejunal epithelial cells (E-cadherin and 
ZO-1). The integrity of the jejunal epithelial cells was investigated with 

E-cadherin (green, A-F) and ZO-1 staining (green, G-P). The nuclei were stained 

in blue and F-actin was stained in red. The images were acquired at magnification 

of 40× (A, B, G, H) and 63×, Zoom 4 (C-F, I-P). The intensity of designated 

protein was calculated with Image J software as mean integrated density (/pixel). 

Q: The quantitative analysis showed that E-cadherin expression in both the crypt 

and the surface of villi were similar between NHE2 WT (C1, D2) and KO mice 

(E1, F2), while the intensity of E-cadherin was significantly greater in both the 

lower middle (C2, E2) and the higher middle (D1, F1) region of villi in NHE2 WT 

(C2, D1) compared to KO mice (E2, F1). Similarly, there were no changes of 

ZO-1 expression in the crypt (I,M), but significantly decreased expression in the 

lower middle (J, N), the higher middle (K, O) and the surface area (L, P) of NHE2 

KO mice compared to NHE2 WT mice (R). Data are presented as mean±SEM. 

Scale bars 5μm. n=4. *P<0.05 

 

4.14 NHE3 localization in the brush border membrane (BBM) 

NHE3 protein was mainly distributed in both the terminal web region 

and outside the terminal web region in NHE2 WT mice (Figure 14, A) 

while NHE3 protein in NHE2 KO mice was localized close to terminal 

web region (Figure 14, B), which suggests that NHE2 loss in mice 

results in the trans-localization of NHE3 protein towards the lumen 

side of jejunal villi. 
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Figure 14:  NHE3 localization in relation to F-actin 

 

 
Figure.14. NHE3 localization in relation to F-actin. A. In the BBM of NHE2 

WT mice, NHE3 was localized in the terminal web region (NHE3 colocalized with 

the peak of the F-actin signal) and the microvillar region (NHE3 localized more 

towards the lumen relative to the peak of the F-actin signal). B. In the BBM of 

NHE2 KO mice, NHE3 was distributed more in the microvillar region relative to 

the peak of the F-actin signal and that less NHE3 is found in the terminal web 

region in NHE2 KO mice. 

 

4.15 Goblet cell count in proximal jejunum 

  Alcian blue staining which stains goblet cell was used to count the 

number of goblet cell/villi in proximal jejunum and the difference 

between NHE2 WT (Figure 15, A) and KO mice (Figure 15, B) was 

compared. Images with higher magnification are displayed in Figure 

15, C, D to better show the stained goblet cells. The result showes that 

the number of goblet cell /villus in NHE2 KO mice was significantly 

greater than that in NHE2 WT mice (Figure 15, E). This result 

indicates that the NHE2 deficient mice could have an enhanced 

proliferation of intestinal epithelial cells including the goblet cells.  
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Figure 15:  Alcian blue staining in proximal jejunum and goblet 

cell count. 
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Figure. 15. Alcian blue staining in proximal jejunum and goblet cell count. 
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Alcian blue staining was used for goblet cell count (stained in blue) in proximal 

jejunum in NHE2 WT (A) and KO mice (B). C, D: Images with higher 

magnification, arrows point to typical goblet cell. E: Statistical analysis showed 

that the number of goblet cell /villus was significantly greater in NHE2 KO mice 

than in WT mice. Data are presented as mean±SEM. Scale bars 200μm and 100μm. 
n=3 pairs. *P<0.05. 

 

4.16 Enterocyte crypt-villus migration measurement 

NHE2 WT/KO mice were subjected to injection of BrdU and 

sacrificed at the indicated time point. Proximal jejuna were removed at 

and processed for routine histology. Tissue sections were examined 

after staining with anti-BrdU antibody. Nuclei were counterstained 

with DAPI. BrdU-labeled enterocyte migration was analyzed as 

described in Methods. BrdU-labeled cells are dark red and nuclei are 

blue. Immnohistochemistry was performed for the indicated time 

points (3 hours, 1 day, 2 days and 3 days) after BrdU injection in 

NHE2 WT and KO mice, respectively (Figure 16, A). Quantitative 

analysis revealed an increase in BrdU-labeled enterocyte crypt-villus 

migration after genetic deletion of NHE2 (Figure 16, B). This result 

indicate that NHE2 was also involved in the migration of the proximal 

jejunal epithelial cells and NHE2 gene deletion in mice would increase 

the migration speed of the jejunal epithelial cells.  
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Figure 16: Brdu staining in pro. jejunum and migration 

measurement  

 

A 
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B 

 

Figure. 16. Brdu staining in proximal jejunum and migration measurement. 
Mice were injected with Brdu and sacrificed at the designated time. A: 

Immunohistochemistry from mice sacrificed at different time points after Brdu 

injection in NHE2 WT and KO mice. B: Migration distance was measured as the 

length from crypt base to the highest Brdu labeled cell. Statistical analysis shows 

that migration speed of enterocyte in NHE2 KO mice was significantly faster than 

that in WT mice at each time point (3 hours, 1 day, 2 days and 3 days). Data are 

presented as mean±SEM. Scale bars 100μm. n=40-80 villi/mouse, and 2 pairs of 

mice were used for each time point. *P<0.05. 

 

In the following part of the thesis, the cellular function of NHE2 

was explored by shRNA-mediated NHE2 knockdown in the 

self-differentiating Caco2bbe cells, and the comparison of basic 

cellular features in the empty-vector vs NHE2 knockdown cells.  
 

