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pHi homeostasis in Ae2-deficient mouse fibroblasts 

Abstract 
Intracellular pH (pHi) homeostasis is critical for most cellular functions and is 
functionally linked to cell migration, vesicular trafficking, tumoral 
transformation, and many other physiological and pathological processes. 
Using murine fibroblasts with a targeted genetic deletion of the most abundant 
isoforms of anion exchanger 2 (AE2), we show that this Cl-/HCO3

- exchanger 
is a base extruder essential for the regulation of pHi at extracellular pH (pHo) ≥ 
7.0. Chronic alkalosis in Ae2a,b

-/- fibroblasts correlates with a reduced cytosolic 
buffer capacity at pHo < 7.0 and with the inhibition of intracellular alkalization 
following an acute hyperosmotic challenge. Collectively, our results validate 
Ae2a,b

-/- mouse fibroblasts as an in vitro model of chronic intracellular alkalosis 
that can be valuable for the study of signaling pathways and regulatory gene 
expression required for the control of pHi. 
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Introduction 
 
Given the limited buffering capacity of cytosolic buffer systems, intracellular 
pH (pHi) homeostasis in mammalian cells depends largely on the concerted 
activity of a number of transmembrane electrolyte transporters and ion 
channels located at the cell surface [1].  
In mammalian cells, a common homeostatic response to intracellular acidosis 
relies on the expression of plasma membrane sodium-proton exchangers 
(NHEs, SLC9). The most ubiquitous and prototypic variant of sodium-proton 
transporters is NHE1 (SLC9A1) [2]. This transporter is maximally active when 
protons accumulate beyond physiologically permissible limits and utilizes the 
favorable inward sodium electrochemical gradient to couple proton secretion 
into the extracellular space until pHi is normalized [3]. Other members of the 
NHE family include the epithelial variants NHE2 and NHE3, which are 
significantly expressed and functionally relevant in the gastrointestinal tract 
and kidney [4-8].  
Similarly, intracellular alkalosis can be corrected by a pHi-sensitive 
bicarbonate-secreting system that is coupled to the generally inward chloride 
electrochemical gradient. Some members of the chloride-bicarbonate family of 
anion exchangers (SLC4) are responsible for this latter form of pHi regulation 
[9-11]. Anion exchanger 2 (AE2, SLC4A2) is the main candidate for mediating 
the regulatory response to intracellular alkalosis in most cells since, compared 
to other anion exchangers of the SLC4 family, AE2 shows the strongest pH 
sensitivity: maximally active around pHi 7.6 and strongly inhibited at pHi below 
7.0 [12], and is expressed in nearly every mammalian tissue and cell type 
studied thus far [13]. 
In addition to its role in pHi homeostasis, AE2 also participates in the 
regulation of cell volume [9]. During hyperosmotic shock, cells induce the 
influx of solutes to favor the osmotic entrance of water and prevent cell 
shrinkage using a variety of redundant electrolyte transport systems [14]. One 
of them is the cotransport of sodium potassium and chloride via the NKCC1 
(SLC12A2) solute cotransporter [15]. Additionally, the coupled activity of 
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NHE1 and AE2 can promote the net import of sodium and chloride ions hence 
hyperosmotic stress is generally accompanied by intracellular alkalization due 
to the increased activity of Na+/H+ exchangers, which is followed by the 
activation of AE2 [16]. This component of regulatory volume increase (RVI) is 
sensitive to inhibitors of NHEs (e.g. dimethylamiloride) and AE transport (e.g. 
DIDS), and requires the presence of extracellular chloride, suggesting the 
absolute requirement of both transport systems [16]. 
Recent gene targeting studies in mice have established the central role of 
AE2 in cell types specialized on proton secretion. Two independent reports 
have shown that AE2-deficient mice have severe defects in gastric acid 
secretion due to the presence of dysfunctional parietal cells in the gastric 
epithelium [17, 18]. These mice also develop osteopetrosis of long bones, 
where AE2 expression appears critical for the differentiation of functional 
osteoclasts [19-21]. These two examples underscore the importance of AE2 
expression in cells that, given their secretory function, require constant 
protection against intracellular alkalosis generated upon acid extrusion.  
The question remains, however, as to how relevant AE2 function is for pHi 
and cellular volume homeostasis in other cell types, where its deficiency in 
vivo does not lead to a readily apparent phenotype. There is compelling 
evidence indicating that, in some cell types, AE2 can localize exclusively to 
intracellular compartments, namely, Golgi membranes [22]. In this particular 
location, AE2 appears to be maintaining the structural integrity of Golgi 
stacks, akin to the structural role of AE1 in erythrocytes [23]. Whether this 
differential localization of AE2 implies a dissociation of its pHi regulatory 
function is yet to be established. 
In the current study, we set out to investigate the function of AE2 as pHi 
regulator in mouse fibroblasts obtained from mice with a targeted mutation in 
the most ubiquitous variants of AE2: Ae2a, Ae2b1, and Ae2b2 [24, 25].  
Ae2a,b

