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Abstract 

NHE1, whose activity and expression are elevated in cardiac hypertrophy, 

requires an acidifying pathway provided by AE3-mediated Cl
-
/HCO3

- 
exchange to 

sustain its activity.  Carbonic anhydrase II (CAII) interacts with NHE1 and AE3 

to induce hypertrophy but the role of AE3 in hypertrophy is poorly elucidated.  

The present study seeks to characterize the interaction between CAII and AE1 as 

the prototype exchanger, and to delineate the role of AE3 in cardiac hypertrophy. 

AE1, the plasma membrane Cl
-
/HCO3

-
 exchanger of erythrocytes, interacts 

with CAII to maximize HCO3
−
 transport.  To characterize further the effect of 

CAII on AE1 transport, CAII-wildtype or catalytically inactive CAII-V143Y was 

fused to the COOH terminus of AE1 to form AE1.CAII and AE1.CAII-V143Y, 

respectively.  When expressed in HEK293 cells, AE1.CAII had a similar Cl
-

/HCO3
-
 exchange activity to AE1 alone, as assessed by the flux of H

+
 equivalents 

(87 ± 4% vs. AE1) or rate of change of [Cl
-
]i (93 ± 4% vs. AE1).  Contrastingly, 

AE1.CAII-V143Y displayed transport rates for H
+
 equivalents and Cl

-
 of 55 ± 2% 

and of 40 ± 2%, versus AE1.  AE1 fused to CAII-V143Y has reduced transport 

activity, which is compensated for during Cl
-
/HCO3

−
 exchange by the presence of 

catalytically active CAII.  When coexpressed with CAII-V143Y, AE1 bicarbonate 

transport was inhibited, whereas AE1.CAII activity was unaffected, suggesting 

impaired transport activity upon displacement of functional CAII from AE1 but 

not AE1.CAII.  

The role of AE3 in hypertrophy was studied in ae3 null mice (ae3
-/-

) 

whose disruption did not affect cardiac function as determined by 



 

 

 

echocardiography and blood pressure measurements.  HW/BW ratio was larger in 

ae3
+/+

 compared to ae3
-/-

 mice.  Hypertrophic stimulation with phenylephrine or 

angiotensin II caused a 25-30% increase in surface area, upregulated ANP and β-

BHC levels, and elevated protein synthesis of wildtype cardiomyocytes but ae3
-/-

 

cardiomyocytes were unaffected.   

Our findings confirm CAII association with AE1 increases Cl
-
/HCO3

−
 

exchange activity, consistent with the HCO3
−
 transport metabolon model.  

Additionally, AE3 operating in conjunction with CAII and NHE1 is essential in 

neurohormonal-stimulated hypertrophy, forming a hypertrophic transport 

metabolon.  Thus, antagonism of AE3 is an attractive target in the treatment of 

cardiac hypertrophy. 
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General Introduction 
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1.1 Thesis Overview 

Bicarbonate (HCO3
-
) is part of the major pH buffering system in cells and 

thus ensures normal physiological processes.  The charge on HCO3
-
 necessitates 

trans-membrane transport mediated by bicarbonate transporters, suggesting a 

critical role of these proteins in many cellular and biological processes.  The goal 

of the present study was to understand the physiological roles of HCO3
-
 

transporters in relation to their interaction with a group of enzymes called 

carbonic anhydrases (CA).  Accumulating evidence reveals that bicarbonate 

transporters interact both physically and functionally with CAs, which confers 

maximal transport capability to the transporters.  Our objective was to probe 

further into this phenomenon.  Specifically, the effect of fusing CA isoform II to 

the carboxyl terminus of the chloride/bicarbonate (Cl
-
/HCO3

-
) anion exchanger 

AE1 was investigated. 

The second goal of this thesis was to elucidate the role played by AE3 in 

the hypertrophic growth of the heart. The Cl
-
/HCO3

-
 anion exchanger, AE3, is 

expressed predominantly in excitable tissues, such as retina, brain and the heart.  

Several lines of evidence suggest that the AE3 isoform contributes to intracellular 

pH (pHi) homeostasis in the heart.  In concert with the sodium/protein exchanger 

1 (NHE1) and CAII, it has been proposed that AE3 activation by hypertrophic 

stimuli can lead to development of cardiac hypertrophy.   
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1.2 Physiology of Cardiac Function  

The primary role of the mammalian heart is to provide continuous supply 

of blood to all parts of the body.  In so doing, the heart supplies nutrients and 

oxygen to all organs to maintain their normal functions and in turn carries end-

products of metabolism for excretion out of the body.  The pumping action of the 

heart is made possible by electrical activities initiated by the natural pacemaker, 

the sino-atrial (SA) node (231), located in the right atrium that spread as a wave 

of excitation throughout the atria and the ventricles of the heart.  Normal cardiac 

function is maintained by tight coordination between the impulse generation 

system, the SA node and the impulse propagation system, the Bundle of His and 

the Purkinje fibers (214). 

Arrival of an action potential at the cardiac muscle cell surface membrane 

induces membrane depolarization by initially stimulating Na
+
 channels, which 

leads to activation of voltage-dependent L-type calcium (Ca
2+

) channels, allowing 

influx of extracellular Ca
2+

 (165) (Fig. 1.1).  The T-type Ca
2+

 channels (274) and 

the Na
+
/Ca

2+
 exchanger (NCX) (32) are also involved with initial entry of Ca

2+
, 

following membrane depolarization.  The initial influx of Ca
2+

 induces further 

release of Ca
2+

 via the ryanodine receptors (RyR2) (318, 329) located on the 

sarcoplasmic reticulum (SR).  The L-type Ca
2+

 channels are located in the 

transverse (T) tubules of the sarcoplasmic membrane and RyR2 channels are 

found on the SR adjacent to the T-tubules.  In this manner, the local concentration 

of Ca
2+

 is increased to induce Ca
2+

 release through the RyR2 channels (57).  The 

Ca
2+

 released by this phenomenon known as Ca
2+

-induced- Ca
2+

-release (CICR) 
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(57), about 10-fold the basal level of cytosolic Ca
2+

, is responsible for the 

contraction of the myofibrils resulting in the contractile phase (systole) of the 

cardiac cycle.  Myocardial contraction occurs when Ca
2+

 binds to troponin C 

which displaces tropomyosin, resulting in a cross-bridge formation between actin 

and myosin filaments (57, 318).  To ensure the rhythmic beating of the heart, 

cardiac relaxation (diastole) occurs immediately, initiated by dissociation of Ca
2+

 

from troponin C (273) followed by Ca
2+

 extrusion made possible by two 

mechanisms; 1. Efflux of Ca
2+

 through the sarcolemmal NCX (29, 33), which 

mediates the influx of 3 Na
+
 ions in exchange of 1 Ca

2+
 ion (296), and 2. 

Sequestration of Ca
2+

 into the SR stores by the Ca
2+

-transport ATPase, the 

SERCA pump (43, 57). 

Cardiac function is therefore tightly regulated at various levels in order to 

maintain the normal function of the heart.  Although the exact intricate regulatory 

mechanisms of cardiac function are not fully understood, most of the regulatory 

mechanisms involve regulation of intracellular Ca
2+

 levels (134, 317).  Deviation 

from the normal physiological handling of [Ca
2+

]i is detrimental to cardiac 

function and underlies the cause and progression of many cardiovascular diseases 

(235). 

1.2.1 Regulation of [Ca
2+

]i 

Intracellular Ca
2+

 exerts major regulatory roles in the cardiomyocytes.  It 

is involved in intracellular signaling (30, 54), gene expression (319), regulation of 

mitochondrial function, excitation-contraction (EC) coupling (33) and cell death 

(30).  As noted in the previous section, electrical activities of cardiac cells impose  
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Fig. 1.1 Schematic representation of cardiomyocyte excitation-contraction 

coupling.  An action potential induces opening of Na
+
 channels which leads to 

activation of voltage-dependent Ca
2+

 channels (L-type Ca
2+

 channels), both 

localized on the transverse tubule (T-T).  The cytosol is subsequently overloaded 

with Ca
2+

, which causes release of Ca
2+

 from the ryanodine receptors (RyR2) 

located on the sarcoplasmic reticulum (SR).  This intracellular Ca
2+

 interacts with 

the contractile apparatus, representing the systolic phase of the contractile cycle.  

Diastole is characterized by uptake of Ca
2+

 into the SR via the SR Ca
2+

 ATPase 

(SERCA) and extrusion of Ca
2+

 via the sodium-calcium exchanger (NCX) and the 

sarcolemmal Ca
2+

 ATPase (details in the text). 
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an increase in [Ca
2+

]i, resulting in the steady and continuous contractile function 

of the heart.  This phenomenon, referred to as excitation-contraction (EC) 

coupling (117), must be tightly controlled since alterations in this process can lead 

to cardiac dysfunction and disease.  Much knowledge on the regulation of [Ca
2+

]i 

has accumulated over the past decade and the molecular processes are becoming 

increasingly understood (33, 43, 54, 57).  Hormonal regulation (321, 322), 

influence of other cytosolic ions (123, 290) and myocardial energetics (21, 187) 

have all been shown to control [Ca
2+

]i.  Neurohormones, including angiotensin II 

(ANGII), endothelin I (ET-I) and epinephrine/norepinephrine (84), influence 

cytosolic Ca
2+

 levels by initially interacting with sarcolemmal surface receptors 

referred to as G-protein coupled receptors (GPCR) leading to activation of 

intracellular second messenger molecules.  Stimulation of β-adrenergic receptors 

by catecholamines for instance, increases the second messenger, cAMP (253), 

which in turn activates protein kinase A (PKA) (84, 253).  PKA phosphorylates L-

type Ca
2+

 channels and induces an increase in the opening probability of the 

channels (reviewed in (91)).  This effect underlies the positive chronotropic and 

inotropic properties of β-adrenoceptor agonists.  The stimulation of the α-

adrenergic receptors and the angiotensin receptors by catecholamines and ANGII 

respectively, activate protein kinase C (PKC) (332) which have been shown to 

exert numerous regulatory effects on cardiac Ca
2+

 handling (detailed mechanisms 

will be discussed in a later section.)  

Interestingly, the cardiac RyRs are under phosphorylation control by PKA, 

which increases Ca
2+

 release from the SR stores (196, 198).  Prolonged activation 
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of the channel, however, leads to Ca
2+

 leak, which may cause cardiac dysfunction 

and heart failure (196, 198).  RyRs also associate with Ca
2+

-binding proteins such 

as calmodulin (320), whose interaction inhibits the channel.  This suggests that at 

high cytosolic Ca
2+

 concentration, binding of the Ca
2+

-calmodulin complex to 

RyRs negatively regulates the channel to prevent further release of Ca
2+ 

from the 

SR (321). 