 

4.17 NHE2 gene knock down efficiency in Caco-2BBe cells 

The NHE2 gene was knocked down by using 5 different shRNA 

plasmids to inhibit the NHE2 mRNA expression in Caco-2BBe cells 
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and the efficiency was investigated. Finally the shRNAs 1, 4, 5 were 

co-transfected into Caco-2BBe cells to inhibit NHE2 gene expression. 

The result displayed that NHE2 mRNA expression was inhibited by 

70-80% (Figure 17). In the meantime, NHE3 mRNA expression 

increased in C2N2KD cells but NHE1 mRNA expression was not 

changed between these two groups, which implied that NHE3 but not 

NHE1 may be an possible compensatory Na(+)/H(+) exchanger when 

NHE2 gene was knock down in Caco-2BBe cells. 

 

Figure 17: NHE1, 2, 3 mRNA expression in C2pLKO.1 and 

C2N2KD cells  

 

Fig. 17. NHE1, 2, 3 mRNA expression in C2pLKO.1 and C2N2KD cells. To 

examine the NHE2 gene knock down efficiency, real time PCR results showed that 

NHE2 gene expression was significantly reduced to 70-80% in C2N2KD cells 

when compared to that in C2pLKO.1 cells. There was no difference in NHE1 gene 

expression but NHE3 gene expression was significantly higher in C2N2KD than 

that in C2pLKO.1 cells. Data are presented as mean±SEM. *P<0.05. The 

experiment was repeated three times. ß-actin was used as the reference gene. 

   

4.18 The cell volume of C2pLKO.1 and C2N2KD cells 

To compare the cell volume difference, both the C2pLKO.1 (Figure 18, 

A) and C2N2KD (Figure 18, B) cells were trypsinized and the images 
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of cells were acquired with phase contrast microscopy. Then the cell 

area was measured with Image J software, and the cell volume was 

calibrated to compare the cell volume difference between C2pLKO.1 

and C2N2KD cells. The result showed that there was no significant 

difference of the cell volume between C2pLKO.1 and C2N2KD cells 

(Figure 18, C), which suggests that NHE2 was not essential for the 

maintenance of the cell volume in Caco-2BBe cells. 

 

Figure 18: Cell volume of C2pLKO.1 and C2N2KD cells 

 

C2pLKO.1                   C2N2KD 

 

 

Fig. 18. Cell volume of C2pLKO.1 and C2N2KD cells. The morphology of 

C2pLKO.1 (Figure 18, A) and C2N2KD (Figure 18, B) cells were observed with 

phase contrast microscopy after cell trypsination. The cell volume of C2N2KD 



 74 

cells was lower compared to C2pLKO.1 cells but without significant difference. 

The experiment was repeated three times. Data are presented as mean±SEM. Scale 

bars 50μm. *P<0.05. n=3 trials. 

 

4.19 The adherence and proliferation of C2pLKO.1 and C2N2KD 

To check the effect of NHE2 gene knock down on cell adhesion ability 

of C2pLKO.1 and C2N2KD cells, both of these cell lines were seeded 

into 96 well plates at the same density and then the cell number was 

counted after 24 hours. It was found that the number of C2pLKO.1 

(Figure 19, A) cells was significantly higher compared to that of 

C2N2KD cells (Figure 19, B), which suggested that NHE2 gene knock 

down led to the attenuation of cell adhesion ability (Figure 19, C). To 

analyse the cell proliferation, the initial cell number was counted and 

the percentage of the cell number relative to the initial cell number was 

determined for different time points. The result shows that after 72 

hours the proliferation of C2N2KD was lower significantly compared 

to that of C2pLKO.1 (Figure 20), which implies that NHE2 was 

essential to maintain the viability and proliferation of C2BBe cells.  

 

Figure 19: Cell adhesion of C2pLKO.1 and C2N2KD cells 
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Fig. 19. Cell adhesion of C2pLKO.1 and C2N2KD cells. The cell images of 

C2pLKO.1 (Figure 19, A) and C2N2KD (Figure 19, B) cells were acquired under 

the phase contrast microscopy after 24 hours when the cells were plated at the 

same density. For each group 5 different regions of the cells were taken to count 

the cell number with Image J software and the average value means the number of 

adherent cells. The adherent cell number in C2pLKO.1 cells was significantly 

increased compared to that in C2N2KD cells(Figure 19,C).  

 

Figure 20: Cell proliferation of C2pLKO.1 and C2N2KD cells 

 
Fig. 20. Cell proliferation of C2pLKO.1 and C2N2KD cells. The initial cell 

numbers of both C2pLKO.1 and C2N2KD cells at 24 hours were defined as 100%. 

After 48 hours, there was no difference between these two groups. After 72 hours, 

however,  the cell number of C2pLKO.1 cells was significantly increased 

compared to that of C2N2KD. The experiment was repeated three times. Data are 

presented as mean±SEM. *P<0.05. 

 

4.21 Steady-state pHi of C2pLKO.1 and C2N2KD 
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The steady-state pHi of C2pLKO.1 cells (Figure 21, A) was 7.62±0.03 

while that of C2N2KD cells (Figure 21, B) was 7.48±0.03. The 

steady-state of pHi in C2pLKO.1 cells was significantly higher 

compared to that in C2N2KD cells. This result suggests that NHE2 

could regulate the steady-state pHi of Caco-2BBe cells and the 

inhibition of NHE2 gene could decrease the steady-state pHi in 

Caco-2BBe cells. 