-/- mouse fibroblasts showed a complete absence of Cl-/ HCO3
- 

exchange activity under experimental Cl- removal and intracellular alkalosis at 
pHo > 7.0. Interestingly, the higher pHi set-point of Ae2a,b

-/- fibroblasts 
hampers intracellular alkalization in response to a hypertonic challenge, 

35



Chapter 2 

suggesting that cellular volume regulation might also be compromised by AE2 
deficiency. Our results indicate that AE2 is a bona fide pHi regulator that 
protects mouse fibroblasts from intracellular alkalization in culture.  
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Materials and Methods 
 

Solutions and buffers. For pHi calibration curves, a series of high-potassium 
buffers (32.8 mM N-methyl-D-glucamine, 105 mM KCl, 1.2 mM MgSO4, 1mM 
CaCl2, 32.2 mM HEPES) containing 10 ug/ml nigericin and equilibrated at pH 
5.85, 6.15, 6.40, 6.80, 7.00, 7.20, 7.45, 7.65, 7.94, and 8.25, at 37ºC were 
used. At the end of each experimental pHi determination, a single point 
calibration procedure was performed using high-K+/nigericin buffer at pH 7.0, 
37ºC. For pHi measurements cells were incubated in standard HEPES buffer, 
SHB, (125 mM NaCl, 3 mM KCl, 1 mM CaCl2, 1.2 mM MgSO4, 2 mM KH2PO4, 
5 mM glucose, 20 mM HEPES, pH 7.4). In experiments with chloride-free 
buffer, chloride salts in SHB were replaced for the corresponding gluconate 
salts. For pHo challenge experiments, SHB was equilibrated at the indicated 
pH, and osmolarity was adjusted with D-mannitol. Hypertonic buffer consisted 
of SHB, pH 7.4 supplemented with 100 mM D-mannitol. NKCC1 inhibition was 
performed by addition of 100 µM bumetanide to isotonic and hypertonic SHB. 

 
Cell culture. Fibroblasts were isolated from the peritoneal wall of male 
Ae2a,b

+/+  and Ae2a,b
-/- mice of the same genetic background as previously 

described [26]. Briefly, the peritoneal wall was excised and cut into small 
pieces (< 1 mm) that were trypsinized for 30 min at 37ºC. Subsequently, 
tissue debris was removed by low speed centrifugation (50 x g) and cells in 
the supernatant were spun down at 1000 x g. Cells were then resuspended 
and cultured in DMEM (Cambrex, Verviers, Belgium) containing 10% fetal 
bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin 
under 10% CO2.  
 
