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Introduction 

1.1 The physiology of cellular pH regulation 
 
Regardless of their level of structural complexity, all living cells must adapt to 
varying concentrations of acid-base equivalents in both the aqueous 
extracellular environment and their own intracellular compartments. Proton 
conductivity through phospholipid bilayers is unusually high compared to other 
monovalent cations [1], although it varies depending on the electrochemical 
gradient, the particular phospholipid composition of the membrane, and its 
concentration of sterols [2]. This relatively high proton permeability determines 
that in a model liposome lacking active mechanisms of ion transport and 
luminal buffer systems, changes in outer pH (pHo) translate into comparable 
shifts in luminal pH (pHi) to finally reach an equilibrium where pHo ~ pHi, which 
is obviously incompatible with normal cellular physiology. In living cells, by 
contrast, a ten-fold change in the extracellular proton concentration usually 
causes a transient ~0.1-0.2 unit of pHi variation and, eventually, cells mount 
corrective measures to maintain a near physiological pHi value, reflecting the 
power and effectiveness of cellular acid-base regulatory mechanisms 
(reviewed in [3, 4]). 
 
Acid-base homeostasis evolved out of the necessity of balancing the 
detrimental effects of non-physiological H+ concentrations on biomolecular 
structure and function with the central role of proton electrochemical gradients 
in bioenergetics [5]. Such balancing act is inseparably linked to other essential 
cellular processes, such as osmoregulation, electrolyte homeostasis, and 
membrane excitability [6], for acid-base transport across the plasma 
membrane is coupled to the energetically favorable symport or antiport of 
other major charged species such as Na+, Cl-, and K+. To understand cellular 
pH regulation it is therefore necessary to start with a brief discussion of the 
electrochemical properties of biological membranes. 
 
Our current understanding of membrane electrophysiology came gradually 
through the development of mathematical models of transport phenomena 
and electrodynamics. From Fick’s law of diffusion in the mid-1850’s [7] to the 
derivation of reversal potential for single ions by Walther Nernst towards the 
end of the XIX century; to a more comprehensive, though approximate, 
description of electrolyte equilibria across semi-permeable biological 
membranes by Goldman, Hodgkin and Katz in the 1950’s [8, 9], the study of 
membrane biophysics rapidly took off and produced some of the most 
fascinating findings in physiology and neuroscience of the last six decades. 
For the purpose of this thesis, suffice it to say that a major discovery 
connected to the study of the electrical properties of membranes in animal 
cells was the active transport of sodium and potassium ions mediated by the 
Na+/K+ ATPase [10]. This membrane transporter from the P-type ATPase 
family [11] moves differential amounts of charge across the cell surface by 
exchanging three intracellular Na+ for two extracellular K+ ions, both against 
their electrochemical gradient, at the expense of one ATP molecule hydrolysis 
per transport cycle. This electrogenic activity provides the motive force for key 

3



Chapter 1!

regulatory responses to osmotic and pH challenges as well as for the co-
transport of essential nutrients [12] (Figure 1).  
 

 
Figure 1. General catalogue of ion transporters, channels, and pumps in eukaryotic cells. 
Dialog boxes depict some key functions of electrolyte transporters and the Na+/K+ pump. 
Insets show typical values for electric potential, pH, and the concentration of major ion 
species in the extracellular and intracellular compartments. Reprinted from [4].  
 
The uneven distribution of positive charges generated by the Na+/K+ pump is 
a major contributor to the resting membrane potential. Somewhat 
paradoxically, a typical membrane potential of -60 mV favors intracellular 
acidification at physiological pH by keeping protons off their Nernst equilibrium 
potential (-12 mV at pHi ~7.2 and pHo ~7.4), creating an inward 
electrochemical gradient [3]. Thus, a small fraction of the ATP that is spent on 
pumping Na+ ions out of the cell ends up being utilized in correcting 
secondary proton leaks into the cell. This is, however, a small trade-off in 
efficiency that is compensated through other transport processes facilitated by 
the electrochemical gradients of Na+ and K+. Figure 1 shows a schematic 
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summary of transport activities and electrophysiological parameters found in 
most eukaryotic cells. 
 
We can now consider an idealized cell to illustrate how is the problem of pH 
homeostasis handled by metazoans (for an excellent extended discussion see 
[3]). First, we should examine ubiquitous phenomena that cause cellular acid 
loading. As stated above, resting membrane potential creates a situation that 
favors passive proton leaks into the cell. This is compounded by the end 
products of mitochondrial oxidative metabolism, CO2 and H2O, which directly 
combine to produce carbonic acid (H2CO3) in a reaction accelerated to near 
diffusion rates by intracellular carbonic anhydrases (see next section). H2CO3 
then rapidly dissociates into a proton and the conjugate base bicarbonate 
(HCO3