 

Figure 21: Steady-state pHi of C2pLKO.1 and C2N2KD 

cells

 

 

Fig. 21. Steady-state pHi of C2pLKO.1 and C2N2KD cells. The steady-state 

pHi changes of C2pLKO.1 (A) and C2N2KD (B) cells were measured when cells 

were perfused with HEPES buffer solution followed with pH6.5 and pH7.0 

calibration solution gassed with O2. The steady-state pHi of C2pLKO.1 cells is 

significantly higher compared to that of C2N2KD cells (C). The experiment was 

repeated three times and three coverslips were examined for each time. Data are 

presented as mean±SEM. *P<0.05.   

 

4.22 TEER measurement 

The result shows that TEER of both C2pLKO.1 and C2N2KD cells 
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increased over time, which implies that the resistance increased as 

Caco-2BBe cells differentiated. However, at the early stage TEER was 

higher in C2pLKO.1 than in C2N2KD cells whereas at the late stage it 

was the other way around. (Figure 22), which suggests that NHE2 

could affect the differentiatin of Caco-2BBe cells in different stages. 

 

Figure 22: TEER measurement of C2pLKO.1 and C2N2KD cells 

 

 

 

 

 

 

 

 

 

 

 

Fig. 22. Transepithelial electrical resistance of C2pLKO.1 and C2N2KD cells. 
In the early phase (day 1~3), TEER of C2pLKO.1 cells is higher than that of 

C2N2KD cells. However, TEER of C2pLKO.1 cells is lower compared to that of 

C2N2KD cells in the late phase (day 5~14). The experiment was repeated three 

times. Data are presented as mean±SEM.  

 

4.23 E-cadherin, ZO-1, occludin expression of C2pLKO.1 and 

C2N2KD 

On day 2 and day 14, E-cadherin (Figure 23, A, D), ZO-1 (Figure 23, 

B, E), and occludin (Figure 23, C, F) expression, both xyz (upper) and 

xzy (lower) scanning models were chosen to analyze. Their expression 

levels were calibrated by the fluorescence intensity with Image J 

software. The results revealed that obviously E-cadherin expression 

was greater in C2pLKO.1 cells than that in C2N2KD cells on day 2 
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(Figure 23, A). However, both the expression of ZO-1 (Figure 23, B) 

and occludin (Figure 23, C) increased in C2N2KD cells (Figure 23, G). 

On day 14, the expression of E-cadherin (Figure 23, D), ZO-1 (Figure 

23, E), and occludin (Figure 23, F) were significantly higher in 

C2N2KD cells compared to that in C2pLKO.1 cells (Figure 23, H). 

The result indicates that the integrity of Caco-2BBe cells was 

influenced by NHE2 mediated junction protein expression and the 

distinct expression of these junction protein is required to be clarified. 
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Figure 23: E-cadherin, ZO-1, occludin expression in C2pLKO.1 and 

C2N2KD cells 
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Fig. 23. Junctional protein expression in C2pLKO.1 and C2N2KD cells on 
day 2 (A-C) and day 14 (D-F). For each row, 1,2 means C2pLKO.1 cells and 3,4 

means C2N2KD cells. E-cadherin (A,D), ZO-1 (B,E), and occludin (C,F) 

expression was examined with immunofluorescence and the xyz and xzy modes of 

the images were acquired using the Inverted MP microscopy. The integrated 

density of the fluorescence was calibrated with Image J software to mean the 

protein level. On day 2, E-cadherin expression was significantly reduced in 

C2N2KD cells when compared to that in C2pLKO.1 cells while both ZO-1 and 

occludin expression was significantly increased in C2N2KD cells (G). On day 14, 

the expression of E-cadherin, ZO-1, and occludin were significantly increased in 

C2N2KD cells compared to that in C2pLKO.1 cells (H). The experiment was 

repeated three times. Data are presented as mean±SEM. Scale bars 10μm. 
*P<0.05. 
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4.24 Wound healing assay in C2pLKO.1 and C2N2KD 

To compare the migration of C2pLKO.1 with that of and C2N2KD 

cells, the migration velocity was measured in wound healing assays. 

The wound healing velocity is given as MI index and the MI 

determined for C2pLKO.1 cells at 12 hours was defined as 100%, and 

the wound healing velocity in other conditions was defined relative  

to it . At different time points of 12, 24, 36, 48 hours, respectively, the 

wound healing velocity of C2N2KD cells was significantly reduced 

compared to that of C2pLKO.1 cells (Figure 24), which suggests that 

NHE2 could promote the wound healing velocity of Caco-2BBe cells. 

 

Figure 24: Wound healing assay between C2pLKO.1 and C2N2KD 

cells 

 
Fig. 24. Wound healing assay of C2pLKO.1 and C2N2KD cells. Before 

scratching, 50µg/ml Mitomycin C was used to inhibit the proliferation. At 

different time points, 12 hours, 24 hours, 36 hours, and 48 hours after the wound 

scratching, the migration speed of C2pLKO.1 cells was significantly higher 

compared to that of C2N2KD cells. The experiment was repeated three times. Data 

are presented as mean±SEM. *P<0.05.   
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5. Discussion 

Ion transporters/channels are required for the renewal of the small 

and large intestinal epithelial cells, including proliferation, 

differentiation, migration102, apoptosis, and others. Functional 

deficiency of ion transporters/channels will lead to behavioral changes 

in the gastrointestinal epithelial cells. For example, mutation of the 

DRA gene in mice resulted in an aberrant growth pattern of colonic 

mucosa and the elongation of the proliferation zone in colonic 

crypts103. In addition, CFTR KO mice displayed ileal crypt elongation, 

extension of the proliferation zone, and a decreased apoptosis rate104. 