pHi measurements. 5 x 105 cells were cultured on round coverslips (20 mm 
diameter) until approximately 70% confluency. Before pHi measurements, 
cells were washed with Hank’s balanced salt solution (HBSS; Cambrex, 
Verviers, Belgium) and incubated for 10 min with 5 µM BCECF-AM (Molecular 
Probes, Eugene, OR) in HBSS at 37ºC. BCECF-loaded cells were mounted in 
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a custom-made multi-channel perfusion chamber and perfused at 0.7 mL/min 
with SHB [27] at 37ºC. After one hour of equilibration in standard HEPES, 
fluorescence (535 nm excitation, 490 nm and 440 nm emission) was 
monitored every 30 seconds in a Novostar multiplate reader (BMG 
Labtechnologies, Offenburg, Germany). After a few minutes of basal pHi 
recording, cells were switched to experimental solutions. At the end of each 
experiment, a single-point calibration was performed by perfusing cells with 
10 µM nigericin in high-K+ buffer at pH 7.0 [27]. pHi was calculated by 
interpolating normalized 490/440 nm fluorescence ratios in a standard curve 
obtained by calibration with 10 µM nigericin, high-K+ buffers at 9 different pHo 
between 5.8 and 8.2. The standard curve was shifted to pass through the 
point [fluorescence ratio 1.0, pH 7.0] and subjected to least squares non-
linear fitting as described elsewhere [27].  The model equation for curve fitting 
was: 
 

, 
 

where FR is the experimentally determined 490/440 nm fluorescence 
emission ratio, b and c are the fitting parameters and pHi is the unknown 
variable. All calculations were done in GraphPad Prism version 4.0 
(GraphPad Software, San Diego, CA). 
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Results 
 
pHi calibration curves. To properly estimate pHi from ratiometric fluorescence 
data measured in BCECF-loaded cells, it is necessary to perform a calibration 
procedure with a set of high-K+/10 µM nigericin solutions of known pH. 
Nigericin is an excellent H+ ionophore that allows the generation of an 
experimental pH clamp (pHo = pHi). The parameters obtained from these 
calibration curves also make possible to calculate pHi using a single-point 
calibration at the end of each subsequent experiment, usually at pH 7.0 [27].  
We performed separate high-K+/10 µM nigericin calibration procedures in 
mouse fibroblasts of both genotypes in order to determine whether the 
mutation in AE2 significantly altered calibration parameters. Figure 1 shows 
calibration curves and the corresponding parameters obtained for wild-type 
and Ae2a,b 

-/- fibroblasts (n=5 for each pH point). Both the calibration curves 
and the results of the least-squares curve fitting show that cells from both 
genotypes are comparable in their behavior under high-K+/10 µM nigericin 
calibration solutions. All pHi values in the following experiments were 
calculated using the parameters shown in Figure 1. 
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Figure 1. Calibration curves obtained from Ae2a,b

+/+ and Ae2a,b
-/- fibroblasts perfused with 

high-K+/10 µM nigericin solutions as described in [27] (n=5). The data was then subjected to 
least-squares curve fitting using the depicted model equation. Fitting parameters b and c are 
shown for each genotype.  

 
AE2 function, resting pHi, and extracellular pH challenges. As a direct test of 
AE2 function we replaced chloride salts in the perfusing solution by gluconate 
salts and followed the time course of pHi changes before and after chloride 
replacement. This maneuver elicited a robust intracellular alkalization 
response in wild type fibroblasts, which was virtually absent in Ae2a,b 

-/- cells 
(Fig. 2), suggesting that AE2 is by far the main, if not the only, functional 
chloride-bicarbonate exchanger in cultured mouse fibroblasts.  
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pHi homeostasis in Ae2-deficient mouse fibroblasts 

 
Figure 2. Cl- replacement effect over pHi in Ae2a,b

+/+ and Ae2a,b
-/- mouse fibroblasts. Cells 

were perfused with standard HEPES buffer (SHB) at pH 7.4, and then switched to a version 
of SHB in which all chloride salts were replaced by gluconate salts. Finally, cells were 
switched back to SHB. pHi traces representative of three independent experiments are 
shown. 