-) in a reaction with pKa 6.35. Even though cells contain multiple 
protonable groups in biomolecules that can buffer acidification to a certain 
extent, e.g. phosphate groups or hemoglobin in erythrocytes, they are 
generally insufficient to respond to acute and chronic episodes of low pHi. 
Furthermore, exhausting the cytosol’s chemical buffering capacity would lead 
to undesirable protonation of enzymes, transporters and other essential 
cellular components. Instead, a highly effective mechanism to deal with 
intracellular proton loads is provided by the SLC9 family of solute carriers, 
commonly known as Na+/H+ exchangers (NHEs). These ubiquitous polytopic 
membrane antiporters use the inward Na+ gradient created by Na+/K+ 
ATPases to extrude protons and relieve intracellular acidification (Figure 2 left 
panel, [13]). In mammals there are ten isoforms of Na+/H+ exchangers, NHE1-
10 [14]. NHE1 is the most widely expressed [15], whereas the others are 
present in either intracellular compartmens or in specialized epithelia, where 
they usually mediate vectorial transport of H+ and Na+ [14, 16, 17]. The 
stoichiometry of NHEs (1:1) makes the ion exchange electroneutral therefore 
it does not affect membrane potential or other ionic equilibria. NHE activity is 
regulated by pHi and pHo in a way that ensures it is maximally active when pHi 
drops below 7.0 and remains mostly quiescent at pHi > 7.2 [18]. Thus, NHEs, 
along with the Na+/K+ pump, protect cells from acute and chronic acid loading 
at the cost of one ATP molecule per three exported protons.  
 
The same electrochemical principles that keep cells chronically susceptible to 
H+ entry apply in reverse to base equivalents. At physiological membrane 
potential, OH- and HCO3

- electrochemical gradients favor their passive 
leakage out of the cell, i.e. we can add a third intracellular acidifying drive to 
the ones discussed above. This does not mean that intracellular alkalosis is at 
all uncommon. One frequent instance of acute intracellular alkalization occurs 
when cells are exposed to extracellular fluids of high osmolarity, a common 
event along the loop of Henle in the kidney, where urine concentration can 
reach up to ~1200 mOsm in water deprived subjects [4]. Hypertonic solutions 
cause the osmotic exit of water from cells resulting in cell shrinkage, which 
activates NHE1 and NKCC1 (a Na+/K+/Cl- cotransporter, formally SLC12A2) to 
facilitate the entrance of solutes and osmotic reversal geared toward water 
uptake and cell swelling. This response is known as regulated volume 
increase or RVI [14]. The massive exit of protons via NHE during the initial 
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phase of RVI leads to an acute increase of pHi, which is then corrected mainly 
through transporter-mediated HCO3

- export. Solute carriers from the SLC4 
family (section 1.3), known as anion exchangers or AEs, are normally in 
charge of protecting cells against such deleterious episodes of intracellular 
alkalosis by exporting HCO3

- ions in exchange for Cl- [19, 20]. When pHi rises 
above the physiological value of ~7.2, the ubiquitous anion exchanger 2 (AE2, 
SLC4A2) is activated and the extrusion of bicarbonate corrects cellular 
alkalosis (Fig. 2, right panels).  
 
 

 
 

 
 
Figure 2. Typical responses to intracellular acidification and alkalization by a model cell 
expressing a Na+/H+ exchanger, a Cl-/HCO3

- exchanger, and carbonic anhydrase 2. Left 
panels illustrate the response to acid loading and an idealized trace of pHi showing the typical 
recovery from acute acid challenges and the final equilibrium pHi depending on pHo. Right 
panels show the regulatory responses to intracellular alkalosis and an idealized pHi trace 
depicting the typical recovery from acute alkaline challenges and the final equilibrium pHi at 
three different pHo. Green arrows indicate activation and red arrows inhibition of the 
transporters. Reprinted from [4]. 

 
The homeostatic mechanisms regulating pHi in a model cell are summarized 
in Figure 2. In principle, the minimal components to achieve pHi homeostasis 
are the Na+/K+ ATPase, a Na+/H+ exchanger, an intracellular carbonic 
anhydrase, and a Cl-/HCO3

- exchanger. This is, of course, a highly simplified 
model. In reality, cells express multiple electrolyte transporters and ion 
channels (Fig. 1) to fulfill many other physiological functions such as Ca2+ 
signaling, metalloprotein assembly, generation of action potentials, and 
enzymatic reactions involving ion cofactors, all of which must be 
accomplished without large or permanent disturbances of electrochemical, 
osmotic, and pH equilibria. A partial list of additional mechanisms involved in 
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acid-base homeostasis, either as acid loaders or acid extruders, is depicted in 
Figure 3. Next, we will see that the picture complicates even further as we 
move from single cells to multicellular assemblies. 
 
 
 

 
Figure 3. Partial list of acid extruding and acid loading mechanisms in a typical eukaryiotic 
cell. Passive diffusion, normal metabolism, proton pumps and a number of acid-base 
transporters contribute directly to pHi homeostasis. Reprinted from [3]. 
 