The reuptake of Ca
2+

 into the SR stores through the SERCA pump is 

crucial in the cardiac cycle.  The opening of SERCA is regulated by 

phospholamban (PLB) (273); phosphorylation of PLB by PKA and/or Ca
2+

-

calmodulin dependent protein kinase promotes opening of the pump (119, 201) 

while the channel is inhibited when PLB is dephosphorylated by protein 

phosphatase 1 (PP-1) (219, 284).  

The sarcolemmal NCX operating in the physiological mode (forward 

mode), extrudes cytosolic Ca
2+

 following contraction leading to cardiac 

relaxation.  Thus [Ca
2+

]i and ultimately cardiac contractility depends partially on 

the activity of the NCX.  NCX is a target of PKA (156, 332) and PKC (332) 

whose phosphorylation of the exchanger enhances activity.  NCX is also regulated 

by the concentration of ions such as protons (H
+
), Na

+
 and Ca

2+
.  The exact 

mechanism of regulation of NCX by these ions is too complex to discuss here. 

Abnormal handling of Ca
2+

i due to abnormal regulation at any step during 

the Ca
2+

 cycle is the hallmark of many myocardial abnormalities.  Contractile 

dysfunction (91), arrhythmias (253) and heart failure (91) may arise as a 

consequence. 
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1.3 Intracellular pH Regulation 

Due to the heart’s high metabolic demands, large amounts of carbon 

dioxide (CO2) are produced as a by-product of oxidative metabolism.  CO2 can 

diffuse across the plasma membrane and ultimately be expired via the lungs.  

Intracellular metabolism of CO2 which involves interaction with H2O, a process 

catalyzed by a group of enzymes called carbonic anhydrases (discussed in detail 

below) results in the production of large amount of protons (H
+
) and proton 

equivalents (HCO3
-
) which will influence cardiac function (237, 238) by 

modulation intracellular pH.  Regulation of intracellular pH (pHi) is therefore, 

central to maintain normal physiological processes of the myocardium (227).  pH 

is a measure of the hydrogen ion concentration (proton, H
+
) and modulation of its 

concentration affects many biological processes.  Organisms have therefore 

developed many strategies to maintain cytosolic pH within the physiological 

range of 7.1-7.2 intracellularly and 7.3-7.4 extracellularly (98).  

Intracellular acidosis affects myocardial contractile function by reducing 

the delivery of Ca
2+

 to the contractile machinery as well as decreasing the 

sensitivity of the myofibrils to Ca
2+

 (226, 306).  Metabolic acidosis as occurs 

during cardiac ischemic episodes impairs energy metabolism by inhibiting 

oxidative metabolism and thus, ATP production (285).  Additionally, under 

diseased conditions, most of the ATP produced is harnessed to normalize the 

prevailing acidotic condition rather than been used to support contractile function 

(97, 105).  Several reports show that myocardial acidosis alters cardiac efficiency 

(measure of cardiac work performed per amount of energy consumed by the heart) 
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by decreasing the efficiency of ATP production or alterations of energy usage to 

perform contractile work (143, 333).  The latter occurs as a result of sequelae of 

events induced by myocardial ischemia.  Myocardial ischemia inhibits the Na
+
/K

+
 

ATPase, which regulates resting membrane potential by mediating the efflux of 3 

Na
+
 for 2 K

+
 (31).  Coupled with the activation of the cardiac NHE1, the ensuing 

intracellular Na
+
 overload activates the reverse mode NCX which ultimately leads 

to intracellular Ca
2+

 accumulation (31).  Consequently, myocardial ATP stores are 

invested to restore the ionic imbalance diverting energy away from contractile 

activity.  Thus, myocardial intracellular acidosis exerts profound effects on 

overall function and pathophysiology of the heart (142, 225, 306).  Understanding 

the source of acidosis and its regulation will enable the identification of new drug 

targets under disease states. 

1.3.1 Proton Regulating Systems 

In order to limit the changes of pHi associated with H
+
 production or 

consumption, three systems are employed in the cytosol.  These include: 1. 

intracellular intrinsic buffering systems (304), 2. extrinsic buffering systems 

(CO2/HCO3
-
 buffer system) (175, 176) and 3. activation of transporters of proton 

and/or proton equivalents (304, 306).  

Buffer capacity is the ability of a system to resist changes in pH.  Cardiac 

cells like all other cells are equipped with an inherent ability to withstand changes 

in pHi.  This affords the first line of protection against acute changes in pHi in the 

cardiomyocytes and comprises two components; the intrinsic and extrinsic 

buffering systems.  Making up the intrinsic buffer systems are the imidazole 
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groups of histidine residues on intracellular proteins and dipeptides (42).  Proteins 

are able to neutralize excess protons due to the presence of histidine residues, with 

pKa values close to pHi (42, 308).  In sheep cardiac Purkinje fibers and the 

isolated ventricular cardiac cells, the intrinsic buffer capacity was estimated to be 

15-20 mM per pH unit at pHi of 7.2 (42, 308).  To a lesser extent inorganic 

phosphate and taurine also contribute about 11 mM per pH unit at pHi of 7.1 to 

the total intrinsic buffering capacity (175, 304).   

The extrinsic component of the intracellular pH buffer system is offered 

by the CO2/HCO3
-
 system (81).  The formation of HCO3

-
 from CO2 is mediated 

by carbonic anhydrases enzymes (CAs), indicating the significant role of CAs in 

pHi regulation.  A separate section of the present report is devoted to CA activities 

and their regulation.  In isolated guinea-pig ventricular myocytes,  the component 

of the intracellular buffer capacity contributed by the CO2-dependent mechanism 

under resting conditions was 2.3 X [HCO3
-
]i at pHi of 7.1 (175).  At resting pHi of 

7.1, the cytosolic concentration of HCO3
-
 is 12 mM (175).  Taken together the 

total intracellular buffer capacity of ventricular myocytes contributed by both 

intrinsic and extrinsic mechanisms under a resting pHi of 7.1 was ~56 mM. 

The myocardium also expresses a number of sarcolemmal transporters 

which mediate the transport of H
+
 and H

+
 equivalents (36, 114).  These 

transporters are categorized as proton extruders, the sodium/proton exchanger 

(NHE1) (36, 114) and the sodium/bicarbonate co-transporter (NBC) (73, 170), or 

proton loaders, the chloride/bicarbonate anion exchanger (AE) and the 

chloride/hydroxyl exchanger (CHE) (176, 286) (Fig. 1.2).  At resting pHi in 
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isolated guinea-pig ventricular myocytes all the pH regulatory transport proteins 

have low transport rates of ~0.15 mM/min (175) which suggests that they are all 

activated to the same extent in the steady state.  Transport activities of the proton 

regulatory transporters are considerably elevated during increased workload when 

the cell is loaded with H
+
 equivalents.  To a smaller extent, another group of 

transporters referred to as the monocarboxylate transporters (MCT) are activated 

under certain conditions to mediate pHi homeostasis (122, 303).  A concerted 

interplay between activation of the pH regulatory proteins exists to ensure the 

maintenance of extracellular and intracellular pH within the physiological range. 

1.3.1.1 Sodium/Proton Exchangers 

The major mechanism by which the cardiac cell overcomes intracellular acidotic 

load is by activation of the sodium/proton exchanger 1 (NHE1) .  Members of the 

NHE family of proteins are integral membrane glycoproteins that catalyse the 

transport of one intracellular H
+
 in exchange for one extracellular sodium ion 

(Na
+
), thus normalizing pHi under conditions of acidosis.  Nine isoforms of NHEs 

designated NHE1-9 (64, 318) have been identified in mammalian cells and NHE1, 

the ubiquitously expressed isoform in most tissues is primarily found in cardiac 

cells (96).  By maintaining pHi at physiological levels, NHE1 plays an important 

role in cardiac function (95).  Moreover, NHE1 activity is involved in the 

regulation of cell volume (242), cell growth and proliferation (133, 147) as well 

playing a role in cell survival and programmed cell death phenomenon known as 

apoptosis (171, 172). 
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Fig. 1.2 Schematic representation of the major pH regulatory transporters in the 

cell.  pH regulatory transporters are categorized into proton loaders, anion 

exchangers (AE) and chloride-hydroxyl/bicarbonate (CHE), and proton extruders, 

sodium-proton exchanger 1 (NHE1) and sodium-bicarbonate co-transporters 

(NBC).  These transporters operate in concert to maintain intracellular pH at 7.1-

7.2 and extracellular pH at 7.3-7.4 (details in the text). 
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Although the structure of NHE1 has not been fully resolved, accumulating 

hydropathy profiles coupled with cysteine scanning mutagenesis whereby an 

individual cysteine mutation is introduced into a cysteineless mutant and 

evaluating accessibility to sulfhydryl reactive agents, have demonstrated that 

NHE1 is composed of 10-12 transmembrane domains (TD) (168) with a short 

amino (N-) terminal domain and a large carboxyl (C-) terminal tail which are both 

located in the cytosol (249).  These studies have also revealed an N-linked 

glycosylation site at N75 and a re-entrant loop at the tenth TD (173).  Further 

details on the topology  of NHE1 have been elucidated by studies in the bacterial 

NHE1 homologue, NhaA, albeit having a stoichiometry dissimilar to that of 

NHE1 in exchanging one H
+
 for 2 Na

+
 ions (228).  Recently, a high resolution X-

ray structure of NhaA has been solved (137, 228) which has enabled a 3D 

modeling of NHE1 structure.  NhaA contains 12 TD helices with a long loop 

between TD 1 and 2 which contained a surface associated helix and two beta 

sheets responsible for dimer formation.  TDs 4 and 11 contained extended regions 

in the center of each helix which may be responsible for transport activities of 

NhaA (268).  

The 3D structure of NHE1 also comprises 12 TDs without the first two 

helices suggested by the previous model (314).  The new 3D topology model also 

revealed that TD 9 of the previous model may be split into two helices (TD 7 and 

8) and the re-entrant loop is now reassigned TD 9.  The assemblage of TD 4 and 

11 was similar to the crystal structure of NhaA.  Two highly conserved aspartate 

residues (D163 and D164) on TD 5 in NhaA, responsible for cation binding were 
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equivalent to N266 and D267 in the eukaryotic structure.  A high resolution X-

structure of NHE1 is, however, far from being solved due mainly to poor 

overexpression of NHE1 and the difficulty in purifying the protein.  Current 

structural studies of NHE1 therefore involve low resolution analysis of individual 

TDs by NMR and single particle electron microscopy.  In general, these studies 

have demonstrated that the TD is responsible for the transport activity of NHE1 

and possesses an allosteric H
+
 sensor site that confers H

+
 sensitivity to the 

exchanger (242, 315).  The cytoplasmic C-terminus provides possibilities for 

regulation by various mechanisms through interaction with other cytosolic 

molecules (180). 

