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Summary and Discussion 

 
6.1 Summary  
AE2 has long been regarded as the “housekeeping” acid loader at the cell 
surface in mammalian cells, although only a handful of studies have 
addressed its function directly in cell types that are not highly specialized in 
some form of acid-base or electrolyte transport [1]. The generation of an Ae2-
deficient mouse that survives well into adulthood [2] provided us with the 
unique opportunity to characterize the multiple phenotypes developed as a 
consequence of AE2 deficiency, and also of generating a cellular model to 
assess whether, and to what extent, AE2 effectively regulates pHi in cell types 
that are not polarized, epithelial, or secretory. 

Even though the conditions under which we measured pHi in fibroblasts are 
not exactly physiological, they provide a good approximation for the kind of 
responses that these cells develop in the absence of third party pHo 
regulation, as it occurs in vivo due to the function of lungs, kidneys, and other 
epithelia.  

By determining chloride/bicarbonate activity under Cl- replacement in Chapter 
2, we were able to establish that AE2a is the only active Cl-/HCO3

- exchanger 
isoform in mouse fibroblasts. We later confirmed the absence of Ae2c 
expression and very low levels of Ae2b transcripts (Chapter 3, [3]), although 
we also found that significant amounts of Ae3 mRNA can be detected by 
qPCR in these cells. It has been shown that the anion exchange activity of 
AE3 is between 3 to 8-fold lower than AE2 and AE1, depending on the cell 
type where it is determined [4, 5]. Our results seem to indicate that AE3 is 
either not expressed as a cell surface protein or that its activity is simply too 
low to be detected in our in vitro setup. This is unlikely to be caused by pHi 
dysregulation because AE3 is not as sensitive to pHi changes [4]. 

Additionally, in Chapter 2 we analyzed the relationship between pHo and pHi 
in Ae2a,b

-/- cells. Lack of AE2 activity caused a significant degree of cellular 
alkalosis at pHo ≥ 7.0, consistent with the activity profile of AE2 [6]. Not only 
did the difference in pHi between Ae2a,b

+/+ and Ae2a,b
-/- cells disappeared at 

pH < 7.0 but the buffer capacity of Ae2a,b
-/- fibroblasts was clearly 

compromised. We speculate that chronic adaptation to alkaline pHi could be 
responsible for this phenomenon (see below). 

The ubiquitous NHE1 is the only Na+/H+ exchanger isoform expressed in our 
fibroblast model [3]. NHE1 shows a reciprocal pattern of pHi regulation relative 
to AE2, i.e. it is strongly inhibited at pHi ≥ 7.2 and fully active at pHi ≤ 6.5 [7]. 
This suggests that NHE1 is mostly inactive in Ae2a,b

-/- cells at 7.0 ≤ pHo ≤ 8.0. 
NHE1 inhibition is the most likely explanation for the absence of intracellular 
alkalization in response to hyperosmotic shock in AE2-deficient fibroblasts.  

We hypothesized that chronic alkalosis could produce long-term adaptive 
responses, analogous to those that develop in human fibroblasts cultured at 
acid and alkaline pHo [8]. In Chapter 3 we show that cAMP signaling is a 
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strong candidate mechanism to mediate at least part of the adaptation of AE2-
deficient cells to alkaline pHi. Interestingly, higher cAMP levels in knockout 
fibroblasts correlated with higher expression of the bicarbonate-activated 
soluble adenylyl cyclase [9]. Even though we were not able to demonstrate 
directly sAC activation in this series of experiments, bicarbonate sensing is a 
parsimonious way to respond to intracellular alkalosis and the correlation with 
cAMP levels gives a credible basis to hypothesize that sAC may be 
implicated. Using Icer1 and cFos expression, two well known cAMP targets, 
as reporters of cAMP signaling we also demonstrated that wild type cells 
incubated at pHo 8.0 for 24 hours have similarly increased levels of cAMP 
activity compared to Ae2a,b-/- cells at physiological pHo, showing that the 
original observation is not a mere artifact selected by AE2-deficiency but 
rather a genuine response to alkalosis. Another interesting difference between 
both genotypes was the tendency of AE2-deficient fibroblasts to accumulate 
extracellular cAMP, which we interpret as an adaptation to promote the efflux 
of excess intracellular cAMP, whose production seems unabated in these 
cells. Enhanced cAMP export could, in turn, have additional effects through 
extracellular adenosine signaling [10]. 