In multicellular organisms, the complexity of pH homeostasis scales up with 
the number of highly specialized cells and compartmentalized tissues and 
organs that are immersed in extracellular fluids of defined and relatively stable 
composition. In mammals, lungs and kidneys carry most of the burden as 
regulators of blood and whole-body acid-base homeostasis through gaseous 
exchange and H+/OH- equivalent transport, respectively. Moreover, most 
tissue sub-compartments maintain the electrolyte composition of extracellular 
fluids within narrow margins by establishing tightly sealed epithelial barriers 
capable of vectorial ion and fluid transport [21]. This is of utmost importance in 
the central nervous system (CNS), the inner ear, the anterior ocular chamber, 
airway epithelium, salivary glands, the gallbladder, and many other fluid-rich 
compartments and secretory epithelia that rely on precise electrolyte 
composition or concentration for proper functioning. Consequently, in 
mammals, there exist multiple levels of acid-base regulation ranging from 
central detection of blood pH by chemosensory cells in the carotid body and 
brain stem that control respiratory rate and pulmonary gas exchange [22], to 
the cellular level through the aforementioned mechanisms of electrolyte 
transport and signaling pathways that will be discussed in section 1.6. 
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In this context, notable examples of cellular adaptation to acute episodes of 
pHi imbalance are a number of cell types whose main function is to secrete or 
transport large amounts of acid-base equivalents to and from the extracellular 
medium. These include the parietal cells of the gastric glands, responsible for 
HCl secretion into the stomach lumen [23], α- and β-intercalated cells of 
kidney’s collecting ducts, which mediate the urinary elimination and 
reabsorption of acids and bases [24]; duct cells of the acinar pancreas, which 
alkalize exocrine pancreatic secretions [25, 26]; and the osteoclasts, 
responsible for bone remodeling by acid and enzymatic resorption of bone 
matrix [27, 28]. In some of these cases, pharmacological inhibition, 
spontaneous mutations, and genetically engineered ablation of acid-base 
transporters have shown that they are essential for cellular secretory activities 
because they provide the only efficient mechanism to correct high levels of 
acid or base left behind by massive OH-/HCO3

- and H+ extrusion [29-33]. In 
chapter 5, for example, we show that murine osteoclasts require Ae2 
expression for effective resorption and remodeling of long bones, a critical 
process for normal growth in mammals. 
 
1.2 The CO2/HCO3

- buffer system and carbonic anhydrases 
 
As discussed above, the end products of oxidative metabolism, CO2 and H2O, 
impose a default acid load on cells because of their spontaneous conversion 
into H2CO3. However, this is only half the story. The other half is given by the 
fact that the CO2/HCO3

- pair in an open system is a good buffer for moderate 
pH shifts around physiological pHi (it is actually exponentially better, i.e. with 
higher buffering capacity, as pH increases above ~7.2). This is only true in an 
open system that allows free exchange of CO2 between the aqueous medium 
and the atmosphere. Henry’s law determines that CO2 in solution at 
atmospheric PCO2 (~40 mm Hg) and 37°C can be regarded as constant, at 
~1.2 mM, therefore the series of equilibria: 
 

H2O + CO2 ⇌ H2CO3 ⇌ H+ + HCO3
- 

 
provides an effective way of dealing with excess protons by mass action in the 
direction of CO2 production. Due to its limited solubility, CO2 does not 
accumulate in solution but rather evolves into the atmosphere, which, on a 
biological scale, can be considered an infinite CO2 sink. Conversely, base 
equivalents shift the reaction towards H2CO3 and proton production. Any CO2 
consumed in this process is then replenished by newly dissolved gas from the 
atmosphere.  
 
Individual cells in an open culture flask can be considered such an open 
system since biological membranes have an intrinsically high permeability to 
CO2 [34]. The situation is, again, somewhat different in multicellular 
organisms, where most cells are not in direct contact with the atmosphere but 
rather semi-isolated and bathed in extracellular fluids of distinct composition. 
The CO2 content of arterial blood, for example, ranges from 35 to 45 mmHg, 
whereas in venous blood it is closer to 50 mmHg. Variable CO2 content, in 
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turn, changes the buffering power of bicarbonate compared to the open 
situation. Since mammals exchange CO2 with the environment mainly through 
the lungs, any degree of respiratory malfunction will affect circulating CO2 
levels and, subsequently, have an impact on pHi regulation [35]. Similarly, 
kidneys are in control of the reabsorption of HCO3

- and the excretion of large 
amounts of protons, ammonia, and other organic and inorganic acids and 
bases. Kidney failure is therefore another situation that results in whole-body 
acid-base disturbances [36]. These two systems mutually correct each other, 
i.e. respiratory acidosis or alkalosis can be compensated in part by kidney 
function [37], and their metabolic counterparts influence respiratory rates so 
that blood pH is reset to a more physiological state. 
 
A central part of the CO2/HCO3

- buffer pair in living cells is the expression of 
carbonic anhydrases (CAs, [38, 39]). This family of zinc metalloenzymes 
accelerates to a great extent the hydration of CO2 to yield H2CO3. In fact, 
carbonic anhydrase 2 (CA2), the prototypical mammalian soluble isoform, is 
considered a “perfect” enzyme due to a catalytic turnover number that 
approaches the diffusion rate of substrates (~107 s) [40, 41]. The chemical 
consequence of CA activity on the CO2/HCO3- buffer system is to turn 
spontaneous but slow equilibria: 
 

H2O + CO2 ⇌ H2CO3 ⇌ H+ + HCO3
- 

 
Into a rapid conversion mechanistically similar to that occurring at higher pH, 
where: 
 

OH- + CO2 ⇌ HCO3
- 

 
By accelerating this equilibrium, CAs enhance the buffering capacity of the 
CO2/HCO3

- pair at near neutral pH. 
 
The physiological consequences of CA activity are manifold. For example, in 
erythrocytes, CA1 and CA2, along with the chloride/bicarbonate exchanger 
AE1 (see section 1.3) and hemoglobin, play a crucial part in the Jacobs-
Stewart cycle (Fig. 4, left panel), which facilitates CO2 transport from systemic 
capillaries to the lungs for gas exchange [20]. Additionally, in intercalated cells 
of kidney's collecting ducts, CA2 participates in the reabsorption of 
bicarbonate from the lumen of nephron tubules (Fig. 4, right panel).  
 