The C-terminal tail interacts with cytosolic proteins and co-factors and it 

contains consensus sequence sites for phosphorylation by numerous protein 

kinases following growth factor activation (64).  NHE1 is constitutively 

phosphorylated (261) and further phosphorylation enhances exchange activity by 

shifting pH sensitivity to the alkaline range (96, 262).  Some of the proteins 

shown to interact with NHE1 include calmodulin (275), calcineurin homologue 

protein 1 (182), tescalin and carbonic anhydrase II (177, 179).  The physiological 

relevance of the interaction of NHE1 with the latter will be elaborated at a later 

section.  The phosphorylation control of NHE1 activity by pro-hypertrophic 

stimulants will be discussed at a later section.  The many regulators of NHE1 

enable the fine-tuning of the activity of the exchanger.   

NHE1 is at the epicenter of many cardiovascular diseases including 

ischemia-reperfusion injury (20, 294), cardiac hypertrophy and heart failure (233, 
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266).  Inhibiting the activity of NHE1 during and following an ischemic episode 

has proven efficacious in various ischemia-reperfusion models (reviewed in (5, 6, 

150)).  A plethora of experimental models of cardiac hypertrophy and heart failure 

have revealed promising evidence for NHE1 as an attractive therapeutic target 

(166, 328). 

1.3.1.2 Sodium/Bicarbonate Co-Transporters  

The other major mechanism by which cardiac cells regulate intracellular 

acidosis is through NBCs, which mediate the co-transport of Na
+
 and HCO3

- 
into 

the cell.  By so doing, the reduction of pHi is normalized by the influxed HCO3
-
, 

which neutralizes the H
+
 ions.  Since one molecule of HCO3

-
 neutralizes one H

+
 

ion, NBCs are described as H
+
-equivalent transporters.  The contribution by the 

NBCs to intracellular acid normalization is, however, minimal in comparison to 

the fraction contributed by NHE1 (61).  Thus in the myocardium, alkalinizing 

activity is mediated by a proton extrusion mechanism (by NHE1) and a 

bicarbonate influx component by Na
+
-HCO3

-
 symporters although NHE1 

activation is the predominant pathway that induces intracellular alkalinization  

(293, 307, 324). 

In the myocardium, both the electroneutral NBC, with a stoichiometry of 1 

Na
+
:1 HCO3

-
 and the electrogenic NBCs, NBCe1 and NBCe2 with a 

stoichiometry of 1 Na
+
:2 HCO3

-
 are expressed in ventricular cells of different 

species (rats, rabbits, guinea pigs and humans) (51, 325).  By using protein 

immunofluorescence and confocal imaging cardiac NBC isoforms were shown to 
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be localized to the lateral sarcolemma, intercalated discs and T-tubules of rat 

ventricular myocytes (106).   

The functional consequences of NBC activation in the myocardium are not 

fully characterized, but in rat and cat ventricular myocytes, NBC activation was 

shown to generate anionic repolarizing current which induced an ~25% shortening 

of action potential (2).  A recent report (56) suggested that inhibition of the 

transporter by the specific inhibitor, S0859, afforded cardioprotection in ischemic-

reperfused animal hearts.  The exact mechanism of cardioprotection is not fully 

dissected, but it is believed to involve a decrease in Ca
2+

i overload secondary to a 

reduction in Na
+

i overload (154, 263).  Thus, the NBC is proposed to be involved 

in myocardial contractility by influencing Ca
2+

i concentration (56). 

1.3.1.3 The Chloride/Hydroxyl Exchanger 

In guinea-pig ventricular myocytes a component of the intracellular pH 

regulatory mechanism was mediated by an unidentified chloride-dependent acid 

loader (286).  Subsequent functional characterization revealed the acid loader as a 

Cl
-
/OH

-
 exchanger that catalyses the extrusion of intracellular OH

-
 in exchange 

for extracellular Cl
-
 (136).  The Cl

-
/OH

-
 exchanger, now identified as SLC26A6, 

belongs to the SLC26 family of 11 genes (277).  Adult mouse heart expresses 

both slc26a3 and slc26a6 isoforms on the sarcolemma (13).  Members of the 

SLC26 gene are capable of mediating the exchange of other ions including HCO3
-
 

and SO4
2-

, I
-
, formate and oxalate (125, 194, 195, 206).  Some of the members of 

the SLC26 gene family are associated with genetic disorders; SLC26A2 in 
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chondrodysplasias, SLC26A3 is involved with diarrhea and SLC26A4 is 

associated with Pendred syndrome (211). 

Interest in the function of SLC26A6 in cardiac function has been 

heightened over the past few years due to the discovery that among the Cl
-
/HCO3

-
 

anion exchangers expressed in the mouse heart, SLC26A6 is the most 

predominantly expressed cardiac isotype (13).  The functional consequences of 

the high expression level of SLC26A6 in the myocardium are not evident at 

present.   

Controversy also surrounds the electrogenicity of SLC26A6 in heart 

function.  A recent report showed that SLC26A6 mediates an electroneutral 

transport of 1 OH
- 
in exchange for 1 Cl

-
 (211, 220).  The role of the exchanger in 

disease conditions is not characterized, but its physiological role in maintaining 

steady state pHi is shown in a number of experimental studies (220, 304).  

1.3.1.4 Chloride/Bicarbonate Anion Exchangers 

Cl
-
/HCO3

-
 anion exchangers belong to the solute carrier 4 (SLC4) family 

of genes, which mediate Na
+
-independent electroneutral exchange of Cl

-
 in 

exchange of HCO3
-
.  The gene products designated SLC4A1-A3 (AE1-AE3) are 

involved with pHi, [Cl
-
]i and cell volume regulation (7). 

Structurally, SLC4 proteins consist of three domains; a long cytoplasmic 

N-terminal domain of 400-700 residues, a transmembrane domain of ~500 

residues which catalyses anion exchange and a short cytoplasmic C-terminus ~30-

100 residues (291, 334).  The topological model (Fig. 1.3) is based mainly on the 
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hydropathy and biochemical information obtained from studies performed on the 

AE1 Cl
-
/HCO3

-
 anion exchanger isoform (291, 334). 

The AE1 anion exchanger is the well-studied isoform and it is expressed 

mainly in the plasma membrane of red blood cells (erythroid band 3), the alpha-

intercalated cells of the distal renal tubule and in the myocardium.  The erythroid 

and the renal isoforms of AE1 are under expression regulation by two different 

promoters (278).  AE1 comprises about 50% of the proteins found on the plasma 

membrane of the RBCs and is therefore known as the erythroid isoform or band 3 

(70).  The murine isoform has 911 amino acids sequence with a 43 kDa large 

intracellularly located  N-terminal tail, which interacts with cytosolic proteins 

including glycolytic enzymes, hemoglobin and cytoskeletal proteins thus 

conferring structural integrity to the erythrocyte; the 55 kDa membrane domain is 

the functional component, which mediates transport activity (70, 120).  

Hydropathy plots reveal that there are about 12-14 membrane spanning regions 

which are involved in transport of anions (162, 163).  Expression of the C-

terminal membrane domain alone is capable of transport activity (283).  The short 

C-terminal tail contains acidic amino acid residues responsible for interaction 

with carbonic anhydrase II forming a bicarbonate transport metabolon (243, 283, 

311-313).  Interestingly, the other family members, AE2 and AE3 also contain the 

acidic-rich motif, the carbonic anhydrase binding motif, thus forming a similar 

transport metabolon (see below) (283).   

 AE1 forms oligomers and the structural unit is a dimer although tetramers 

are also found (302).  Until now no high resolution crystal structure of the entire  
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Fig. 1.3 Topology model of the chloride/bicarbonate anion exchanger AE1.  AE1 

consists of three main domains; a cytosolic amino (N) terminal domain which 

provides anchor for interaction with glycolytic enzymes and the cytoskeletal 

structures; a membrane domain which comprises 12-13 transmembrane regions 

responsible for transport activity; and a cytosolic carboxyl (C) terminal domain 

which contains an amino acid binding motif (DADD) for carbonic anhydrase II 

(CAII) (details in the text). 
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AE1 protein exists, but recent 3D model analysis has provided greater insight of 

the TD and afforded a better understanding of the transport function of AE1and 

substrate binding (23, 39).  A 3D homology model of the TD of AE1 based on the 

X-ray crystal structure of the Escherichia coli CIC chloride channels has been 

developed (39).  In this manuscript, the homology model was validated by a 

combination of existing biochemically established spatial constraints and novel 

point mutations.  For instance, the model suggested that dimer interfaces occur in 

transmembrane helices H, I, P, and Q consistent with similar helices in the 

Escherichia coli CIC chloride channel structure.  Mutations of glutamate 508 

(E508) of AE1 which corresponds to E148 of CIC influence transport activity of 

both transporters which suggests that E508 plays a major role in the functional 

activity of AE1. Additionally, AE1 S465, F878, I791 and F792 were shown to be 

part of the anion coordination site.  The AE1 homology model also revealed that 

E681 forms an intracellular glutamate gate while the surrounding residues, F806-

C885, are pore-lining.   

Another 3D model based on the structure of UraA, the uracil-H
+ 

cotransporter, have been developed (23).  In this model further light is shed on the 

residues involved in anion transport of AE1.  TDs 3 and 5 were shown to play a 

critical role in anion transport as they were proposed to line the anion exchange 

pathway.  Residues in TD 3 may also be involved in proper folding of AE1 as 

revealed by cysteine scanning mutagenesis and confirmed by the 3D homology 

model. 
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There are two alternate transcripts of AE1 expressed in humans, which 

arise from alternative promoter usage.  The erythroid isoform contains 911 

residues and the kidney variant initiates at M66 (191).  There are trace levels of 

expression in other tissues including the heart but the physiological role is 

unknown.  Due to the different promoter usage, it has been possible to develop 

gene targeted mice lacking AE1 which has enabled the delineation of the 

functional role of AE1 in erythrocytes and kidneys.  Targeted deletion of the AE1 

gene in mice was characterized by a reduction of peripheral blood erythrocyte 

numbers, associated with enhanced Ca
2+

 entry and scrambling of cell membrane 

phospholipids (3).  This underlies the manifestation of severe anemia and 

spherocytic red blood cells observed in AE1 deficient gene-targeted mice (278).  

Most homozygous AE1 null mice do not reach adulthood (278).  

The renal AE1 isoform is located in the alpha-intercalated cells of the 

renal distal tubule where it plays a crucial role in bicarbonate reabsorption, thus, 

maintaining systemic acid-base homeostasis (70).  Disruption of the renal isoform 

of AE1 gene was associated to distal renal tubular acidosis (dRTA) in mice (279), 

which is characterized by spontaneous hyperchloremic metabolic acidosis, 

alkaline urine without bicarbonaturia, reduced basolateral Cl
-
/HCO3

−
 exchange 

activity in acid-secretory intercalated cells and nephrocalcinosis in homozygous 

mice (279).  