 

At the beginning of every experiment, measurements of resting pHi at pHo 7.4 
revealed that cultured Ae2a,b

-/- cells suffer from chronic intracellular alkalosis, 
with an average pHi value 0.1-0.2 units higher than their wild type 
counterparts (Figures 2-4), which is consistent with AE2’s base extruder 
function in pHi regulation. Next, we determined the response of pHi to 
changes in extracellular pH (pHo) by switching cells in the perfusion chambers 
from SHB at pH 7.4 to buffer at pH 6.5, 7.0 or 8.0 of otherwise identical 
composition.  
The response to extracellular acidification at pHo 6.5 in terms of end-point pH 
was not significantly different between cells of both genotypes (Fig. 2A and 
Fig. 3), although the kinetics of intracellular acidification was slightly faster in 
knockout cells and the difference between starting and final pHi was 
significantly greater in Ae2a,b 

-/- fibroblasts (0.58 pH unit vs 0.36 in Ae2a,b 
+/+ 

cells, Fig. 3). A gentler acidification procedure at neutral pHo caused cells of 

41



Chapter 2 

both genotypes to undergo a drop in pHi of similar magnitude (~ 0.3 pH units, 
Fig. 3) and kinetics (Fig. 2B). Similarly, when switched to pHo 8.0, the already 
alkalotic Ae2a,b 

-/- fibroblasts showed a 0.11 pH unit increase in pHi vs 0.12 pH 
unit in wild-type cells, essentially maintaining the pHi difference observed at 
physiological pH (Fig. 2C and 3). These results have two major implications. 
First, they indicate that the function of Ae2 is critical to define the pHi set-point 
of cultured mouse fibroblasts at pHo ≥ 7.0, in good agreement with its pattern 
of activity in other cell types and heterologous systems [28]. Secondly, Ae2a,b

-

/- mouse fibroblasts show an impaired buffer capacity at pH < 7.0 compared to 
their wild-type counterparts, which seems paradoxical in light of the 
accumulation of base equivalents that is observed in these cells at pHo ≥ 7.0. 
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  A 

 
  B 

 
  C 

 
Figure 2. pHi response to three pHo challenges in Ae2a,b+/+ and Ae2a,b-/- mouse fibroblasts. 
Cells were perfused with SHB at pH 7.4 and then switched to SHB at pH 6.5 (A), 7.0 (B), and 
8.0 (C). pHi traces representative of five measurements in two independent experiments are 
shown.  
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Figure 3. pHi vs. pHo in Ae2a,b

+/+ and Ae2a,b
-/- mouse fibroblasts. Compilation of data from 

experiments shown in Figure 2. Final pHi at each pHo was calculated as the mean of the last 
5 time points before switching perfusing solutions in individual pH traces. These values were 
then averaged for five samples of each genotype at every pHo, corresponding to two 
independent determinations. Error bars indicate standard deviation. ** P<0.01, *** P<0.001 in 
two-tailed Student’s t-tests comparing Ae2a,b

+/+ vs. Ae2a,b
-/- cells at each pHo condition. 

 
Hyperosmotic stress and bumetanide treatment. The ability of AE2 to 
influence chloride movement across the plasma membrane, together with the 
coupled activity of Na+/H+ exchangers, determines its secondary function in 
cell volume regulation [29]. The net effect of the simultaneous activity of NHE1 
and AE2 is the inward transport of sodium chloride and the export of carbonic 
acid that can eventually decompose into CO2 and H2O. It has been shown 
that during hyperosmotic shock, an initial intracellular alkalization response 
develops in cell types as diverse as leukocytes and Xenopus oocytes [16, 29], 
mediated primarily by the activation of NHE. The resulting higher pHi is 
followed by stimulation of chloride/bicarbonate exchange, presumably 
mediated by AE2 in most cells, leading to the influx of chloride. We tested 
whether this prototypical response to hypertonicity was also present in mouse 
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fibroblasts as well as the potential requirement of AE2 expression in this 
process. We used 100 mM D-mannitol to increase the osmolarity of standard 
HEPES buffer to ~ 395 mOsm. When wild type cells were switched from SHB 
to hypertonic buffer, an intracellular alkalization of ~ 0.12 pH unit was readily 
observed and remained stable for several minutes (Fig. 4A). This response 
was reverted by switching cells back to SHB. In contrast, the alkaline pHi of 
Ae2a,b-/- cells seemed to preclude any further alkalization caused by the 
hyperosmotic challenge (Fig. 4A), suggesting that NHE activity is strongly 
inhibited in these cells, as predicted by the pH-regulated activity profile of 
NHE1 [7].  
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A 