Another interesting facet of CA activity is given by the expression of 
extracellular membrane-bound isoforms, which are important for vectorial 
solute transport in epithelia and pH regulation in tumor cells [42-44]. One of 
the extracellular CA variants that is tethered through a 
glycosylphosphatidylinositol (GPI) anchor to the plasma membrane is CA4. In 
epithelial cells from nephron's proximal convoluted tubules, CA4 expression 
aids in the conversion of luminal into intracellular bicarbonte, which can then 
be reabsorbed across the basolateral membrane via a Na+/HCO3

- 
cotransporter (Fig. 4, right panel). CO2 transport in erythrocytes, and 
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bicarbonate salvage in the kidneys are two major forces driving the organism 
away from metabolic acidosis, a natural and inescapable consequence of 
normal metabolism. 
 

  
Figure 4. Schematic representation of the role of carbonic anhydrases in erythrocytes and 
intercalated cells from renal collecting ducts. Left panel, high PCO2 in systemic capillaries 
drives CO2 entry to red blood cells, which is rapidly converted to HCO3

- by CA2 (and, to a 
lesser extent, by CA1). HCO3

- is then exported to the blood via AE1 (SLC4A1). This process 
is known as the Jacobs-Stewart cycle, and it is reversed in pulmonary capillaries, where CA2 
catalyze the inverse reaction releasing CO2 from erythrocytes for gas exchange. Right panel, 
reabsorption of bicarbonate by intercalated cells depends on the rapid hydration of CO2 
catalyzed by CA4 and CA2. Reproduced from [4, 20]. 
 
Mammals express at least 11 isoforms of CA that differ in their tissue pattern 
of expression, subcellular localization (including a mitochondrial, CA5, and a 
secreted variant, CA6), range of functions, and susceptibility to 
pharmacological inhibitors such as sulfonamides [40]. Interestingly, CA9 
activity has shown to be induced and apparently required for sustained growth 
of tumor cells, which have idiosyncratic acid-base properties derived from 
their high metabolic rates and compromised perfusion [45, 46]. CA9 is 
currently being explored as a pharmacological target for anticancer drugs [47].  
 
The most severe phenotype caused by carbonic anhydrase deficiency is 
associated with CA2. In humans and mice, homozygous CA2 deficiency 
causes a severe syndrome characterized by osteopetrosis, combined renal 
tubular acidosis, and cerebral calcification with mental retardation [48-51]. 
Unlike most other isoforms (see for example [52, 53]), CA2 appears to be 
absolutely essential for the function of at least two cell types: osteoclasts and 
intercalated cells in nephron epithelia. No erythrocyte phenotype is associated 
with CA2 deficiency, which suggests that erythroid CA1 activity is sufficient to 
fulfill the physiological functions of these cells [38]. More than three decades 
after its initial report, the mechanism of calcium deposition in neural tissue 
from CA2-deficient subjects remains poorly understood [54]. 
 
CAs can also physically interact with acid-base transporters. This has been 
demonstrated for NHE1 [55], AE1 [56, 57], NBCn1 [58], and others [59, 60]. It 
was originally proposed that these interactions are part of a conserved 
strategy to optimize substrate transport by generating it in close proximity to 
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the transporter, a phenomenon referred to as "transport metabolon" [56]. 
Recent evidence based on an AE1-CA2 fusion construct and competition 
studies supports this model [61]. Additionally, anchoring CA to acid-base 
transporters might help dissipate steep and transient pH gradients generated 
locally near the plasma membrane by either proton or bicarbonate transport 
[62]. 
 
Other biological and ecological implications of the CO2/HCO3

- buffer reach 
well beyond the scope of this work but are, nevertheless, worth mentioning. 
For example, it provides the substrate for carbon fixation during 
photosynthesis [63], which constitutes the life support system of the entire 
biosphere. On the flip side, CO2 produced in large-scale fossil fuel combustion 
is having catastrophic consequences in the global ecosystem through climate 
change and ocean's acidification [64, 65]. In fact, one of the prospective 
strategies for CO2 trapping in industrial applications is based on its conversion 
to bicarbonate using the high catalytic efficiency of carbonic anhydrases in 
engineered microorganisms [66]. 
 
1.3 The SLC4 family of bicarbonate transporters 
 
Some of the unique physiological properties of the bicarbonate buffer system 
are given by a volatile acidic component (CO2) that permeates biological 
membranes paired with a charged conjugate base (HCO3

-) that requires 
protein-dependent transport to cross phospholipid bilayers. Bicarbonate 
transport in mammals is mediated by three types of solute carriers that belong 
to the SLC4 superfamily, according to the denomination agreed upon by the 
HUGO Gene Nomenclature Committee [67] (Table 1, Fig. 5). Common 
characteristics to most SLC4 family members include: 
 
i) Their general topology, with both N- and C-terminal domains facing the 
cytosol, multiple transmembrane segments, and extracellular glycosylation 
sites (Fig. 6). 
 
ii) They contain interaction domains with carbonic anhydrases and elements 
of the cytoskeleton within their structure. 
 
iii) They are susceptible to inhibition by 4,4-Diisothiocyano-2,2'-
stilbenesulfonic acid (DIDS). 
 
iv) Multiple variants of each transporter are generated by alternative promoter 
usage and/or mRNA splicing, with corresponding polarized and tissue-specific 
patterns of expression (Table 1).  
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Table 1. General characteristics of the SLC4 family of transporters. Reprinted from [20]. 