Mice lacking the AE1 gene manifested cardiac hypertrophy demonstrable 

by increased heart weight to body weight ratio (14).  This was accompanied by 

increased left ventricular mass, increased collagen deposition and fibrosis.  
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Cardiac function as revealed via echocardiography was markedly impaired.  The 

manifestation of cardiac dysfunction was shown to be secondary to hemolytic 

anemia and spherocytosis, however, with no apparent role of AE1 in cardiac 

function (14).   

Mutations in the AE1 gene have also been associated with abnormalities in 

the red blood cells (RBCs) and kidneys in humans.  As noted above, the N-

terminal cytosolic domain of erythroid AE1 by binding to ankyrin, protein 4.1 and 

protein 4.2 serves as an anchor for the spectrin cytoskeleton (302).  RBC AE1 

also associates with integral membranes including glycophorin A (GPA) and 

some members of the Rhesus (Rh) complex, RhAG and Rh, as well as, with some 

glycolytic enzymes (47, 121).  Due to these many interactions, RBC AE1 plays a 

critical role in maintaining the membrane integrity and the biconcave structure of 

erythrocytes.  These associations also enable AE1 to undertake its many 

physiological roles in erythrocytes which include facilitating the CO2 carrying 

capacity of the blood and maintenance of pH homeostasis (250).  Mutations in 

AE1 that affect the folding and trafficking to the surface membrane therefore 

impact the morphological and osmotic properties of the RBC (302).  These 

mutations manifest as alterations in the shape of the RBC and underlie a number 

of pathological conditions in humans.   

The most common of the human diseases due to defects in the AE1 gene is 

hereditary spherocytosis (HS) (302).  As the name suggests, HS is a RBC disorder 

characterized by production of sphere-shaped RBC which can lead to autoimmune 

hemolytic anemia (86).  HS is induced by mutations in the genes that encode 
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erythrocyte membrane proteins including ankyrin, protein 4.1, protein 4.2, 

spectrin and AE1 (86).  Mutations in one or more of these proteins lead to binding 

defects between the cell membrane proteins and the cytoskeleton which give rise 

to spherocytes with compromised mechanical structure and osmotic fragility (70). 

Patients with HS present with various conditions including hemolytic anemia, 

jaundice and reticulocytosis (302).  

Southeast Asian Ovalocytosis (SAO) is another RBC disorder which arises 

from deletion of nine amino acid residues which occur  at the junction between 

the N-terminal cytosolic domain and the first transmembrane segment in the 

erythroid AE1.  This leads to formation of oval-shaped RBCs (ovalocytosis) (70).  

Although mainly asymptomatic, the trait is lethal for homozygous individuals in 

utero (186).  Mutations or deletions in SAO lead to endoplasmic retention of AE1 

which can be rescued by co-expression of the mutant with wildtype AE1 (70).  

Nine mutations which cause single amino acid substitutions  in the TD of 

AE1 also induce a RBC-related disorder referred to as hereditary stomatocytosis 

(102).  Each of the mutations which cause hereditary stomatocytosis, with the 

exception of E758K and R760Q, is characterized by extensive cation, K
+
 and Na

+
, 

leak accompanied by a defective Cl
-
/HCO3

-
 exchange activity (46).  Eventually, 

the morphological changes lead to hemolytic anemia. 

Mutations in the renal Cl
-
/HCO3

-
 exchanger AE1 isoform are also 

associated with a number of kidney disorders the most common of which is dRTA 

(25).   AE1 is expressed in the basolateral membrane of the α-intercalated cells of 

the distal renal tubules of the kidney where it mediates Cl
-
/HCO3

-
 exchange 
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activity (25), thereby playing an important role in mediating HCO3
-
 reabsorption 

and urine acidification (70).  Individuals with dRTA present with hypercalciuria, 

reduced acid excretion, nephrocalcinosis, hypokalemia and osteomalacia (70, 

249).  Predominantly autosomal dominant, AE1 mutations that lead to dRTA are 

retained intracellularly (within the ER or Golgi apparatus) or mis-targeted to the 

apical membrane (69, 76). 

The AE2 Cl
-
/HCO3

-
 anion exchanger is the ‘housekeeping’ isoform with 

widespread expression in mammalian cells.  There are five N-terminal splice 

variants with tissue-specific expressions (summarized in (40)).  AE2 is localized 

basolaterally in epithelial cells.  The primary role of the AE2 isoform is to 

regulate cytosolic pH by extruding HCO3
-
 in exchange for Cl

-
, a process regulated 

by pH (8).  Present in the N-terminal cytoplasmic region and the transmembrane 

domains of AE2 are amino acid residues that confer pH sensitivity to AE2 which 

distinguishes it from AE1 (9).  No human hereditary disease has been linked to 

AE2, but AE2 knock-out mice did not survive adulthood as they showed severe 

growth retardation (109).  No physiological function of AE2 has been 

demonstrated in the myocardium although AE2 transcripts have been found in the 

heart. 

The AE3 isoform is the least studied of the electroneutral Cl
-
/HCO3

-
 anion 

exchangers.  It is expressed mainly in excitable tissues, including brain, retina and 

the heart.  There are two gene products of AE3, full length AE3 (AE3fl) and the 

cardiac isoform (AE3c), which are products of alternate promoter usage (184, 

185).  The N-terminus of AE3fl comprises 270 amino acids which are replaced by 
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73 amino acids in AE3c (184, 185, 326).  Mice lacking the AE3 gene had a 

greater propensity for seizures (130); point mutations in the AE3 gene led to 

idiopathic generalized epilepsy (309).  AE3 null mice also exhibited visual 

impairment (12).  The defects observed in these tissues were attributed to the 

intracellular pH regulatory role mediated by AE3. 

Together with SLC26A6, the predominantly expressed bicarbonate 

transporter in the myocardium, AE3 regulates pHi in the heart by inducing 

intracellular acidification (305).  However, in response to hypertrophic 

stimulation, the AE3 Cl
-
/HCO3

-
 exchanger is the isoform that is stimulated (52, 

58, 60).  Disruption of the AE3 gene in mice demonstrated no myocardial 

functional deficiency, but a double knock-out of AE3 and the Na
+
-K

+
-Cl

-
-Cl

- 

(NKCC) transporter revealed a marked impairment in cardiac function (240).  

Ablation of the ae3 gene in a mouse model of cardiomyopathy hypertrophy 

exacerbated the loss of cardiac function (4).  Taken together, this evidence 

suggests an important role of AE3 in cardiac function and a major focus of this 

thesis is to explore further the role of the AE3 Cl
-
/HCO3

-
 anion exchanger in the 

development of cardiac hypertrophy. 

1.4 Carbonic Anhydrases 

Carbonic anhydrases (CAs) are zinc metalloenzymes that play critical 

physiological roles.  They are ubiquitously present in eukaryotes and prokaryotes 

and they are encoded by three distinct families of genes; 1. α-CAs are expressed 

mostly in vertebrates, algae and the cytoplasm of green plants, 2. β-CAs are 
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expressed predominantly in bacteria, algae and chloroplasts of plants and 3. γ-

CAs are found in archaea and bacteria (reviewed in (111, 287)). 

Fourteen α-CAs have diverse subcellular localization and tissue 

distribution (111, 287).  Cytosolic isoforms include CAs CAI-III and CAVII; four 

isoforms are membrane-bound (CAV, CAIX, CAXII and CAXIV), CAV is 

located in the mitochondria and CAVI is secreted form. 

CAs catalyze the reversible hydration of CO2 into bicarbonate and proton 

(Eq. 1). 

 CO2 + H2O ↔ H2CO3 ↔ HCO3
-
 + H

+
………Eq. 1 

The regulation of the above equation by CAs is at the center of many 

physiological processes including the respiration and transport of CO2/HCO3
-
 

between tissues and lungs.  Since the primary buffer system in the human body is 

the CO2/HCO3
-
 system, CAs are involved with cytosolic and whole-body pH 

regulation, regulation of acid/base homeostasis and fluid secretion. 

In highly metabolic tissues such as the heart, whose function is 

accompanied by large production of CO2, CA catalytic activity is indispensable to 

maintain normal function by regulating cytosolic pH homeostasis.  Of the 14 CA 

isozymes identified (159, 210), CAII has the highest rate of catalysis (193).  Of 

particular importance are the numerous evidences proposing that CAs interact 

with bicarbonate transport proteins forming a metabolon, an interaction shown to 

maximize the transport rate of the transporters (27, 72, 283, 311-313), but others 

failed to observe a physical and/or functional consequence of CA interaction with 
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bicarbonate transporters (41, 192, 323).  The reasons for this discrepancy will be 

discussed in a later discussion. 

1.5 The Bicarbonate Transport Metabolon 

As alluded to earlier, several lines of evidence suggest that bicarbonate 

transporters structurally and functionally interact with CAs to form a bicarbonate 

transport metabolon (BTM) (283, 311-313).  A metabolon is defined as a complex 

of enzymes that catalyze a series of reactions in a common metabolic pathway.  

Thus, the product of one enzyme is channeled to the next enzyme as a substrate.  

The physiological relevance of a metabolon is to increase the efficiency of 

substrate flux across the metabolic pathway.   

The continual production of CO2 from oxidative metabolism requires an 

effective system for its extrusion since CO2 is a conjugate acid and therefore its 

accumulation lowers cell pH leading to impairment of cellular processes.  CO2 

readily diffuses out of the cell, but HCO3
-
, the hydration product from CA 

catalysis, requires bicarbonate transporters to facilitate its transport.  In the 

erythrocyte membrane, there are ~1.2 X 10
6
 copies of AE1 molecules per cell 

(89).  Two cytosolic CA isoforms, CAI and CAII (193), are expressed in the 

RBCs with CAI being the predominantly expressed isoform (~85%) and CAII the 

more catalytically active form.  Interestingly, the relative abundance of CAII (~1 

million copies) is in a 1:1 stoichiometry with AE1 (292). 

Considerable evidence suggests that AE1 interacts with CAII physically 

and functionally, a phenomenon described as the BTM (Fig. 1.4).  CA isolated 

from bovine, a homologue of human CAII, was shown to associate with the 
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membrane of RBC in vitro (313).  When AE1 was bound to an inhibitor, stilbene 

disulfonate, fluorescence of labeled CAII from bovine was disrupted providing 

the first evidence that AE1 and CAII physically interact (313).  Intact red cell 

membranes as well as ghost membranes showed a similar redistribution of AE1 

and CAII when treated with tomato lectin.  Solubilized AE1 also co-

immunoprecipitated with CAII (313).  

Further, a solid-phase binding assay revealed that immobilized CAII binds 

to intact AE1 and the membrane domain of AE1, an interaction which was 

abolished by antiserum developed against the C-terminus (Ct) of AE1 in a dose-

dependent manner (312).  This suggested that Ct of AE1 plays an obligatory role 

in the complex formation with CAII.  The binding of the Ct of AE1 to CAII was 

shown to be dependent on ionic strength and pH suggesting that the interaction 

was electrostatic in nature.  Affinity chromatography assays also demonstrated 

that soluble CAII binds to immobilized glutathione-s-transferase-Ct (GST-Ct) 

with an approximate stoichiometry of 1:1 (312). 