Recently it was found that the absence of SLC26A9 expression in 

CFTR-deficient mice caused the elongation of the duodenal villi/crypts 

as well as an enhancement of the proliferation in young age mice but 

not in adult mice105. The above mentioned reports suggest that ion 

transporters are involved in the growth and proliferation of the GI 

epithelial cells, although their role in GI epithelial cells is influenced 

by other factors including age, intestinal segment, localization within 

the crypt-villus axis, site, and others.   

 

5.1 Essential role of NHE2 in the pH regulation, proliferation, 

integrity and migration of the jejunal epithelial cells 

NHE2 is reported to be mainly expressed in gastric, jejunal and 

colonic tissues106 and the present study focused on the role of NHE2 in 

the cellular behavior of jejunal and colonic epithelial cells. Firstly the 

effect of NHE2 gene deficiency in mice on the morphology of the 

jejunum was investigated. It was found that the length of the jejunal 

villi in NHE2 KO mice was significantly reduced compared to that in 

NHE2 WT mice. Furthermore, the steady-state pHi of jejunal villus tip 

cells in NHE2 KO mice was significantly higher compared to that in 
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NHE2 WT mice. This phenomenon is difficult to interprete. Since the 

exact cellular expression of NHE2 in the small intestine is not known, 

we tried to investigate the cellular expression pattern of NHE2 along 

the crypt-villus axis using laser microdissection. Unfortunately, we 

consistently failed to detect consistent NHE2 expression due to the 

obvious RNA degradation. So for future work, we should find more 

sensitive detection way to solve this problem.  

It has been proven that the enhancement of apoptosis is the main 

factor to shorten the length of the small intestinal villi107,108. So NHE2 

gene deletion may enhance the apoptosis of the jejunal villi epithelial 

cells and this phenotype could be caused by the intracellular pH 

changes. Until now there have been plenty of reports that alteration of 

intracellular pH was involved in apoptosis, but these results were not 

consistent. Dominique Lagadic-Gossmann et al. found that the 

activation of the Fas receptor pathway, which was mainly responsible 

for the apoptosis, resulted in the inhibition of Na+/H+ exchange and the 

intracellular acidification109. However, it was reported that 

dexamethasone was capable of inducing an intracellular alkalization 

leading to thymocyte apoptosis, but this process could be reversed by 

applying the Na+/H+ exchanger inhibitor 5-(N,N’-dimethyl) 

-amiloride110. So the relationship between intracellular pH and 

apoptosis is with regard to differences in cell line or tissue – possibly  

multiplex. To clarify the mechanism by which NHE2 deletion in mice 

affects the intracellular pH and enhancement of apoptosis, further 

studies are required to confirm the fact that the loss of NHE2 function 

in jejunum causes an increased apoptosis rate and to elucidate a 

possible signaling pathway via intracellular pH. Surprisingly, NHE2 

gene deletion in mice led to the elevation of the steady-state pHi in 

jejunum villi, which implies that there should be some compensation 

mechanisms existing. Hua Xu et al. found that the expression of both 
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NHE2 and NHE3 increased to compensate for the loss of function of 

NHE8 in small intestine20. Vice versa, it was also proven that NHE8 

was able to compensate for NHE2 and NHE3 double knockout in 

female mice for the balance of intestinal sodium absorption111. We 

therefore performed mRNA expression studies by quantitative PCR in 

the different colonic segments, because the colon is the intestinal 

segment of the highest NHE2 expression and we believed that 

compensatory effects may be most obvious in the large intestine 

(Figure 8). Although we did see a higher NHE8 expression in the distal 

and a higher NHE3 expression in the mid colon of the NHE2 KO 

compared to the WT mouse, the results were not significant, possibly 

due to the relatively low numbers and the fact that we used the whole 

intestinal segment. In the small intestine, we did not think them useful 

because of the large mass of cells that are nonepithelial, and the 

difficulty to interpret expression changes at the whole intestinal 

segment level. Such experiments are ongoing at the cellular level in 

our laboratory now.  

Analyzing the difference in the proliferation of the jejunal 

epithelial cells between NHE2 WT and KO mice, the Ki67 staining 

revealed that the proliferative cells were mainly located in jejunal 

crypts and it also showed that the Ki67 positive proliferation zone in 

jejunal crypts was significantly elongated when the NHE2 gene was 

deleted. The integrity of the jejunal villi epithelial cell paracellular 

pathway was compared by the staining of E-cadherin (adherens 

junctions) and ZO-1 (tight junctions). It revealed that in the lower and 

middle part of the villi, but not in the crypts, both E-cadherin and 

ZO-1 protein expression were significantly reduced in NHE2 KO mice 

compared to that in NHE2 WT mice, which suggests that NHE2 gene 

deletion in mice may result in a compromised barrier function in the 

base of the villi. This is interesting in view of the finding of Moeser et 
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al. that, in comparison with NHE2 WT mice, serine phosphorylation of 

occludin and claudin-1 was downregulated in the jejunal tissue of 

NHE2 KO mice and that the jejunal permeability during the 

postischemic recovery process was increased in NHE2 KO mice63. 