 
Figure 5. Phylogenetic distances between human members of the SLC4 family of electrolyte 
transporters. One representative splicing variant of each transporter was included in the 
analysis. Reprinted from [20]. 
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Two classes of SLC4 transporters utilize Na+ electrochemical gradients to 
move HCO3

- in and out of cells, either through electrogenic or electroneutral 
transport cycles. So far, two electrogenic Na+/HCO3

- transporters have been 
identified and characterized: NBCe1 (SLC4A4) and NBCe2 (SLC4A5). NBCe1 
variants are expressed at the basolateral membrane of epithelial cells from 
the kidney [68], pancreas [69], and epididymis [70], as well as in several brain 
regions [71], eye structures [72], endothelial cells, and cardiac tissue [73]. Its 
main function is mediating vectorial transport of bicarbonate across epithelia, 
usually importing Na+ and HCO3

- in a 1:2 ratio, although it can reverse 
direction in kidney's proximal tubules, where the electrochemical gradients 
and an alternative 1:3 stoichiometry favor the export of HCO3

- and Na+ 
towards the basolateral epithelial surface [74]. This is a key component of 
bicarbonate reabsorption during urine formation. NBCe2, on the other hand, 
comprises a few splice variants of poorly characterized function and is 
expressed mainly in liver, testes, and spleen [75]. 
 
Electroneutral Na+-dependent bicarbonate transporters mediate either 
symport of bicarbonate (NBCn1, SLC4A7) or sodium-dependent anion 
exchange with chloride (NDCBE, SLC4A8; and NCBE, SLC4A10). NBCn1 
expression is ubiquitous but especially prominent in brain, heart, and testes 
[76]. In pancreatic duct cells, apical NBCn1 expression contributes to the 
import and reutilization of HCO3

- secreted to the lumen during meals by an 
electrogenic chloride/bicarbonate exchanger from the SLC26 family [77]. 
NDCBE is the human ortholog of the first Na+-dependent Cl-/HCO3

- exchanger 
cloned from Drosophila (NDAE1, [78]). It is also widely expressed, with the 
highest mRNA levels in brain, testes, and a kidney-specific alternatively 
spliced form [79]. 
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Figure 6. Putative topology and functional map of the erythroid anion exchanger 1 (eAE1, 
SLCA1). The arrow at residue 66 indicates the starting site of kidney kAE1. Mutations 
associated with hereditary spherocytic anemia and ovalocytosis (HS) appear in orange. 
Mutations associated with dominant and recessive distal renal tubular acidosis (dRTA) are 
colored green. Polymorphic residues that encode blood group antigens are in light blue. 
Reprinted from [80]. 
 
Finally, the third group of SLC4 transporters is comprised of three 
electroneutral anion exchangers that mediate the antiport of Cl- and HCO3

- 
with 1:1 stoichiometry (Fig. 7). AE1 (SLC4A1) was the first member of this 
group to be identified in part because it is the most abundant protein in red 
blood cell membranes. Originally called "band 3" for its electrophoretic 
mobility, AE1 was characterized as both a structural component of the plasma 
membrane that interacts with elements of the cytoskeleton, providing support 
for the shape and mechanical properties of red blood cells [81], and as an 
anion exchanger [82] that later was shown to participate in CO2 transport from 
the systemic circulation to lung capillaries. A kidney isoform of AE1 (kAE1), 
generated by alternative mRNA splicing, was found to be the main 
responsible for bicarbonate reabsorption in kidney's α-intercalated cells from 
cortical collecting ducts. Both the erythrocyte and kidney AE1 isoforms work in 
concert with CA activity, as already discussed. Mutations affecting the 
expression or function of AE1 can cause hemolytic anemia [30], among other 
rare erythrocyte disorders, and distal renal tubular acidosis (dRTA) due to the 
inability of intercalated cells to reabsorb bicarbonate [19].  

 
Figure 7. General features of alternatively spliced variants of AE1, AE2, and AE3 in human 
and mouse. TM = transmembrane region. Numbers indicate protein length in amino acid 
residues. Reprinted from [80]. 
 
SLC4A3 or AE3 is found mostly in cardiac and brain tissue, with lower levels 
in retina, gut and kidneys [20]. The brain isoform has been shown to modulate 
electrical activity in mouse neurons and a polymorphic variant is associated 
with generalized idiopatic epilepsy in humans [83]. Concordantly, Ae3-/- mice 
display a lower threshold for pharmacologically induced epilepsy [84], 
suggesting that AE3 expression may be important for modulating electrical 
activity along the septo-hippocampal axis. The cardiac variant has no defined 
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function yet. One line of Ae3-/- mice also developed retinal degeneration [85]. 
No human disease has been clearly associated with AE3 deficiency. 
 
Anion exchanger 2 (AE2, SLC4A2), the main topic of this thesis, is the most 
ubiquitous electroneutral chloride/bicarbonate excanger and it is the only one 
subjected to sharp regulation by pH.  
 