Subsequent studies performed to characterize the nature of the AE1 and 

CAII interaction demonstrated that the 33 residues of the AE1 Ct possessed the 

amino acid residues responsible for binding to CAII (312).  This region contains 

mainly negatively acidic residues and binds to immobilized CAII on microtiter 

assays.  Specifically, a cluster of residues, D887ADD, forms a complex with CAII 

with an obligatory role of L886 (312).  Truncation and mutagenesis studies 

revealed that the absence of these residues, which form the CAII binding (CAB) 

motif, abolished complex formation with CAII (312).  Interestingly, the cluster of 
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acidic residues is highly conserved among the other electroneutral Cl
-
/HCO3

-
 

exchangers, AE2 and AE3 (110, 283, 326), as well as other members of the 

bicarbonate family of transporters (61, 118, 241).  Subsequently, it was shown 

that the first 20 residues of the N-terminal tail of CAII provided the localization 

site for binding to AE1 (311).  This region is rich in positively charged amino 

acids, confirming that the interaction between AE1 and CAII was electrostatic in 

nature (312, 313). 

What is the functional consequence of the physical interaction between 

AE1 and CAII?  In HEK293 cells, inhibition of CAII activity resulted in a marked 

reduction in the Cl
-
/HCO3

-
 anion exchange activity of AE1 (283).  Co-expression 

of AE1 and the catalytically inactive CAII isoform, V143Y, caused a significant 

lowering of AE1 transport activity in a dose-dependent manner.  Cl
-
/HCO3

-
 anion 

exchange activity was abrogated in AE1 mutants that lack the ability to bind 

CAII.  In these studies, co-expression of AE1 and CAII showed no changes in 

AE1 transport activity relative to AE1 alone-transfected cells.  This was attributed 

to endogenously expressed CAII in HEK93 cells which is capable of maximizing 

AE1 activity (283).  Additionally, in Xenopus oocytes, truncation of the CAB of 

AE1 caused a loss of Cl
-
/HCO3

-
 anion exchange activity while preserving Cl

-
/Cl

-
 

transport activity further supporting the importance of the physical interaction for 

maximal transport activity (72).  Taken together, these reports provide evidence to 

support a role of CAII in maximizing the Cl
-
/HCO3

-
 anion exchange activity of 

AE1.  Similar results were found with AE2 and AE3 in that the presence of 

catalytically active CAII facilitates the transport activity of the transporters (283).  
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In parotid exocrine cells, CAII inhibition by acetazolamide remarkably reduced 

Cl
-
/HCO3

-
 exchange activity of AE2 (113). 

Other reports have demonstrated the dependence of the Na
+
-dependent 

HCO3
-
 co-transporters on CAII for maximal activity (27, 319).  Heterologous 

expression of the kidney electrogenic NBC isoform, NBCe1, in oocytes showed 

an increased Na
+
 current in a CAII dependent fashion when the transporter was 

operating in the 1 Na
+
:3 HCO3

-
 mode (27).  The enhanced activity of NBCe1 was 

shown to be possible when CAII forms a complex with the transporter.  In that 

same study, injection of CAII into Xenopus oocytes increased current across the 

membrane in a fashion dependent on CAII concentration.  Inhibition of CAII 

activity reversed the increased activity of NBCe1.  Co-expression of CAII 

wildtype with NBCe1 enhanced the transporter activity but co-expression of 

NBCe1 with the catalytically inactive CAII, V143Y, showed no effect on 

transport activity (27).  This finding lends credence to the concept that 

bicarbonate transporters require carbonic anhydrases for maximal activity (243, 

283). 

Evidence exists to suggest that the bicarbonate transport metabolon may 

involve an extracellular component whereby cell surface-anchored carbonic 

anhydrase IV interacts with extracellular loops of bicarbonate transporters (281).  

Expression of the inactive form of CAII, V143Y, in HEK293 cells abrogated the 

interaction between endogenous CAII and AE1, AE2 and AE3, concomitant to an 

inhibition of the transport activities of the transporters (281).  The study further 

revealed that expression of CAIV, an extracellular CA isoform, in the presence of 
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V143Y, restored the transport activity of the transporters.  Further 

characterization of the nature of the interaction between CAIV and AE1 showed 

that CAIV binds to AE1 via the large extracellular fourth loop (281).  Later, it was 

demonstrated that CAIV interacts with the fourth extracellular loop of NBC1 to 

accelerate the rate of recovery of pHi following imposed acid load in HEK293 

cells (10).  GST pull-down assays also revealed that CAIV directly interacts with 

the fourth extracellular loop of NBC1 at amino acid residue G767 (10).  These 

findings present an interesting phenomenon in which maximal transport activity 

of the bicarbonate transporters is attained by two processes (Fig. 1.4); an 

intracellular component involving an interaction between CAII and the C-terminal 

tail of the BT and an extracellular interaction which involves the tethering of 

CAIV (with a catalytic rate of ~8 x 10
5
 s

-1
) to the fourth extracellular loop of BT.  

Thus, the bicarbonate transport metabolon generates a local gradient across the 

BT which drives the flux of HCO3
-
 by a ‘pull’ (afforded by the extracellular 

component) and ‘push’ (mediated by the intracellular component) mechanism 

(205) (Fig. 1.4). 

What is the physiological relevance of a bicarbonate transport metabolon?  

Bicarbonate transport metabolon is a nascent model which is gaining a lot of 

investigative attention due to its implication and relevance in biological processes.  

One area where a bicarbonate transport metabolon has been observed to be 

relevant is the respiratory system during gaseous exchange between tissues and 

the plasma.  Upon diffusion out of the cell following oxidative metabolism, CO2 

enters the RBC where it is hydrated by CAII to produce HCO3
-
 and H

+
 (144).  
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HCO3
-
 is effluxed into the plasma via the erythrocyte Cl

-
/ HCO3

- 
AE1 exchanger.  

In the lungs plasmalemmal AE1 catalyses the influx of HCO3
-
 in exchange of Cl

-
, 

the latter is converted to CO2 by cytosolic CAII exits the RBC to be expired.  

Thus, the interaction of AE1 and CAII provides an efficient system to carry CO2 

out of the body and by so doing increases the plasma carrying capacity for CO2. 

Conversely, other reports failed to show a physical interaction and a 

functional consequence of CAII interaction with bicarbonate transporters.  In 

these studies, it was shown that CAII cannot bind to pure SLC-Ct NBCe1 

peptides in solid-phase binding assays, and binding only occurred when CAII was 

immobilized with the soluble SLC-Ct peptide (41).  Recently, it was demonstrated 

that NBCe1 mutant lacking the putative CAII binding site showed normal activity 

in Xenopus oocytes suggesting that the transporter does not require CAII 

interaction for maximal activity (192).  In that study, co-expression of CAII with 

either wildtype NBCe1 or the mutant showed no effect of CAII on the transport 

activity of either transporter.  These findings tend to reject the concept of a 

bicarbonate transport metabolon and seemed to suggest that NBCe1 does not form 

a complex with CAII. In the present thesis, the concept of a bicarbonate transport 

metabolon will be further explored in order to throw more light on the mechanism 

as well as the physiological and pathological relevance of the interaction between 

bicarbonate transporters and CAII. 

1.6 Signaling Pathways in Cardiac Hypertrophy 

Heart failure (HF) occurs when the heart is unable to provide adequate 

perfusion to the various organs of the body and manifests in patients as edema, 
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dyspnea and/or fatigue (129).  HF is the culmination of many cardiovascular 

disorders and it is the leading cause of hospitalization in the elderly.  Survival rate 

following the onset of HF is very low, thus understanding the risk factors that 

cause HF and the molecular events that are activated will be crucial in improving 

the clinical outcomes of patients.  HF is induced by underlying cardiac 

pathologies including cardiac ischemic diseases (myocardial infarction), 

hypertension, valvular diseases and cardiomyopathies (48).  A common feature of 

HF regardless of the source of the initiating insult is the enlargement of the left 

ventricular mass, a condition referred to as cardiac hypertrophy (99).  Cardiac 

cells are terminally differentiated cells and in response to increased biomechanical 

stress, increased energetic demands or cell loss following myocardial infarction, 

cardiomyocytes increase their size rather than their number (224).  The increase in 

cardiomyocyte size tend to normalize the initial wall tension and depending on the 

initiating stimuli, cardiac hypertrophy may improve cardiac function 

(physiological hypertrophy) (131) or progress to heart failure or sudden death 

(pathological hypertrophy) (131, 224).  Physiological hypertrophy and 

pathological hypertrophy differ in the source of insult, the structural re-

organization of myofibrils and collagen fibers (cardiac remodeling), 

morphological features, and the distinct molecular events elicited.  Thus, 

delineating the distinct molecular and the subsequent effector properties of the 

two types of hypertrophy will promote the development of new therapeutic 

approaches in treating hypertrophic patients.  Moreover, a better understanding of 

the mechanisms involved in hypertrophic growth of the heart will enhance  
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Fig. 1.4 Schematic illustration of the bicarbonate transport metabolon (BTM).  

Bicarbonate transporters (BT) via residues at the carboxyl (C) tail, interact 

intracellularly with carbonic anhydrase II (CAII) to form the intracellular 

component of the BTM.  Production of HCO3
-
 at the cytosolic surface facilitates 

bicarbonate efflux (‘PUSH’).  Extracellularly, BT via its large extracellular loop 

binds to carbonic anhydrase IV (CAIV) which is anchored to the surface of the 

plasma membrane through the glycosylphosphatidyl inositol (GPI) linkage, to 

form the extracellular component of the BTM.  The extracellular component may 

enhance bicarbonate transport by reducing bicarbonate concentration at the 

immediate vicinity of the transporter thus creating a ‘PULL’ mechanism (details 

in text). 
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selection of specific targets to amplify the clinically beneficial physiological 

hypertrophic pathways while ameliorating pathological cardiac growth. 

1.6.1 Signaling Pathways in Physiological Cardiac Hypertrophy 

 Physiological cardiac hypertrophy, also referred to as the athlete’s heart, 

occurs during postnatal development and is the normal physiological response of 

the heart to chronic training (exercise) and pregnancy (77) .  It is associated with 

increased myocardial wall mass with a proportional increase in ventricular 

chamber diameter (28).  Physiological hypertrophy is accompanied by normal or 

enhanced cardiac function (204). 

Various in vitro and animal models have been employed to delineate the 

distinct molecular signaling events that mediate physiological hypertrophy (104, 

124).  Consequently, some of the major modulators of physiological hypertrophy 

have been identified albeit not exhaustively.  In exercise and swim-trained rat and 

mice hearts, about 2,534 genes were significantly altered (104).  One of the well 

characterized pathways identified as mediating physiological hypertrophy is the 

growth factor signaling transduction pathway (Fig. 1.5). 