 
B 

 
Figure 4. pHi response to hyperosmotic stress in Ae2a,b+/+ and Ae2a,b-/- mouse fibroblasts. 
Cells were perfused with iso-osmotic SHB and then switched to hyperosmotic SHB in the 

absence (A) or presence *m) of 10µM bumetanide. pHi traces are representative of three 

measurements in two independent experiments. 
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Another major pathway of cell volume regulation in mammalian cells is 
mediated by the Na+/K+/2Cl- cotransporter NKCC1 [15]. We have shown that 
the expression level of Nkcc1 mRNA in mouse fibroblasts of both genotypes 
is not significantly different and comparable in magnitude to the levels of Nhe1 
mRNA [30]. To investigate the influence of the NKCC1 pathway of cell volume 
regulation on the coupled activity of NHE/AE we pre-incubated cells with 10 
µM bumetanide, a potent NKCC1 blocker, in SHB for 5 minutes prior to the 

hypertonic challenge and then switched them to the high osmolarity buffer. 
The pre-treatment with bumetanide alone induced acidification of the cytosol 
(~ 0.15 pH unit), in both Ae2a,b

+/+ and Ae2a,b
-/- fibroblasts (Fig. 4B). The switch 

to a high osmolarity solution containing bumetanide produced an increase in 
pHi comparable to that observed in bumetanide-free SHB, and the overall 
difference observed previously between cells of both genotypes was 
maintained (Fig. 4B), suggesting that NKCC1 is a minor component in the 
response to acute hyperosmotic stress under these conditions in mouse 
fibroblasts, although it appears to influence steady state pHi levels. 
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Discussion 
 
Cellular electrolyte homeostasis involves countless cytosolic chemical 
equilibria together with the activity of numerous membrane transporters and 
channels that ultimately determine interdependent processes such as the 
maintenance of membrane potential, cellular volume and pHi.  
Here we show that genetic ablation of the three major variants of Ae2 (a, b1, 
b2) is sufficient to eliminate any significant Cl-/HCO3

- exchange activity from 
mouse fibroblasts in vitro (Fig. 1), suggesting that the minor variants of AE2, 
c1 and c2, are either not expressed or inactive, and that no other transporter 
of the SLC4 family is capable of compensating for the lack of AE2, even 
though we have detected the expression of AE3 transcripts in this cell type 
[26].  
A direct comparison of how wild type and Ae2a,b

-/- cells respond to different 
pHo demonstrates that AE2 expression is essential for pHi homeostasis in 
cultured fibroblasts. Ae2a,b

-/-  fibroblasts show a significant +0.12 unit 
difference in resting pHi at physiological pHo compared to wild type fibroblasts, 
and this difference is held constant between pHo 7.0 and 8.0 (Fig. 3), implying 
that the total cytosolic buffering capacity at 7.0 ≤ pH ≤ 8.0 is not affected by 
the lack of AE2 activity.   
This alkaline-shifted pHi set point of AE2-deficient murine fibroblasts is a 
notable example of cellular adaptation to chronic environmental changes, 
considering the pleiotropic effects that pH variations have over key cellular 
functions such as enzymatic activity, vesicular trafficking, and cell signaling 
[31]. Adaptation to chronic changes in medium pH has been studied in a 
number of cell types including human fibroblasts, where it results in significant 
changes in gene expression [32] but, by contrast, cellular models of chronic 
pHi variations are more difficult to obtain and therefore not widely available.  
Interestingly, the response of AE2-deficient fibroblasts to extracellular 
acidification up to pH 7.0 offers a potential mechanism of pHi correction that 
could, in principle, operate in vivo. In fact, interpolating from the data 
presented in Fig. 3, it is possible to estimate that at pHo ~ 7.2 the pHi of 
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Ae2a,b
-/- fibroblasts should  be close to control values at physiological pHo. 