1.4 SLC4A2 
 
The anion exchanger 2 (SLC4A2 or AE2) is a polytopic plasma membrane 
glycoprotein (very similar in topology to AE1, Fig. 6) considered the de jure 
protector against intracellular alkalization in mammalian cells due to its 
ubiquitous expression [80, 86], its pH-dependent activity profile – evolved to 
be maximal when intracellular pH rises above 7.3 [87, 88]–, and the 
deleterious effects of reducing its expression on acid- secreting cells that are 
in constant need for alkaline pHi correction [29, 31-33, 89](section 1.5). AE2 
uses the slight inward Cl- electrochemical gradient and the generally favorable 
HCO3

- outward gradient to mediate the antiport of base equivalents in the 
form of HCO3

- to the extracellular milieu. 
 
Originally cloned from human kidney cells, AE2 expression has been 
detected, at least at the transcript level, in nearly every tissue of both human 
and murine origin, and it is especially highly represented in parietal cells from 
gastric glands, epithelial cells of the choroid plexus, colon epithelium, 
osteoclasts, and kidney cells. In mice, alternative promoter usage and mRNA 
splicing gives rise to five different isoforms: Ae2a, Ae2b1, Ae2b2, Ae2c1, and 
Ae2c2 ([90], Fig. 7). Ae2a is the most widely expressed, whereas Ae2b1 and 
b2 are restricted to epithelial cells of the liver and kidneys [86, 90]. In epithelial 
and polarized cells, Ae2 is normally located at the basolateral membrane, 
although apical sorting of Ae2-GFP fusion proteins has been observed in 
primary rat hepatocytes [91]. 
 
Heterologous expression in Xenopus oocytes is one of the methods of choice 
to assay transport properties of solute carriers. The combination of this 
technique with a quantitative assay for Cl-/HCO3

- exchange using an isotopic 
chloride tracer (36Cl-) made it possible to characterize in good detail the 
transport features of AE2. The activity profile was found to match what is 
expected for an alkaline pHi regulator in this model system: It is tightly 
regulated by pHi and pHo in the direction of stimulation by alkali and inhibition 
by acid [92], it is also activated during pHi rises associated with NHE activity 
under hyperosmotic shock [93], and it is positively regulated by extracellular 
NH4

+ [94]. 
 
The mechanisms of pHi and pHo regulation of AE2 have been difficult to 
pinpoint [80, 92, 95-97], probably because they involve multiple domains and 
aspects of protein folding that are nearly impossible to study in isolation. The 
most recent synthesis from mutagenesis studies suggests that a conserved 
motif in the N-terminal cytosolic domain is required for the general response to 
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pHi and pHo [98] as well as the interaction of transmembrane segments 1 to 6 
with a membrane re-entrant loop situated between transmembrane segments 
9 and 10 (Fig. 8) [99]. 
 
 
 
 
 

 
Figure 8. Summary of mutagenesis analyses of Ae2 regulatory features. Boxes indicate 
amino acid residues implicated in pHi and/or pHo response based on mutagenesis studies 
and Xenopus oocyte transport assays. RL1=re-entrant loop 1, TM1-6: transmembrane 
segments 1 to 6. Residues in gray boxes are required for regulation by pHo, in white boxes for 
pHi, and black boxes for both. Dashed residues do not participate in pH regulation, despite 
their putative pH sensing properties. Crossed boxes indicate mutations that inactivate 
transport. Reprinted from [99].  
 
 
1.5 Acid-secreting cells and the impact of Ae2 on whole-body 
physiology 
 
Vertebrates are characterized by a high degree of cellular specialization and 
division of labor. We have already discussed two examples given by the 
crucial function that erythrocytes and intercalated cells from renal epithelia 
play in the balance of organismal pH. These are two cell types capable of 
transporting large amounts of acid-base equivalents across the plasma 
membrane without significantly deleterious pHi shifts because, in the case of 
erythrocytes, hemoglobin acts as an excellent intracellular buffer (Fig. 4, left 
panel), whereas in intercalated cells the process does not involve net acid or 
alkaline loads but rather net transepithelial transport (Fig. 4, right panel). 
 
In contrast, there are a few instances of acid and base transport where acute 
disturbances of pHi need to be promptly corrected. For example, acid-
secreting cells in the gastric glands, called oxyntic or parietal cells, are 
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stimulated after meals by secretagogues such as acetylcholine and gastrin to 
secrete massive amounts of protons via a P-type H+/K+-ATPase in the apical 
surface in order to acidify stomach contents and aid in nutrient digestion. 
Potassium ions are short-circuited at the apical membrane due to the 
expression of K+ channels therefore the H+/K+ pump operates as a de facto 
electrogenic transporter [23]. This is counterbalanced by parallel secretion of 
Cl- through a yet to be defined conductive pathway [100] (Fig. 9). It has been 
shown that null mutations of the H+/K+ pump α-subunit, or of apical chloride 
transporters result in achloridria [101, 102]. Expectably, gastric acid secretion 
is accompanied by transient intracellular alkalosis in parietal cells, and its 
recovery is sensitive to DIDS [103]. These observations lead researchers to 
hypothesize that a basolateral chloride/bicarbonate exchanger was involved in 
pHi correction upon gastric acid secretion. Recent gene-targeting studies have 
shown that AE2 is indeed essential for parietal cell function and viability [29, 
32], whereas other SLC4 anion exchanger mutations do not affect gastric 
function, indicating that basolateral expression of AE2 provides parietal cells 
with the mechanism for pHi correction. 
 