Playing a key role in the postnatal development of organ and body size is 

the insulin-like growth factor 1 (IGF1) whose expression levels are elevated in 

athletes (68) as well as in the serum of chronically trained animals and humans 

(204, 217).  IGF1 signaling was subsequently shown to mediate physiological 

hypertrophy using transgenic mice and knock-out studies. 

IGF1 binds to its surface membrane receptors, the IGF1 receptors (IGFR), 

a receptor tyrosine kinase, on the cardiac cells and activates its downstream target, 
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phosphoinositide-3-kinase (PI3K) (Fig. 1.5).  The activation of the IGF1/PI3K 

pathway plays a major role in cell growth and survival (217).  Transgenic mice 

with reduced IGF1/PI3K pathway activation have reduced heart size which 

suggests a developmental role of the pathway in the heart (270).   

Activation of IGFR by IGF1 binding leads to recruitment of PI3K to the 

plasma membrane via the src homology 2 (SH2) domain on the regulatory domain 

(101).  PI3K is a heterodimeric lipid kinase which is composed of regulatory and 

catalytic subunits with varying isoform combinations (18).  There are three 

classes of PI3K; Class IA/IB, Class II and Class III PI3Ks.  The role of the Class 

II PI3K is not fully characterized; the Class III PI3K is involved in membrane 

trafficking events following the phosphorylation of phosphatidylinositol (PI) 

(101). 

The catalytic domain of the members of the Class IA PI3K belong to the 

α, β or δ  isoforms of p110; the regulatory domain expressed are p85 (α, β), p55 

(α, γ) or p50α isoforms (18).  The Class IB PI3K is a heterodimer complex of 

p110γ and p101 isoforms and they are activated by G-protein coupled receptors 

(GPCR) (18).  The heart predominantly expresses p110α and p110γ isoforms 

which mediate the phosphorylation of phosphatidylinositol-4,5-diphosphate (PI-

4,5-P2) to produce PI-3,4,5-P3.  Transgenic mice with constitutively active 

IGF1/PI3K (p110α) developed physiological hypertrophy compared to 

IGF1/PI3K (p110γ) transgenic mice that was unresponsive to physiological 

hypertrophic stimuli (271).  Additionally, mice lacking the regulatory subunits of 

PI3K (p85α and p85β) failed to develop hypertrophy in response to swim training 
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(203, 272).  Contrastingly, these mice demonstrated hypertrophy in response to 

pressure overload (203, 272).  These findings suggest that activation of p110α and 

p85α or p85β plays a critical in inducing adaptive hypertrophic phenotype while 

the p110γ isoform induces pathological hypertrophy.  PI3K activity is negatively 

regulated by the lipid phosphatase referred to as phosphatase and tensin homolog 

(PTEN), which specifically dephosphorylates P-3,4,5-P3 to P-4,5-P2 (271).  

The cellular effects of IGF1/PI3K activation are mediated by a 

serine/threonine kinase, Akt (protein kinase B, PKB), which regulates a number 

of cellular functions in the heart and other tissues including cardiac growth, 

contractile function and coronary angiogenesis (271).  Three mammalian Akt 

genes have been identified; Akt1/PKBα, Akt2/PKBβ and Akt3/PKBγ.  Akt1 and 

Akt2 are ubiquitously expressed with high expression levels in the heart, brain 

and lungs; Akt3 is expressed predominantly in the brain (18).  Under basal 

conditions, Akt is located in the cytosol with its kinase domain masked by the C-

terminal hydrophobic region.  Akt is recruited to the plasma membrane via its N-

terminus pleckstrin-homology (PH) domain following stimulation of the insulin 

receptors (IR) or IGFR).  PI-3,4,5-P3, generated by activated PI3K, mediates the 

translocation of protein kinase B (PKB/Akt1) to the plasma membrane where it is 

phosphorylated and stimulated by phosphoinositide-dependent kinase (PDK1) 

(280) at Thr308.  To attain maximal activation, Akt1 is phosphorylated at Ser473 

by a mechanism recently reported to be mediated by mTOR (200).  Activated Akt 

phosphorylates a number of downstream substrates which are responsible for the 

myriad cellular effects observed with IR/IGFR stimulation. 
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Available data suggest that Akt activation in the myocardium is consistent 

with cardiac growth; specifically Akt1 stimulation mediates physiological 

hypertrophy (103, 316).  During embryonic development PI3K/Akt signaling has 

been shown to promote cardiomyocyte differentiation and proliferation (202).  

Post-natally the IGF/Insulin-PI3K-Akt signaling pathway regulates regular 

cardiac size and development.  In the insulin receptor knock-out (KO) mice, Akt 

signaling was abrogated, consistent with a reduction in heart size and impairment 

of cardiac contractile function (272).  In response to pathological hypertrophic 

stimuli such as isoproterenol infusion or pressure overload, cardiomyocytes from 

insulin receptor KO mice increased in size (135).  In response to swim training, 

Akt1 knock-out mice failed to develop hypertrophy which is sharply contrasted by 

the development of hypertrophy in response to pressure overload (259).  These 

findings suggest that the IGF/Insulin-PI3K-Akt signaling pathway mediates 

physiological cardiac hypertrophy and is not involved in pathological 

development of the heart. 

Downstream of Akt1 are a number of substrates which regulate the growth 

response to IR/IGFR activation.  Germane to cardiac development are three Akt 

substrates namely glycogen synthase kinase-3 (GSK-3) (221), mammalian target 

of rapamycin (mTOR) and FOXO transcription factors (271).  GSK-3 negatively 

regulates cardiac growth by inhibiting pro-hypertrophic transcription factors, 

including nuclear factor of activated T-cells (NFAT) and GATA-4 (271).  The 

IR/IGFR-PI3K-Akt signaling pathway phosphorylates and inactivates GSK-3 thus 
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releasing the inhibition on hypertrophic gene expression which ultimately 

promotes growth in the heart (82).   

Akt induced physiological hypertrophy is also mediated by mammalian 

target of rapamycin (mTOR) (204).  mTOR, the mammalian isoform of the yeast 

TORs, regulates protein synthesis (by regulating translation of mRNA) and cell 

growth via activation of the eukaryotic initiation factor 4E (eIF-4E) binding 

protein 1 (4E-BP1) and the ribosomal S6 kinases (S6K1 and S6K2) (127).  The 

drug, rapamycin, targets mTOR and ameliorates its activity, thus prevents protein 

translation (260).  Akt mediated physiological hypertrophy development was 

abrogated by rapamycin treatment, which reveals that Akt-dependent hypertrophy 

involves mTOR (272).  The role of S6K in physiological hypertrophy has not 

been clearly defined.  Levels of the S6K1 isoform but not S6K2 were elevated in 

response to models of physiological hypertrophy (202).  Overall, the deletion of 

S6Ks did not attenuate hypertrophy in various models of physiological 

hypertrophy (289) suggesting that more research is required to delineate the 

involvement of S6K in cardiac hypertrophy.  Thus, in light of the aforementioned, 

Akt induction of physiological hypertrophy may predominantly involve mTOR 

activation of 4E-BP1. 

FOXO, a transcription factor, is another major downstream substrate 

phosphorylated by Akt which is ubiquitously expressed in all tissues and 

subcellularly located in the nucleus (271).  In the unphosphorylated state, FOXO 

negatively regulates genes that induce cardiac development (271) by inducing 

their degradation.  In response to insulin stimulation, FOXO is phosphorylated 
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and inhibited in an Akt-dependent manner which releases the negative regulation 

on protein degradation and thus leads to the  cardiac growth process (271).  

FOXO, a transcription factor, resides in the nucleus and stimulates the expression 

of target genes such as atrogin and MurF1 E3 ubiquitin ligases, which mediate the 

regulatory activity of FOXO (259).  Akt phosphorylation leads to translocation of 

FOXO into the cytosol and thus down-regulates protein degradation genes which 

preserve protein expression. 

Taken together, Akt induced physiological hypertrophy is made possible 

by increased transcription of hypertrophic genes responsible for normal cardiac 

growth while inhibiting the expression of fetal genes involved in pathological 

hypertrophy (see below), acceleration of protein translation coupled to a reduction 

in protein degradation.  All of these factors result in an increase in cardiac cell 

size without accompanying pathological consequences. 

Another growth hormone whose involvement in physiological hypertrophy 

is becoming unraveled is the thyroid hormone (78).  Thyroid hormones exert a 

myriad of effects on the cardiovascular system which include increasing 

frequency and force of cardiac systolic contraction and increasing the frequency 

of diastolic relaxation. That is, they increase the rate of cardiac contraction and 

relaxation.  Conversely, thyroid hormones could also induce atrial fibrillation and 

increase heart rate, which are considered adverse to heart function (90).  Thyroid 

hormones function by binding to their nuclear receptors and by so doing 

influences the transcription of genes responsible for the many cellular effects 

exerted by the hormones (327).  Some of the genes activated by thyroid hormones 
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are involved in the normal cardiac growth and more interestingly repression of 

genes that activate the fetal gene program, a hallmark of the pathological 

phenotype of cardiac growth (78, 79).  

Cardiomyocytes predominantly express two thyroid hormone receptors, 

TRα1 and TRβ1, which mediate the cardiovascular influences of thyroid 

hormones in the heart (157).  That thyroid hormones (TH) were involved with 

physiological hypertrophy was demonstrated in cardiomyocytes and other cell 

types where TH interaction with TRα1 in the cytosol led to activation of PI3K 

subsequent to activation of Akt (222) (Fig. 1.5).  Subsequent studies revealed 

increased phosphorylation of Akt, S6K and mTOR in hypertrophied rat hearts 

subjected to thyroxine treatment (167).  Consequently, numerous studies have 

focused on the potential of thyroxine treatment in the setting of reversing 

established cardiac hypertrophy and heart failure. 

It is noteworthy that despite the numerous beneficial effects of 

compensatory cardiac growth resulting from exercise training, overstimulation of 

the PI3K/Akt pathway can also lead to progression to the pathological phenotype 

of cardiac hypertrophy (reviewed in ref. (83)).  Thus, understanding the timeline 

by which physiological hypertrophic stimulation will progress to maladaptive 

hypertrophy and the molecular events involved will be critical in maximizing the 

potential benefits of adaptive hypertrophy. 

1.6.2 Signaling Mechanisms in Pathological Cardiac Hypertrophy 

Pathological cardiac hypertrophy is characterized by increased fibrosis 

accompanied by apoptosis.  Increased fibrosis causes the ventricular wall to 



 

 

42 

 

stiffen thereby impairing contractile function.  Ventricular mass increases without 

a corresponding increase in wall diameter, thus reducing the chamber diameter 

and consequently cardiac output.  Pathological hypertrophy often leads to 

detrimental outcomes manifesting as sudden death or heart failure. 