E-cadherin belongs to the group of adherens junction protein and 

occludin, claudin-1, and ZO-1 belong to the group of tight junction 

proteins, both of which are intercellular junction proteins. Intracellular 

junctions are considered as crucial for intestinal epithelial adhesion 

and barrier function112,113. So, NHE2 deficiency in mice may cause 

increased jejunal epithelial permeability and impaired barrier function 

through an altered expression of tight junction and adherent junction 

proteins. As mentioned above, NHE2 KO mice displayed an  

elongated proliferation zone in the jejunal crypt but the underlying 

mechanism is unclear. Interestingly, Rudy Rijke et al. found that, in the 

small intestine, a reduction of functional villus cells was accompanied 

by the reinforcement of the crypt cell proliferation114,115 and the 

feedback of the villus cells to the crypt cell proliferation was 

controlled by Jagged-2/Notch-1/Hes-1 signal pathway116, which could 

be an alternative explanation for the elongation of the jejunal crypt 

proliferation zone in NHE2 KO mice. Furthermore, it was also found 

that the jejunal epithelial cell migration was enhanced in NHE2 KO 

mice compared to that in NHE2 WT mice. It has been reported that, in 

the small intestine, E-cadherin conditional knockout mice displayed 

the reinforcement of cell proliferation, apoptosis, and migration of 

small intestinal epithelium117. Therefore, NHE2 coordinates the 

proliferation, integrity, apoptosis, and migration via the involvement of 

tight/adherens junctions in the renewal of jejunal epithelial cells. 

 

5.2 Essential role of NHE2 in the pH regulation, proliferation, 

integrity and migration of the colonic crypt epithelial cells 
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It has been proven that NHE2 was also localized in both surface 

and base area of the colonic crypts40. NHE2 localized in surface 

epithelial cells is responsible for the Na+/H+ exchange and water 

absorption57. However, its deficiency in mice did not result in diarrhea 

phenotype due to the compensation mechanism via other ion 

transporters40. On the other hand, given to the fact that NHE2 is also 

highly expressed in the base area of colonic crypt epithelial cells, the 

role of NHE2 in the cell behavior of colonic crypt epithelial cells was 

also explored. 

To confirm the role of NHE2 in physiological homeostasis of 

colonic crypt epithelial cells, firstly the steady-state pHi of colonic 

crypt epithelial cells was measured by using fluorometry, and we 

found that the pHi is more acidic in the crytal base than in the surface 

cells both in WT and NHE2 KO colonic crypts. However, the pHi was 

significantly lower along the crypt axis in NHE2 KO compared to WT 

mice, with a strikingly delayed onset of a more alkaline steady-state 

pHi in the lower part of the crypts. This points to the hypothesis that 

NHE2 function is stimulated, leading to a more alkaline pHi, as the 

cells move out of the stem cell and transiently amplifying zone and 

start to differentiate.  

 As we know, there are several kinds of signaling pathways 

functioning along the colonic crypt axis, such as the BMP signaling 

pathway, the TGF-ß signaling pathway and the Wnt signaling pathway. 

Their expressions form gradients along the crypt axis118. Therefore, the 

mouse colonic crypts were divided into four parts from the base to the 

surface area along the crypt axis, including the base, lower middle, 

higher middle and surface part, respectively. Surprisingly, the 

steady-state pHi in NHE2 WT mice, like the signaling pathways, 

appeared as a gradient increasing from the base to the surface part 

along the crypt axis. In the base area of colonic crypts, the steady-state 
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pHi was acidic while it was alkaline in the surface area. The gradient 

of a steady-state pHi along the crypt axis was consistent with the 

gradient of the Wnt signaling pathway, which primarily determines the 

proliferation of colonic crypt epithelial cells. So we hypothesized that 

NHE2 could be involved in the proliferation of colonic epithelial cells 

by the control of the steady-state pHi. The steady-state pHi reduction 

in NHE2 deficiency colonic crypts should subsequently lead to the 

change of proliferation in colonic crypt epithelial cells.  

Therefore, Ki67, a special marker for cell proliferation, was chosen 

for crypt tissue staining to analyze the distribution of Ki67 positive 

cells along the crypt axis. Interestingly, we found that in NHE2 WT 

mice, Ki67 positive cells were limited to the base part area of the 

colonic crypts where the steady-state pHi of the crypt epithelial cells 

was acidic; Ki67 positive cells were rare in the surface area where the 

steady-state pHi was alkaline. So, the acidic intracellular pH should be 

necessary for the proliferation of the epithelial cells in the base area of 

the colonic crypts while the alkaline intracellular pH would promote 

the differentiation of the epithelial cells in the surface area of the 

colonic crypts. Accordingly, the Ki67 positive proliferation zone in 

NHE2 KO mice was extended to the middle area of the colonic crypts 

and thus similar to the extension of acidic steady-state pHi to the upper 

area from the base area, which would support the hypothesis that 

acidic intracellular pH is required for the proliferation of the colonic 

crypt epithelial cells. Moreover, NHE2 KO mice have enlongated 

crypts in their distal colons, which may be induced by the increase of 

cell proliferation in colonic crypt. At the same time, the number of 

goblet cells in each crypt was also significantly greater in NHE2 KO 

mice. All the above mentioned phenotypic features match the typical 

pathologic appearance of goblet cell hyperplastic polyps119, which 

indicates that NHE2 mutation could be a potential risk factor for the 
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development of goblet cell hyperplastic polyps. Similar to the result of 

the jejunal epithelium in NHE2 KO mice, E-cadherin expression was 

also obviously downregulated in NHE2 KO mice. In addition, the 

migration rate of colonic crypt epithelial cells increased significantly 

in NHE2 KO mice. Taken together, NHE2 is involved in the 

proliferation, integrity, and migration of distal colonic crypt epithelial 

cells. 