However, to be truly effective in vivo, such a compensatory mechanism must 
operate locally (at the plasma membrane) and produce pHo gradients that 
dissipate easily without major alterations of systemic pHo, for example via the 
expression of a membrane-bound extracellular form of carbonic anhydrase, 
e.g. CA4, coupled with other acid-base transporters. Otherwise, a systemic 
0.2 unit drop in pHo is likely to cause secondary deleterious effects. The fact 
that Ae2a,b

-/- mice do not develop any overt phenotype in the fibroblast lineage 
points to efficient compensatory or adaptive mechanisms at work. 
The in vitro situation changes drastically at pHo < 7.0, where the buffering 
capacity of knockout cells seems compromised (Fig 3). We speculate that this 
seemingly paradoxical observation may be hinting to specific long-term 
adjustments of gene expression and/or signaling pathways that allow Ae2a,b

-/- 
fibroblasts to thrive at physiological pHo under chronic intracellular alkalosis. 
For example, if the intracellular accumulation of base equivalents due to lack 
of AE2 activity were compensated by inhibiting bicarbonate production via 
intracellular carbonic anhydrases, a sudden influx of protons would rapidly 
consume the surplus of HCO3

- thus leaving cells more vulnerable to further 
acidification. 
We have previously shown that the higher pHi set point of Ae2a,b

-/- fibroblasts 
causes compensatory hyperactivity of a cyclic AMP signaling cascade likely 
mediated by the bicarbonate-sensitive soluble adenylyl cyclase (sAC) [26] 
along with several changes in the gene expression profile (unpublished data), 
therefore it is likely that these observations are actually adaptive and 
potentially implicated in the reduced buffer capacity of Ae2-deficient 
fibroblasts at acid pH.  
Our results also implicate AE2 in the regulatory response to hyperosmotic cell 
shrinkage. The typical intracellular alkalization observed as part of hypertonic 
regulatory volume increase in wild type fibroblasts (and many other cells in 
culture) was completely absent in Ae2a,b

-/- cells. This result could indicate that 
either knockout cells are chronically swollen as a consequence of generalized 
electrolyte imbalance and therefore have higher tolerance to hyperosmotic 
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shrinkage or, perhaps more likely, are not capable of responding to cell 
shrinkage because their chronic alkalosis blocks the activation of NHE1. If 
true, the latter situation could be particularly relevant for animals with 
restricted access to drinking fluids. Even though there is no indication of a 
serious renal phenotype in Ae2a,b

-/- mice, other tissues that are sensitive to 
hypertonicity might require fully functional AE2 transport to deal with changes 
in extracellular osmolarity and cell volume. AE2 is highly expressed in the 
choroid plexus, where it is thought to regulate both pHi and the composition of 
cerebrospinal fluid [33]. Choroid plexus epithelial cells from mice develop a 
regulated volume increase response that depends on NHE and AE but not 
NKCC activities [34], in close agreement with our observations in the 
fibroblast model. Given that the brain is one of the organs that is especially 
sensitive to hyperosmotic stress (in fact, some conditions that cause 
hyperosmotic stress in the nervous system lead to demyelination and are 
potentially fatal [35]) it would be interesting to study the neurological 
phenotype of Ae2a,b-/- mice subjected to partial water restriction. 
In summary, we have characterized Ae2a,b-/- mouse fibroblasts as a new 
model of chronic intracellular alkalosis that can prove useful for the study of 
general pathways of pHi  and cellular volume regulation. 
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