 
Figure 9. Electrolyte and acid-base transport in parietal cells from gastric glands. Reprinted 
from [4]. 
 
Similarly, osteoclasts mediate the controlled degradation of calcified bone 
matrix during bone remodeling by secreting protons and lysosomal enzymes 
into a tightly sealed space (lacuna) that consists of an apical ruffled 
membrane facing the bone surface and delimited by strong interactions 
between αvβ3-integrin and vitronectin (Figs. 10 and 11). Osteoclasts are 
multinucleated cells generated by the fusion of two to four monocyte 
precursors induced by macrophage colony stimulating factor (M-CSF) 
produced by osteoblasts (the cell type responsible for calcifying bone surface) 
and other circulating molecules like vitamin D. Once fusion is complete, 
osteoclasts attach to the bone surface and form a resorptive lacunae 
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stimulated by a second set of signals: interleukine 6 (IL-6) and receptor 
activator of nuclear factor kappa-B ligand (RANKL, Fig. 10).  
 

 
Figure 10. Osteoclasts derive from monocytic precursors that are stimulated by paracrine 
signals produced in the local environment (M-CSF), and by nutrients (vitamin D), which 
promote their fusion and the expression of proteins necessary for their attachment to the bone 
surface. Reprinted from [4]. 
 
In mature osteoclasts, apical proton secretion works similarly to gastric acid 
secretion but through a v-type H+-pump instead of a H+/K+ ATPase, together 
with apical CLC-7 chloride channels [104] to extrude HCl towards the 
resorption lacuna, where it combines with other secreted hydrolytic products 
that help to dissolve the underlying calcified substrate. This process is 
hormonally regulated, inhibited by calcitonin and stimulated by cytokines IL-6 
and RANKL (Fig. 11). 
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Figure 11. Signaling and electrolyte transport pathways in mature osteoclasts. The resorption 
lacuna is a tightly sealed compartment maintained by the interaction between αvβ3-integrin 
and vibronectin. This compartment is acidified and subjected to enzymatic degradation, a 
crucial process in the dynamics of bone remodeling and growth. Osteoclast secretory function 
is oppositely regulated by cytokines (IL-6, RANK ligand), produced by neighboring cells, and 
calcitonin, produced in the thyroid. Reprinted from [4]. 
 
Once again, massive HCl secretion has to be accompanied by 
chloride/bicarbonate exchange on the basolateral side to extrude base 
equivalents and keep physiological pHi.  
 
Recently, Karsenty et al. demonstrated that osteoclast function is also 
essential for the decarboxylation of osteocalcin, a protein produced by 
osteoblasts that, in its decarboxylated form, regulates energy metabolism and 
other physiological processes [105]. This finding, combined with the fact that 
gastric acid secretion has been shown to regulate calcium homeostasis and 
bone mass [106], emphasize how different tissues can affect each other in 
previously unsuspected ways. A further exploration of these results, in the 
context of AE2 function, is presented in Chapter 6. 
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1.6 pHi sensors and cell signaling 
 
So far, we have focused on electrolyte transport as the cornerstone of pHi 
regulation, but they are not the only pHi sensors in the cell. In general, 
proteins contain multiple titratable groups in polar amino acid side-chains that 
can affect their conformation and function as pH changes. Histidine residues 
are considered prime candidates for mediating pH-sensitive effects on protein 
conformation and/or function because the pKa of histidine's side chain is the 
closest to neutral (~6.5), and thus more likely to be modulated in the 
physiological pH range. However, the effect of pHi on protein titratable groups 
is not always amenable to straightforward prediction due to the strong 
influence of local folding environments and solvent accessibility over the 
effective pKa [107].  
 
Indeed, pHi not only influences transporter activities but also gene expression, 
protein phosphorylation, protein-protein interaction, and general cell behavior. 
Some of these effects derive simply from the protonation or deprotonation of 
proteins that are especially sensitive to pHi changes. A good cell-type specific 
example is hemoglobin, whose cooperative binding to O2 depends on its 
degree of protonation (the Bohr effect), which is key for respiratory gas 
transport and exchange (Fig. 4, left pannel). 
 
Another long-standing and not yet entirely understood phenomenon related to 
pHi sensing derives from studies of cell motility. It is generally observed that 
alkaline pHi develops in cells that are actively remodeling the cytoskeleton 
while adjusting their shape and attachment to substrate, two hallmarks of cell 
migration [108, 109]. Alkaline pHi appears to be required for the activity of a 
subset of proteins that organize and interact with elements of the 
cytoskeleton. Cofilin, villin, and tallin are three proteins that control actin fiber 
dynamics, actin bundle formation, and focal adhesion stability, respectively. 
These processes are critical for cell migration and are switched on by pHi-
dependent conformational changes. Structural analysis of cofilin and villin has 
unveiled histidine residues that sense changes in pHi and switch these 
proteins to a conformationally active state at pH > 7.2 [107]. Similarly, tallin 
contains a stretch of C-terminal amino acid residues that confer pH-sensitivity 
to its interaction with actin [110], which is inhibited at pH>7.0, promoting focal 
adhesion turnover. This mechanism of proton sensing and signaling is 
kinetically efficient but rather limited in scope since it does not include 
elements for longer term adaptation and therefore seems better suited for 
transient dynamical responses. 
 