However, the mechanism by which NHE2 affects the proliferation 

of colonic crypt epithelial cells still remains unclear. As we know, both 

the gastrin mRNA in stomach and the serum gastrin concentration 

were elevated in NHE2 null mutants65 and gastrin may be involoved in 

the proliferation of intestinal crypt cells120, so the proliferation of the 

colonic crypt cells may be induced by increased gastrin levels caused 

by NHE2 gene deletion. To check the possibility of this mechanism for 

the proliferation, the proliferation zone changes of both Slc26a9 and 

CAII null mutants were examined but there were no obvious changes. 

Slc26a9 gene deficiency in mice also leads to the upregulation of 

gastrin expression121. However, Slc26a9 is not expressed in colon96, 

which can be used as a negative control. CAII null mice also have a 

higher gastrin level and CAII is highly expressed in colon, which can 

be used as positive control. According to the result that there are no 

obvious changes to both the length of the colonic crypt proliferation 

zone and the ratio of the proliferating cells/total cells in Slc26a9 null 

mice. Surprisingly, the length of proliferation zone was increased but 

the ratio of the proliferating cells/total cells was reduced when CAII 

gene was knocked out in mice. Thus, it can be concluded that the 

increased proliferation of colonic crypt epithelial cells in NHE2 KO 

mice is not caused by an increased gastrin level. 

On the other hand, the proliferation of the colonic crypt epithelial 

cells along the crypt axis is accurately controlled by the Wnt/β-catenin 
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signaling pathway. There could be a relationship existing between 

NHE2 and Wnt/β-catenin signaling pathway. Due to the fact that 

NHE2 deletion resulted in the decrease of steady-state pHi of colonic 

crypt epithelial cells, probably the Wnt/ß-catenin signaling pathway 

was influenced by the reduced steady-state pHi induced by NHE2 gene 

deficiency. Recently it has been reported that intracellular pH is able to 

regulate the Wnt signaling pathway. Simons et al. found that, when the 

Nhe2 gene was inhibited with RNAi technique, the stable membrane 

localization of Nhe2 failed in Drosophila melanogaster cells122. 

Normally the Dsh DEP domain binds to negatively charged 

phospholipids but under the condition of a decreased intracellular pH, 

the negatively charged phospholipids will be partially neutralized by 

the cytosolic protons and the interaction between positively charged 

Dsh DEP and negatively charged phospholipids is not strong enough 

to maintain the recruitment of Dsh protein to membrane122 which is 

necessary for the initiation of the Wnt signaling pathway and the 

transcription of the target genes such as c-Myc123,124 for cell 

proliferation and cyclin D1125,126 for cell cycle regulation. Moreover, a 

similar result was also discovered in HEK293 cells when intracellular 

pH was reduced by NHE3 inhibition122. So, NHE2 could control the 

proliferation of the colonic crypt epithelial cells via the pH- mediated 

Wnt signaling pathway. In addition, the proliferation of colonic crypt 

epithelial cells was accompanied by an increase in the number of 

goblet cells in each colonic crypt, which implies that NHE2 is 

probably also localized in goblet cells and further studies are needed to 

prove this hypothesis.  

The mechanism how NHE2 gene deficiency in mice impairs the 

colonic epithelium integrity is still unclear. It was known that 

epithelial-to-mesenchymal transition (EMT) could be induced by Wnt 

signal pathway127. EMT could induce the loss of epithelial 
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characteristics and the acquisition of the typical mesenchymal features. 

For example, the expression of the epithelial marker E-cadherin is 

downregulated while the expression of mesenchymal markers, such as 

N-cadherin, vimentin, and fibronectin, is upregulated during the EMT 

process128. Additionally, EMT can cause the loss of apical-basal 

polarity and intercellular junctions129, which leads to the impaired 

barrier function and a reinforced epithelial permeability130. At the same 

time, the loss of apical-basal polarity in the process of EMT was 

followed by the formation of a front-rear polarity, which is essential 

for the mesenchymal cell migration131. Given to the fact that  

activation of Wnt signaling pathway could be caused by NHE2 

deletion and subsequent cytoplasmic acidification, thus NHE2 deletion 

in mice resulting in the reduction of intracellular pH could lead to the 

activation of the Wnt signaling pathway. After that EMT could be 

induced by Wnt signaling pathway, which would increase proliferation, 

migration, and the impairment of the epithelial integrity in NHE2 KO 

mice. EMT plays an essential role in the pathophysiological process of 

colonic carcinogenesis132,133 and it has been reported that NHE2 

mRNA expression was distinctly reduced in colon carcinoma tissue 

compared to that in normal colon tissue80. However, probably the 

NHE2 gene deficiency in mice only makes them be more sensitive to 

the occurrence of colonic tumorigenesis but does not directly induce 

cancer. In order to clarify the role of NHE2 in tumorigenesis, some 

other tumor inducers, such as azoxymethane (AOM)134, should be used 

and then the incidence of the colonic tumor in NHE2 WT and KO 

mice be compared.   