It is generally accepted that cells have some ability to compartmentalize 
different pathways of cAMP generation by forming microdomains or scaffolds 
that favor local signaling at a subcellular level and limit diffusion or directly 
cause the degradation of the signal molecule within a limited radius. In 
particular, sAC activity is supposed to be highly compartmentalized [11, 12]. 
The level of cross talk between sAC and other adenylyl cyclases has not been 
defined therefore the question of which cAMP pathway is involved in the 
adaptation to intracellular alkalosis remains open. High throughput analysis of 
gene expression comparing fibroblasts treated with PKA agonists, cAMP 
analogs, and increasing concentrations of bicarbonate (or alkaline pHo) may 
help to sort out common and differential targets of disparate pathways of 
cAMP synthesis.  

cAMP activation normally results in changes of gene expression, 
consequently we quantified the transcript levels of a number of candidate 
genes involved in cellular pH and electrolyte homeostasis (some of which are 
reported in Chapter 3) looking for mechanisms of adaptation to alkaline pHi. 
We observed that the most striking change in gene expression in AE2-
deficient cells was the almost complete repression of carbonic anhydrase 2 
(CA2) at both the transcript and protein levels. In Chapter 4 we demonstrated 
that, in mouse fibroblasts, CA2 expression is strongly repressed by cAMP and 
alkaline pHo, which can be interpreted as a mechanism for slowing down 
intracellular bicarbonate production in response to chronic intracellular 
alkalization. Looking at the net reaction catalyzed by CA2, it may seem 
paradoxical to inhibit the production of carbonic acid to counteract alkalosis 
since CA2 repression should also decrease proton production. However, we 
should keep in mind that the enzyme accelerates but does not affect the 
position of the equilibrium determined by the pKa of the reaction, thus when 
intracellular alkalization exceeds the buffer capacity of the bicarbonate 
system, CA2 activity can only lead to bicarbonate accumulation since protons 
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will be quickly titrated. In agreement with our data, osteoclasts respond to 
incubation at acidic pHo by upregulating CA2 expression [15], even though at 
first glance this may also seem somewhat counterintuitive. Nevertheless, 
studies using carbonic anhydrase inhibitors (e.g. acetazolamide) have shown 
that the effects of these drugs on pHi are cell type dependent [13, 14], 
suggesting that the bicarbonate system has idiosyncratic properties probably 
derived from the particular acid-base transporter capabilities and gene 
regulatory networks of each cell.  

Given the responsiveness of CA2 to cAMP agonists, we attempted to 
elucidate whether sAC was directly involved in cAMP-dependent CA2 
repression by incubating cells with the potent and specific sAC inhibitor KH7. 
Unexpectedly, we saw that this drug induced a strong repression of Ca2 
mRNA in wild type fibroblasts and did very little to the already low levels of 
Ca2 transcript in knockout cells. One possible interpretation of this result is 
that the relationship between cAMP and CA2 takes place within the context of 
an incoherent feedforward loop, where the input (in this case cAMP) induces 
an intermediary (pCREB) that can stimulate directly the transcription of the 
output (CA2) but can also induce the expression of a repressor of the output, 
such as ICER1 (Figure 1). This model is consistent with the data presented in 
chapters 3 and 4, but also supposes the presence of functional, though not 
necessarily canonical, CRE sites in the promoter of mouse CA2.  

 
Figure 1. Left panel: hypothetical incoherent feedforward loop (IFFL) between pCREB and 
CA2. One of the products of CA2, HCO3-, stimulate sAC to produce more cAMP (the input). 
cAMP causes the phosphorylation of CREB via the protein kinase A (not shown). pCREB, in 
turn, induces the expression of CA2 and the CRE-repressor ICER1. Right panel: expected 
output of this regulatory motif. In this model both high and low concentrations of cAMP lead to 
low levels of CA2 expression. In Ae2a,b

-/- cells, chronic intracellular bicarbonate accumulation 
might permanently shift the system toward the descending part of the curve through yet to be 
identified adaptive mechanisms. For an extended discussion of this kind of regulatory motif 
see [35]. 

Irrespective of whether this is the actual mechanism of CA2 regulation by 
cAMP in murine fibroblasts, it is evident that it is far more complex than a 
simple feedback loop between sAC and CA2, and we cannot discard the 
participation of additional non-canonical components. Fine experimental 
tuning of cAMP levels along with the expression of the four components of 

101



Chapter 6 

this pathway, combined with mathematical modeling of the input/output 
relationship between them, should provide further mechanistic clues.  

Combining the results presented in Chapters 2, 3, and 4, we propose the 
schematic model of pHi homeostasis in mouse fibroblasts depicted in Figure 
2. Some elements of this model may be applicable to other cell types, 
although it is unlikely that severe Ca2 deficiency secondary to lack of Ae2 
constitutes a generalized cellular response, otherwise Ae2a,b-/- mice should 
behave as a phenocopy of CA2-deficient mice [16], whereas they only share 
the osteopetrotic phenotype, which, in Ae2-deficient mice, is apparently 
unrelated to CA2 expression [17]. 