In contrast to physiological hypertrophy, pathological hypertrophy occurs 

in response to deleterious stimuli such as chronic pressure overload 

(hypertension), valvular heart disease, myocardial infarction or ischemia, or 

cardiomyopathies resulting from diabetes or genetic mutations (reviewed in refs. 

(28, 53, 204)).  In the pressure-overloaded myocardium, the circulating levels of 

angiotensin II (ANGII) (254), catecholamines (epinephrine and norepinephrine) 

(189) and endothelin I (ET-I), all pro-hypertrophic mediators are elevated.  

Additionally, in heart failure patients the myocardial renin-angiotensin system 

(RAS) is activated leading to increased local production of ANGII (71).   

These findings led to the suggestion that the molecular pathways activated 

in pathological hypertrophy are in sharp contrast to the molecular events that 

mediate physiological hypertrophy.  Delineation of the key distinct players 

involved in the two categories of hypertrophy has attracted a lot of attention.  This 

is in keeping with the development of pharmacological agents that will selectively 

inhibit pathological hypertrophy while leaving intact the physiological growth of 

the heart. 

Various hormonal stimuli including ANGII, PE or ET-I, exert their effects 

by binding of the ligand to their respective plasma membrane (guanidine) G-
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protein coupled receptors (GPCRs), the most well characterized pathway 

implicated in the induction of pathological hypertrophy.   

GPCRs are cell surface receptors with 7 transmembrane domains, which 

couple to intracellularly located G-proteins which are composed of three subunits, 

Gα, Gβ and Gγ (164).  In the inactive state, the Gα subunit is bound to guanidine 

diphosphate (GDP) and to the Gβγ subunits (Fig. 1.6).  Upon ligand binding to the 

extracellular domain of the GPCR conformational changes result in exchange of 

GDP for guanidine triphosphate (GTP) (223).  The Gα-GTP complex dissociates 

from the Gβγ subunits to influence the activity of membrane-bound enzymes as 

will be discussed below.  There are three principal classes of heterotrimeric G-

proteins namely Gs, Gq/G11 and Gi, which are responsible for converting the 

extracellular message (the ligand) into intracellular signal which results in the 

effector component of the transduction pathway (99).  Ligands that employ 

GPCRs to transmit signals therefore exert widespread effects on the 

cardiovascular system. 

Various in vitro and in vivo studies have demonstrated that these 

vasoactive substances induce cardiac growth.  ANGII, ET-I and α-adrenergic-

mediated cardiac hypertrophy involve interaction with the respective GPCR 

which is coupled to Gq/G11 (Fig. 1.5).  The subsequent receptor conformational 

change and GDP-GTP exchange causes the Gαq-GTP complex to bind and activate 

phospholipase C (PLC), which is docked to the plasma membrane via lipid 

binding domains (108).  Activated PLC hydrolyzes membrane-bound  
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Fig. 1.5 Schematic representation of cardiomyocyte physiological hypertrophy.  

Insulin-like growth factor 1 (IGF-1) and growth factors (GF) bind to their surface 

membrane receptors, the receptor tyrosine kinase (RTK), which leads to the 

recruitment of phosphoinositide-3-kinase (PI3K) to the inner leaflet of the plasma 

membrane.  PI3K phosphorylates phosphatidylinositol bisphosphate (PIP2) to 

produce phosphatidylinositol (3,4,5) triphosphate (PIP3), which causes 

translocation of protein kinase B (PKB) and subsequent phosphorylation and 
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activation of PKB by phosphoinositide-dependent kinase 1 (PDK1).  PKB 

mediates the phosphorylation of target genes including glycogen synthase kinase 

3 (GSK-3), mammalian target of rapamycin (mTOR) and FOXO transcription 

factors.  Phosphorylated GSK-3 releases the inhibition on transcription factors 

such as the nuclear factor of activated T-cells (NFAT) and GATA-4, which are 

involved in inducing the transcription of pro-hypertrophic genes.  Phosphorylation 

of mTOR leads to induction of protein synthesis via activation of eukaryotic 

initiation factor 4E (eIF-4E) binding protein 1 (4E-BP1) and the ribosomal S6 

kinases (S6K).  FOXO is a transcription factor which induces the transcription of 

genes such as atrogin and MurF1 which are responsible for protein degradation 

(301). Phosphorylation of FOXO by PKB inhibits its transcriptional activity.  

Thyroid hormones (TH) interact with thyroid receptors in the cytosol (TRα1) 

which in turn activates PI3K to induce hypertrophic gene expression as described 

above.  TH can also bind to its nuclear receptors to activate the transcription of 

hypertrophic genes. 
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phosphatidylinositol 1,2-bisphosphate (PIP2) to produce inositol triphosphate 

(IP3) and diacylglycerol (DAG).  IP3 translocates to and acts on the IP3 receptors 

on the sarcoplasmic reticulum or the nuclear envelope, which leads to the release 

of Ca
2+

.  Released Ca
2+

 binds to calmodulin (CaM), forming Ca
2+

-CaM complex, 

which in turn interacts with and activates calcineurin, a phosphatase.  Activated 

calcineurin dephosphorylates its substrate, nuclear factor of activated T-cells 

(NFAT), a transcription factor, causing its translocation to the nucleus where it 

induces the transcription of pro-hypertrophic genes (reviewed in ref. (129)).  In 

the phosphorylated state, NFAT resides in the cytosol.  

DAG, which remains tethered to the inner leaflet of the plasma membrane, 

mediates the recruitment to the plasma membrane and subsequent activation of 

protein kinase C (PKC) (248).  Activated PKC leads to the production of IP3 

which causes mobilization of internal Ca
2+

 as described above.  Release of 

internal Ca
2+

 is also a potent activator of PKC in a ‘feed-forward’ mechanism 

(129).  In cultured neonatal cardiomyocytes it was shown that PKCα is the 

isoform responsible for hypertrophy induction characterized by increased cell 

surface area, increased incorporation of [
3
H]-leucine and enhanced production of 

atrial natriuretic factor (ANF) (44).  Additionally, dominant negative expression 

of PKCα suppresses agonist induced cardiomyocyte hypertrophy (44).  This lends 

support to the critical role of PKCα involvement in the hypertrophic signaling 

cascade. 

 Downstream of PKC are the three major classes of mitogen-activated 

protein kinases (MAPKs), namely the extracellular signal-regulated kinase 1/2 
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(ERK 1/2), c-Jun N-terminal kinases (JNKs) and p38 MAPKs, whose activation 

was shown to be central to the PKCα-induced cardiac hypertrophy (44).  MAPK 

activation is also mediated by elevated Ca
2+

.  Agonist- or pressure-overload-

induced hypertrophy was shown to be mediated by MAPK activation, a process 

which is abrogated by overexpression of MAPK phosphatase 1 (MKP-1) (48).  

There are conflicting data on the role of ERK 1/2 in the hypertrophic signaling 

pathway.  In cultured cardiomyocytes, pharmacological inhibition of ERK 1/2 

activity blunted hypertrophic growth (66), a response which could not be 

reproduced in other reports (239) while assessing production of ANF as a measure 

of cardiomyocyte hypertrophy.  MAPKs are also under the phosphorylation 

control by other upstream kinases called MEKK and MKK.  The JNK class of 

MAPKs is regulated by MKK4 or MKK7 which phosphorylate JNK and 

subsequently cause stimulation of cardiac hypertrophy genes (99).  Transgenic 

mice with deletion of the upstream kinase, MEKK1 or adenoviral expression of 

MKK4 both attenuated agonist-induced hypertrophy or pressure overload 

hypertrophy (37, 62).  On the other hand, p38 MAPKs are regulated by MKK3 

and MKK6, both of which sufficiently induce hypertrophy (37).  These findings 

suggest a critical role of the MAPKs in the PKC-mediated pathological 

hypertrophy and as such an important target for novel pharmacotherapy 

development. 

Another target activated by PKC is protein kinase D (PKD).  When 

activated, PKD phosphorylates and activates downstream transcription factors.  



 

 

48 

 

The ensuing translocation of the transcription factors into the nucleus leads to 

activation of hypertrophic genes and subsequently proteins (22). 

ET-1 receptor activation by ET-1 and α-adrenergic receptor (α-AR) 

activation by phenylephrine (PE), an α-AR agonist, also stimulate similar 

molecular pathways as described for ANGII receptor activation.  Pharmacological 

inhibition of AT1 receptors have proven efficacious in reducing the incidence of 

cardiac hypertrophy in mouse and human models of hypertrophy.  Cross-talk 

between AT1 receptors and ET-1 production has been identified in rat cultured 

myocytes whereby ET-1 levels were elevated following ANGII stimulation (310).  

Inhibition of ET-1 receptors abolished ANGII induced cardiomyocyte 

hypertrophy in cultured myocytes (116). 

The β1-adrenergic receptor (β1-AR) is the most abundant adrenergic 

receptor in the myocardium which underscores the important influence of 

adrenergic stimulation on the heart.  The β1-adrenoceptor is coupled to Gαs which 

stimulates adenylate cyclase (AC) leading to production of cyclic AMP (cAMP) 

(255).    

Subsequent activation of protein kinase A (PKA) by cAMP mediates most 

of the cellular effects of adrenergic stimulation basically by modulating cardiac 

contractility and heart rate.  Stimulation of the β1-AR is normally associated with 

beneficial cardiac response manifested as positive chronotropic, inotropic and 

lusitropic effects of the heart (99).  Recent findings however, suggest that β1-

adrenoceptor signaling, when chronically stimulated, could be involved in the 

development of cardiac hypertrophy (107, 140).  The molecular underpinnings of 
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the adrenergic system in the development of cardiac hypertrophy have been 

unraveled recently.  In transgenic mice, over-expression of Gαs led to enhanced β-

adrenergic stimulation accompanied by development of myocardial hypertrophy, 

fibrosis, necrosis, and ultimately heart failure in older mice (140). 

Impairment of β-adrenergic receptor function coupled to uncoupling of 

receptor activation and subsequent downstream effect mediate the pathologic 

hypertrophic effect of β-adrenergic activation.  Phosphorylation of the β-

adrenoceptor by β-adrenoceptor kinase 1 (βARK1) decreases the sensitivity of the 

receptor to further agonist stimulation (99).  Accumulating data suggest that 

aberrant intracellular Ca
2+

 regulation is central to the hypertrophic phenotype 

mediated by β-adrenergic receptor stimulation.  Mutations in the ryanodine 

receptor 2 (RyR2) and/or hyper-phosphorylation of RyR2 by PKA resulted in 

abnormal handling of Ca
2+

i leading to heart failure in experimental models.  To 

this end, β-receptor blockers inhibit the hyper-phosphorylated state of RyR2 

leading to amelioration of heart failure (255), suggesting a role for the blockers in 

treatment of heart failure patients.   