In the present study, it was found that both the proliferation and the 

migration of the intestine epithelial cells in colon and jejunum were 

elevated when NHE2 gene was knocked out in mice. The above 

discussion mentioned that the enhanced migration may be induced by 
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EMT and Wnt signal pathway. However, there was another possibility 

that the migration was promoted by the increased proliferation. Our 

previous study found that the single Caco-2BBe cell did not migrate, 

so the migration of the intestine crypt epithelial cells may be pushed 

by the proliferated cells from the crypt, and it can be called passive 

migration and the migration induced by EMT and other signal 

molecular can be called active migration. Further studies are required 

to tell the different role of these two kinds of migration patterns in the 

renewal of intestine crypt epithelial cells. 

Furthermore, the present study revealed that at standard conditions 

there was no significant difference in fluid absorption between NHE2 

WT and KO mice, which could explain the fact that NHE2 deficiency 

mice had no diarrhea68. To investigate the compensatory mechanism, 

the mRNA expression of several related ion transporters/channels were 

examined using real time PCR and it was found that only ENacγ 

expression was significantly increased in the distal colon of NHE2 KO 

mice but NHE3 and NHE8 mRNA expression was not changed. Due to 

that ENacγcould promote the import of sodium ions from the lumen 

into the colonic epithelial cells and its downregulation can cause the 

diarrhea135,136. Thus, ENacγ could be take part in the compensation of  

the sodium and water absorption defect caused by NHE2 gene 

deficiency. Surprisingly, NHE3 is the main absorptive NHE isoform in 

colon but its expression was not influenced when NHE2 gene was 

deleted. But when NHE3 activity was inhibited with the specific 

inhibitor AZD, the fluid absorptive rate of the distal colon in NHE2 

KO mice was decreased significantly compared to that in NHE2 WT 

mice, whereas there was no significant difference between NHE2 WT 

and KO mice without specific inhibitor. The above mentioned results 

imply that NHE3 have a compensatory role to maintain the sodium 

water absorption when the NHE2 gene is knocked out. Although 
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NHE3 mRNA expression was not changed in NHE2 KO mice, the 

total amount of NHE3 protein located at the cell membrane and its 

activity could still be altered137. Therefore, several ion 

transporters/channels must be involved in the compensation of the 

sodium and water absorption defect caused by NHE2 gene deficiency. 

 

5.3 Essential role of NHE2 in the pH regulation, cell adhesion, 

proliferation, integrity and migration of Caco-2BBe cells 

To further confirm the role of NHE2 in an intestinal epithelial cell 

line, the Caco-2BBe cell line, NHE2 gene was knocked down in 

Caco-2BBe cells. The previous study in our lab has proven that NHE2 

mRNA was highly expressed in Caco-2BBe cells in subconfluent 

condition (undifferentiated or proliferated) and the NHE2 mRNA 

expression will become less when Caco-2BBe cells start to 

differentiate over time. The present study found that, under 

subconfluent condition, the steady-state pHi of C2N2KD cells was 

lower than that of C2pLKO.1 cells, which led to the reduction of cell 

adhesive ability and cell viability. The Na+/H+ antiporter has been 

proven to increase the intracellular pH which is obligatory for cell 

spreading and cell adhesion to the substrate138, which could be the 

explanation for the reduction of the adhesive ability when NHE2 was 

knocked down in Caco-2BBe cells. The reduction of cell adhesion 

usually leads to the enhancement of apoptosis139,140, and this is a 

possible reason why the viability of C2N2KD cells was obviously 

lower than that of C2pLKO.1 cells. In the early stage of Caco-2BBe 

cell differentiation, E-cadherin staining at the cell membrane was 

decreased in C2N2KD cells, when compared with C2pLKO.1 cells 

under sub-confluent conditions. This may be the reason for the lower 

transepithelial electrical resistance (TEER) in the first days after 

confluency in the C2N2KD cells compared to C2pLKO.1 E-cadherin 
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membrane staining was also decreased in the colonic crypts of NHE2 

KO mice. However, the expression of E-cadherin, ZO-1, and occludin 

was increased when NHE2 gene was knock down in Caco-2BBe cells 

in the late stage of Caco-2BBe cell differentiation, which implies that 

NHE2 was possibly involved in the differentiation of Caco-2BBe cells   

by changes of the tight junction proteins in time-dependent manner. 

The migration speed during healing of an experimental wound of 

Caco-2BBE cells, assayed immediately after confluency, was reduced 

when their NHE2 gene was knocked down. Epithelial restitution was 

impaired in the small intestine of NHE2 KO mice after 

ischemia-reperfusion damage141, whereas the migration speed of 

colonic epithelial cells from the crypts towards the surface, as assessed 

by BrdU labeling, was enhanced in NHE2 KO mice (this study). A 

possible reason for these differences may be that, along the colonic 

crypt axis, the cells within the intestine proliferate and differentiate in 

response to the sequential exposure and withdrawal of different 

mediators from the submucosal cells, and in vivo migration is 

accurately regulated by the cell-matrix interaction115 and various signal 

gradients along the axis128. In contrast, wounded small intestinal 

epithelial surface cells migrate in response to the mediators released 

from the denuded lamina propria of the villus tips, which are 

incompletely known, but cannot be accurately reproduced in vitro. 

Therefore, better optimal model for crypt epithelial cell migration and 

differentiation is desirable. 