Another example of proton sensing, this time including a signal transduction 
element, is the activation of the tyrosine kinase Pyk2 via autophosphorylation 
at acidic pH [111]. This pathway has been described in some detail in kidney 
cells that respond to metabolic acidosis in the renal proximal tubule [112], but 
it seems to be active in other tissues as well [113]. In the kidney, Pyk2 
activation leads to c-Src phosphorylation, enhanced NHE3 function, and 
stimulation of NBCe1 activity [111, 114], a response geared toward mobilizing 
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acid equivalents out of the organism in response to systemic metabolic 
acidosis.  
 
An additional component of pHi sensing and signaling was discovered during 
the study of the molecular mechanism responsible for bicarbonate-dependent 
activation of spermatozoa, which lead to the cloning and characterization of 
an evolutionary conserved and widely expressed form of adenylate cyclase 
that is activated by physiological concentrations of HCO3

- [115] called soluble 
adenylyl cyclase (sAC, Fig. 12), to distinguish it from the canonical 
membrane-bound adenylyl cyclases activated by G-protein coupled receptors 
(GPCR) and forskolin. In sperm cells, this enzyme is responsible for cAMP-
mediated capacitation and motility [116, 117]. Since its discovery, sAC 
expression has been found in kidneys, brain, bone, the digestive system, and 
other tissues, where bicarbonate signals fulfill multiple and disparate 
functions, such as regulating the trafficking of v-type proton pumps [118], the 
phosphorylation status of the cystic fibrosis transmembrane conductance 
regulator, CFTR [119], and the activation of phosphorylation cascades [120, 
121]. 

 
Figure 12. cAMP production by sAC. Three main sources of bicarbonate: a, enzymatic; b, 
extracellular; and c, metabolic, are capable of activating sAC and elevate cAMP levels, which 
eventually relay the signal to effectors such as protein kinase A (PKA, not shown). 
Reproduced from [22]. 
 
Proton and bicarbonate sensing by signaling proteins offer multiple 
possibilities of acute and chronic adaptation to environmental conditions. We 
specifically hypothesized that Ae2, having all the properties of a 
housekeeping pHi regulator, was required to control intracellular HCO3

- levels 
in most cells, and its deficiency might lead to adaptive responses mediated by 
sAC. 
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Aim of this thesis 
 
The Ae2 gene has been recently knocked out in mice using two alternative 
strategies. The first approach consisted in eliminating coding sequences for 
the most abundant variants: Ae2a, Ae2b1, and Ae2b2, while retaining coding 
regions for the Ae2c isoforms [122]. Activity and gene expression studies 
suggest that this latter form of Ae2 can only be functionally relevant in the 
stomach, whereas Ae2a is the most ubiquitous and active [86]. A second 
gene deletion strategy eliminated the entire open reading frame coding for 
Ae2 [29].  
 
Complete ablation of the Ae2 gene causes a severe compromise of perinatal 
health in mice, which reduced survival rates of Ae2-/- pups to a few weeks 
after weaning [29]. Ae2a,b-/- mice, on the other hand, fared better and thrived 
long enough to afford the opportunity of characterizing a variety of phenotypes 
in further detail.  
 
A collaboration between the laboratories of Ronald P. J. Oude Elferink and 
Juan F. Medina found that Ae2a,b-/- mice develop: 
 
1) Reduced Mendelian ratio of knockout pups 
2) Growth retardation 
3) Lack of stimulated gastric acid secretion 
4) Male infertility 
5) Deafness 
 
The cellular and molecular mechanisms involved in gastric acid secretion and 
male infertility due to AE2 deficiency have already been reported [31, 32]. In 
the present work, we set out to investigate two aspects of AE2 function by 
asking:  
 
1) Whether AE2 expression is necessary for pHi homeostasis in murine 
fibroblasts, a cell type that is not especially dedicated to transporting large 
amounts of acid-base equivalents regularly. To this end, we evaluated the 
effect of the Ae2a,b-/- mutation on basal pHi as well as during the adaptive 
response to pHo challenges (Chapter 2). Additionally, we analyzed the 
expression of CA2 and other electrolyte and acid-base transporters to look for 
compensatory changes (Chapter 3 and 4), and assayed cAMP signaling and 
sAC expression as a potential mechanism behind long-term adaptation to 
chronic alkalosis (Chapters 3). 
 
2) Whether the growth defect observed in Ae2a,b-/- mice is linked to deficient 
bone remodeling. Given that AE2 had been long hypothesized to enable pHi 
correction in osteoclasts after acid secretion, we hypothesized that its 
deficiency would lead to dysfunctional osteoclasts and osteopetrosis (Chapter 
5). 
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Fibroblasts are a prototypical mammalian cell model that has been used in the 
study of multiple transport and signaling pathways. They are used in this 
thesis as a proxy for a typical or "average" mammalian cell in culture, whereas 
the bone phenotype was studied using primary cultures of differentiating 
osteoclasts and Ae2a,b

-/- mice for in vivo analyses. 
 
We expect that the work presented here will contribute to better define the 
general role of AE2 in cellular and whole-body physiology, as well as open 
new avenues of research on acid-base transport. 
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