 

 
Figure 2. Schematic representation of pHi homeostasis in Ae2a,b+/+ (left panel) vs. Ae2a,b-/- 
(right panel) fibroblasts. Arrow thickness indicates relative strength of a process. Green 
arrows represent stimulation; red lines, inhibition; black arrows, diffusion or chemical 
transformation; and white arrows, transport across membranes. CA2, carbonic anhydrase; 
sAC, soluble adenylyl cyclase. The transporters on the plasma membrane are, from left to 
right, NHE1, Na+/K+ ATPase, and AE2. 

In Chapter 5 we showed that osteoclasts from long bones rely on the 
basolateral activity of AE2 for developing morphological characteristics 
required for the attachment to bone surfaces and acid secretion, namely, the 
appearance of a well-defined apical ruffled border. Interestingly osteoclasts 
from calvaria are not equally affected by Ae2 deficiency, which seems to be 
due to the differential expression of Nbce1 (Slc4a4), an electrogenic 
Na+/HCO3

- co-transporter that might be able to extrude excess HCO3
- across 

the basolateral membrane if it works as in kidney’s proximal tubules (see 
Chapter 1).  

102



Summary and Discussion 

6.2 Future directions: Ae2 and whole body physiology. 

For compelling practical reasons, most genetically manipulated mouse 
models that develop complex syndromes are studied following a reductionist 
approach, i.e. one phenotype at a time. Ae2a,b

-/- mice were no exception to 
this strategy. Unlike the short lived Ae2-/- mice [18], our mouse model of AE2 
deficiency develops a number of phenotypes that have been characterized in 
considerable detail, to wit: 

1) Male infertility [2]. 

2) Dysfunctional parietal cells and impaired gastric acid secretion [19]. 

3) Impaired enamel maturation and dentition [20]. 

4) Development of antimitochondrial antibodies [21]. 

5) Osteopetrosis of long bones [17] (Chapter 5). 

Other phenotypes, like severe hearing loss, have yet to be fully characterized.  

Even though two gross features of AE2-deficiency are shared between  
Ae2a,b

-/- and Ae2-/- mice (impaired gastric acid secretion and osteopetrosis), 
the severity and lethality of complete AE2 deficiency seems puzzling.  

Initially, Gawenis et al. suggested that the knockout strategy utilized to 
eliminate Ae2a and Ae2b expression left intact genomic sequences capable 
of being transcribed and translated into truncated and partially functional AE2 
variants, besides the unaltered c isoforms [18]. We have repeatedly failed to 
find Ae2 transcripts or detect any AE activity in different Ae2a,b

-/- cell types 
using independent experimental strategies, so we think that the truncated 
protein hypothesis can be safely dismissed. The expression of Ae2c isoforms, 
on the other hand, cannot be completely ruled out as a potential 
compensatory mechanism protecting Ae2a,b

-/- mice from an otherwise fatal 
deficiency. But again, we could not detect Ae2c isoforms in fibroblasts 
(Chapter 3, [3]) and osteoclasts (Chapter 5, [17]) from mutant mice. Moreover, 
it has been demonstrated that AE2c2 is not a functional Cl-/HCO3

- exchanger 
and that AE2c1 expression is completely restricted to the stomach epithelium 
[22]. Indeed, the mild hypochloridric phenotype of Ae2a,b

-/- mice suggests that 
AE2c1 expression is actually sufficient for sustaining basal, but not stimulated, 
rates of gastric acid secretion [19].  

Recently, Schinke et. al. made a fascinating observation that could provide 
the ultimate explanation for this phenotypic discrepancy between Ae2-
deficient strains. They found that mice with mutations in genes affecting only 
osteoclast function (e.g. Src-/-) develop osteopetrosis without major alterations 
of calcium homeostasis, whereas mice with specific defects in parietal cell 
function (e.g. Cckbr-/-) show impaired calcium homeostasis manifested in 
hyperparathyroidism, mild hypocalcemia, and osteoporosis, secondary to 
hypochloridria [23]. These two loose ends were elegantly tied with the 
discovery that combined defects in both parietal cells and osteoclasts, for 
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instance in the spontaneous osteopetrotic strain oc/oc or the engineered 
Atp6i-/- mice, result in a distinct and paradoxical phenotype that combines 
osteopetrosis with impaired calcium homeostasis and bone mineralization, 
called osteopetrorickets. This serious condition resembles severe 
osteopetrosis on the surface but hides aspects of osteopenia and, if left 
untreated, ends in premature death in mice and humans [23, 24]. In light of 
this new evidence, we propose that, due to the complete malfunction of 
parietal cells and osteoclasts, Ae2-/- mice could have been originally 
misdiagnosed as osteopetrotic when they actually suffer from 
osteopetrorickets, whereas Ae2a,b

-/- mice, by retaining significant levels of 
basal gastric acid secretion [19], are in fact “only” osteopetrotic. This 
hypothesis can be easily tested with dietary calcium supplementation of Ae2-/- 
mice, which should ameliorate the bone phenotype and improve survival 
rates.  