 In recent years, primary cultures developed from inducible 

pluripotent stem cells (named intestinal organoid) and from isolated 

intestinal crypts (named enteroids/colonoids) which could maintain 

molecular and physiological profiles are established as ex-vivo 

intestinal models and widely applied to study ion transport functions in 

the physiological and pathophysiological conditions as well as the 
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mechanism of disease89. Given the possible role of NHE2 as a 

mediator for a related signal pathway, so in our future work, it is 

plausible that we could explore the special signaling pathway by which 

NHE2 could induce colonic crypt epithelial cell migration and the 

mechanism underlying the possible role of NHE2 how it affects the 

renewal of colonic crypt epithelial cells by using these “mini 

intestine-like” enteroids or colonoids. 

In conclusion, the present study investigated the effect of migration 

of intestinal epithelial cells of proximal jejunum and distal colon. It 

was found that NHE2 gene deficiency in mice led to changes of 

intracellular pH, enhanced proliferation and migration, and impaired 

integrity of jejunal/colonic crypt epithelial cells.  
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6. Summary 

Essential role of NHE2 in the proliferation, integrity and 

migration of the intestinal epithelial cells in vivo and in vitro 

 In the colon, the steady-state pHi of the crypt epithelial cells was 

distinctly lower in NHE2 KO mice compared to that in NHE2 WT 

mice. The proliferation zone in colonic crypts was extended, the 

number of goblet cells was increased in NHE2 KO mice and the cell 

number of the proliferative cells was also increased compared to 

NHE2 WT mice. At the same time, E-cadherin expression was 

inhibited in NHE2 KO mice. The migration speed of colonic crypt 

epithelial cells was increased in NHE2 KO mice compared to that in 

NHE2 WT mice. 

 In the jejunum, NHE2 deficient mice displayed the shortening of 

the jejunal villi compared to NHE2 WT mice. In addition, the 

steady-state pHi of the jejunal villus tips in NHE2 KO mice was  

higher than in NHE2 WT mice. The proliferation zone in the jejunal 

crypt was significantly elongated in NHE2 KO mice. In addition, 

NHE2 KO mice had an increased number of goblet cells but displayed 

a reduced junction protein expression The migration speed of jejunal 

epithelial cells was reinforced in NHE2 KO mice compared to that in 

NHE2 WT mice. 

 NHE2 gene knock down in C2BBe cells resulted in a decrease of 
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the steady-state pHi, an attenuated cell adhesive ability, and a reduced 

of cell viability. E-cadherin expression was reduced in the early stage 

of Caco-2BBe cell differentiation but the expression of E-cadherin, 

ZO-1 and occludin were up-regulated in the late stage of Caco-2BBe 

cell differentiation in C2N2KD cells when compared with that in 

C2pLKO.1 cells. But the migration of C2N2KD cells was slower than 

that of control cells.  

In conclusion, the results suggest that NHE2 plays an essential role in 

pH regulation, cell proliferation, integrity and migration of the 

intestinal epithelial cells. However, observed the differences in 

epithelial behavior in the jejunum and the colon of NHE2 knockout as 

compared to WT mice require a precise knowledge of the expression 

pattern and regulation of intestinal NHE2. While some features of 

intestinal epithelial cells from NHE2 knockout mice could be mirrored 

in the self-differentiating Caco-2BBE cells after NHE2 knockdown, 

others require more complex models such as NHE2-deficient intestinal 

organoids.  
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8. Abbreviations 

 

AEC    3-amino-9-ethylcarbazole 

BCECF-AM   2,7-biscarboxyethyl-5(6)-carboxyfluorescein- 

Acetoxymethylester 

bHLH    basic helix-loop-helix 

BMP    bone morphogenetic protein 

CBC    crypt base columnar 

C2BBe    Colorectal adenocarcinoma-2 brush border expressing  

CFTR    Cystic Fibrosis Transmembrane Conductance Regulator 

CK18             Cytokeratin 18 

C2N2KD   Caco-2BBe cells infected with NHE2 knockdown plasmid 

C2pLKO.1   Caco-2BBe cells infected with pLKO.1 vector 

CXCL12   C-X-C motif chemokine 12 

CXCR4    C-X-C chemokine receptor type 4 

DAPI    4’,6-Diamidino-2-Phenylindole 

DiR     1,1’-dioctadecyltetramethyl indotricarbocyanine iodide  

DMEM    Dulbecco’s Modified Eagle’s Medium 

DRA    Downregulated in Adenoma 

Dsh     Dishevelled 

DTT    Dithiothreitol 

E-cadherin   epithelial cadherin 

EDTA    Ethylenediaminetetraacetic acid 

EGF    epidermal growth factor 

EIPA    ethyl-isopropyl amiloride 

EMT    epithelial-mesenchymal transition 

F-actin    filament actin 

FCS    fetal calf serum 

Fz     Frizzled 

GI     gastrointestine 
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HE     hematoxylin and eosin 

HEK293   human embryonic kidney 293 

HEPES    4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HRP     horseradish peroxidase 

KO     KO 

LB     Lysogeny broth 

LRP     Low Density Lipoprotein 

Math1     atonal homolog 1 

NHE     Na+/H+ exchanger  

PBS     phosphate-buffered saline   

PCR     polymerase chain reaction 

pHi     intracellular pH 

Pro.jejunum   proximal jejunum  

PVDF     polyvinylidene fluoride 

SLC26A9   solute carrier family 26, member 9 

TCF     T-cell factor 

TEER             Transepithelial electrical resistance 

TFF     trefoil factor 

TGF-β     transforming growth factor- β 

Wnt     wingless-type MMTV integration site family     

WST-1     water soluble tetrazolium-1 

WT     wide type 
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