The previous example illustrates one of the limitations of the reductionist 
approach in the study of complex phenotypes. Perhaps a more drastic 
example is the recent discovery of the endocrine functions of bone [25], 
unraveled in great part by the laboratory of Gérard Karsenty. Through a series 
of elegant experiments, Karsenty et al. have demonstrated that bones are not 
only the recipient of hormonal signals but they also generate a molecular 
messenger with unanticipated physiological effects that coordinates the 
regulation of bone mass, energy metabolism, and male fertility [26, 27]. 
Coincidentally, this signal also relates to some of the phenotypes of Ae2a,b

-/- 
mice.  

Specifically, it has been suggested that osteoclasts are involved in the 
activation of what can be considered a pro-hormone form of osteocalcin [28]. 
Osteocalcin is a small protein (49 amino acids) that is synthesized, 
carboxylated in glutamate residues, and secreted only by osteoblasts [29]. 
Carboxylation increases osteocalcin affinity for the bone matrix but it also 
renders it biologically inactive. Decarboxylation of osteocalcin is apparently 
achieved by the acidic pH produced by osteoclasts in resorption lacunae [28] 
(Fig. 3). From there, activated osteocalcin can be released to the systemic 
circulation and reach its target organs. So far, the putative receptor for 
osteocalcin is a G-protein coupled receptor (Gprc6a) that has been found in 
pancreatic β-cells, where it regulates insulin secretion and β-cell proliferation 
[28, 30], and in Leydig cells, where it stimulates testosterone production [31]. 
Consistently, osteocalcin-deficient mice are obese, hyperglycemic, 
hypoinsulinemic, insulin resistant, and develop male infertility due to 
hypogonadism, secondary to Leydig cell dysfunction and lower testosterone 
production [28, 29, 31]. 
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Figure 3. Feedforward loop between insulin, bone resorption, and osteocalcin. Insulin 
signaling in osteoblasts decreases the expression of osteoprotegerin (OPG). A lower 
OPG/RANKL ratio stimulates bone resorption  by osteoclasts and carboxylated osteocalcin 
(GLA-OCN) activation through decarboxylation in the acidic environment of resorption 
lacunae. Activated osteocalcin stimulates β-cell insulin secretion in pancreas and insulin 
sensitivity in peripheral tissues. ECM, extracellular matrix; InsR, insulin receptor; ESP, 
embryonic stem cell phosphatase. Reprinted from [26]. 

The details of osteocalcin integration in the larger picture of energy 
homeostasis and male fertility are fascinating and appear discussed at length 
in [26]. The most intriguing aspect of bone endocrinology in the context of this 
thesis is obviously whether osteoclast dysfunction in Ae2a,b-/- mice has any 
deleterious effect on osteocalcin activation and signaling. Direct determination 
of decarboxylated circulating osteocalcin should provide a quick answer to 
this question. If AE2 deficiency results in osteocalcin deficiency, secondary 
effects on insulin signaling and glucose metabolism can be predicted and 
studied.  

Additionally, even though a defect in testosterone production by Leydig cells 
was initially discarded as a plausible mechanism of hypogonadism and male 
infertility in Ae2a,b-/- mice [2], low osteocalcin levels in serum would warrant a 
re-examination of the issue by supplementing male mice with systemic 
osteocalcin. 

In humans, primary biliary cirrhosis (PBC) is the only pathology linked to AE2 
dysfunction described so far [32]. Although its ethiology is not entirely clear, it 
seems to involve a mixture of defective bicarbonate secretion into the bile, 
resulting in cholestasis and oxidative stress, which, combined with immune 
dysregulation leads to autimmune attack of cholangiocytes [33]. Some of 
these features are recapitulated in Ae2a,b-/- mice [21], even though AE2 
appears to be dispensable for biliary HCO3

- secretion in mice [34].  
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Based on the results presented here and the diversity of phenotypes 
developed by Ae2a,b-/-  mice, we think that hypomorphic variants of AE2 in the 
human population could be behind some idiopathic syndromes of clinical 
relevance but challenging diagnosis.  
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