Several other distinct pathways that trigger the hypertrophic phenotype have been 

delineated in various experimental models but the extent of their involvement is 

beyond the scope of the present volume.  The role of small GTP-binding proteins 

(138), matrix metalloproteinases/tissue necrotic factor α (174) and reactive 

oxygen species (256) signaling have all been implicated in maladaptive 

hypertrophic development.  Moreover, various cross-talks have been shown to 

exist between several hypertrophic signaling pathways, which present  
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Fig. 1.6 Schematic representation of pathological hypertrophic signaling pathway.  

Hypertrophic agents acting via GPCR activates G-protein by inducing exchange 

of GDP for GTP.  GαGTP dissociates from Gβγ and activates PLC which in turn 

hydrolyzes PIP2 to IP3 and DAG.  IP3 interacts with IP3R which leads to efflux of 

Ca
2+

 from SER.  Ca
2+

 interacts with CaM forming Ca
2+

-CaM complex which 

activates calcineurin, a phosphatase which dephosphorylates NFAT, leading to its 

translocation into the nucleus to induce the transcription of pro-hypertrophic 
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genes ultimately resulting in the manifestation of pathological hypertrophy.  DAG 

activates PKC which stimulates MAPK and PKD which activate transcription 

factors and induction of pro-hypertrophic genes.  PKC and MAPK are also 

activated directly by Ca
2+

.  PE, phenylephrine; ANGII, angiotensin II; ET-I, 

endothelin I; GPCR, guanidine protein coupled receptor; N, amino terminus; C, 

carboxyl terminus; GDP, guanidine diphosphate; GTP, guanidine triphosphate; 

PLC, phospholipase C; PIP2, phosphatidylinositol bisphosphate; IP3, inositol 

triphosphate; DAG, diacylglycerol; SER, sarcoendoplasmic reticulum; MAPK, 

mitogen activated protein kinase; PKC, protein kinase C; PKD, protein kinase D; 

CaM, calmodulin; (calcineurin)act, activated calcineurin; NFAT-P, phosphorylated 

nuclear factor of activated T cells; P, phosphorylated; IP3R, inositol triphosphate 

receptor; Ca
2+

, calcium ion. 
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the greatest challenge in the development of novel pharmacotherapy for the 

treatment of heart failure patients. 

1.6.3 Concentric and Eccentric Cardiac Hypertrophy 

The cardiac remodeling process is a complex adaptive mechanism in 

response to stimuli that exert an increased demand on the heart.  Cardiac 

hypertrophy, whether physiological or pathological, can further be classified as 

concentric or eccentric depending on the source of the initiating stimuli.  

Characterization of hypertrophy in this manner provides additional information in 

delineating the underlying molecular pathway elicited by the prevailing stimulus.  

In concentric hypertrophy, the mass of the ventricular wall increases accompanied 

by a little reduction or no change in the chamber diameter (129).  Sarcomeric 

proteins are added in a parallel fashion resulting in an increase in the wall 

thickness and width.  Contrastingly, eccentric hypertrophy is characterized by a 

serial addition of sarcomeres leading to an increase in myocyte length.  This 

causes extension of the ventricular wall (dilated chamber) accompanied by an 

increase in cardiac mass.  It is generally accepted that concentric morphological 

changes of the heart are induced by pressure overload, whereas volume overload 

is the underlying cause for eccentric hypertrophy development (74).  Additionally, 

varying stimuli have combinations of volume and pressure overload thus, 

inducing unique forms of hypertrophy (74). 

Physiological hypertrophy, as noted above, is induced by factors including 

pregnancy and chronic exercise training (strength- and endurance-induced).  

Numerous reports show that endurance training (cycling and running) causes 
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elevation of cardiac output as well as an increase in blood pressure (236, 246).  

Conceivably, the heart responds by increasing both ventricular wall mass and 

internal diameter.  The endurance-trained heart is therefore described as eccentric 

hypertrophic development because volume overload is the prevalent contributing 

factor (207).  The strength-induced (e.g. weightlifting) myocardium is elicited by 

increased pressure overload resulting from elevation of blood pressure, with little 

or no effect on stroke volume and cardiac output (207).  Thus, sarcomeres are 

added in parallel which can cause a state of physiological concentric hypertrophy 

because the internal diameter of the ventricles is not reduced (197, 207). 

Molecular mechanisms underlying hypertrophic development induced by 

exercise training have been a focus of intense investigation.  Activation of the 

ANGII receptor isoform 1 (AT1) via its effect on the systemic blood pressure 

(reviewed in Ref. (92)) has been implicated in mediating hypertrophy induced by 

exercise training.  This effect occurred in the absence of any noticeable changes 

on the local or systemic activation of the renin-angiotensin system (RAS) 

suggesting a novel response of the AT1 receptors in hypertrophic development 

(85).  Additionally, in this study, the expression level of the AT1 receptors was 

elevated during resistance training in adult rats.  Losartan, an AT1 receptor 

antagonist, ameliorated hypertrophy induced by swimming and exercise trained 

rats.  Interestingly, Angiotensin II (ANGII) level and other components of the 

RAS were down-regulated in the heart indicating that an alternative pathway 

mediates activation of AT1.  Indeed, it was reported that mechanical stretch in 

swimming-trained mice induced activation of Akt via AT1 receptor-dependent 
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mechanisms (75, 331).  This novel pathway involves transactivation of Akt by the 

epidermal growth factor receptor (EGFR) (331).  From the ongoing discussion, it 

could be deduced that mechanical stretch induced by exercise training activates 

the AT1 receptors, which stimulates Akt via EGFR, leading to concentric or 

eccentric physiological hypertrophic development. A number of mice models of 

hypertrophy support a role of ANGII in inducing physiological hypertrophy via 

activation of EGFR (244). 

In the pressure overloaded myocardium as occurs in hypertension and 

aortic stenosis, the increase in systolic stress induces a concentric pattern of 

hypertrophy.  In some clinical conditions such as aortic regurgitation, an increase 

in diastolic wall stress induces eccentric hypertrophy leading to dilation of 

chamber. 

1.6.4 Distinct Features of Cardiac Hypertrophy 

The myocardium is influenced by a milieu of factors including 

biomechanical and hormonal.  Changes in hemodynamic parameters often lead to 

adjustments in the myocardium in a process referred to as cardiac remodeling 

(218).  As discussed above, an increase in workload or myocyte death following 

ischemic damage (myocardial infarction) induces changes at the molecular, 

cellular and structural levels to overcome the impending anomaly. 

Myocardial response to biomechanical increase or stretch is increased 

cardiomyocyte size, in order to overcome the elevated workload (80).  The 

prolonged exposure to the initiating stimuli translates into enlargement of the 

myocardium, hypertrophy (80).  In pathological hypertrophy, the initiating insult 
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is often a diseased state such as chronic pressure overload, or ischemic heart 

diseases (24).  Pathological hypertrophy initially appears as an adaptive or a 

compensatory response but prolongation of the stimuli renders the heart 

maladaptive, a state referred to as decompensated myocardium (24).  Thus, 

pathological hypertrophy often leads to impairment of cardiac output and 

contractile activity which may proceed to heart failure and sudden death (24, 28). 

Pathological cardiac hypertrophy generally leads to reactivation of the so-

called fetal gene program.  The re-induction of the fetal gene program involves 

the expression of genes that are normally associated with the fetal heart, but 

subsequently repressed in the adult myocardium (24, 253).  The fetal phenotype 

of gene expression accompanies pathological hypertrophy, but has not been 

identified for stimuli that promote physiological hypertrophy (28, 204). 

Experimentally, the expression levels of β-myosin heavy chain (β-MHC), 

natriuretic peptides (NPs) and α-skeletal actin have been employed as molecular 

hypertrophic markers to assess cardiac hypertrophic development (24, 50).  

Normally expressed in the developing fetal heart, the level of these biomarkers are 

elevated in the hypertrophied myocardium in response to pathological stimuli 

(24).  In the present thesis, the expression levels of these biomarkers were used as 

one of the tools to measure cardiomyocyte hypertrophic growth in response to 

prohypertrophic stimuli.  

1.6.4.1 Cardiac Hypertrophy and β-Myosin Heavy Chain 

The contractile machinery of the heart is composed of thick filaments and 

thin filaments.  The thick filament is mainly myosin which has two heavy chains 
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and four light chains.  The adult rodent myocardium expresses predominantly the 

α-MHC isoform while the developing heart expresses the β-MHC isoform (232); 

in the adult human myocardium β-MHC is predominant (265).  Various 

physiological and pathological states induce transitions between the two isoforms.  

In the hypertrophied myocardium and the failing heart, the level of α-MHC is 

depressed with an accompanying increase in the β-MHC isoform suggesting a 

return to the fetal isoform (208).  This adaptive strategy tends to normalize the 

increased workload by altering the rate of contraction in the short-term but 

becomes maladaptive chronically. 

The molecular mechanisms underlying the switch between isoforms under 

various conditions have not been well delineated.  Studies in the rat myocardium 

have revealed that α1- and β-adrenoceptor agonists acting via the PKC-β pathway 

mediate expression of β-MHC (148).  Another characteristic of the hypertrophic 

myocardium, the desensitization of the ventricles to further adrenergic 

stimulation, has been shown to correlate with re-emergence of β-MHC (230).  A 

recent report in the mouse model of hypertrophy showed that the re-expression of 

β-MHC in the cardiomyocytes correlated with lack of response of the myocytes to 

further β-adrenergic stimulation (230).  Additionally, interventions that abrogated 

cardiac hypertrophy also reduced the re-expression of β-MHC (1).  These findings 

suggest that similar pathways may be responsible for mediating the contractile 

non-responsiveness and the re-expression of β-MHC.  Whether β-MHC re-

expression is the sole determinant of the inability of the cardiomyocytes to 

respond to further β-adrenergic stimulation has, however, not been established.   
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That β-MHC is a bona fide molecular marker of pathological hypertrophy 

has been challenged in studies which demonstrated that re-expression of β-MHC 

does not occur uniformly in the hypertrophied myocardium (229, 264).  A recent 

study in the pressure overload-induced hypertrophy in the mice showed that β-

MHC re-expression occurred only in non-hypertrophic cells of the myocardium 

(190).  In general, the role of β-MHC during the hypertrophic development of the 

heart and its implication as a marker of hypertrophy requires further investigation. 

1.6.4.2 Natriuretic Peptides and Cardiac Hypertrophy 

Natriuretic peptides play important cardiovascular roles in response to 

wall stretch.  Three isoforms have been identified; atrial natriuretic peptide 

(ANP), expressed mainly in the atria, brain natriuretic peptide (BNP) found in 

both the atria and the ventricles, and C-type natriuretic peptide (CNP) whose role 

in the heart is not yet defined. 

ANP and BNP are expressed predominantly in the embryo and their 

expression levels decline in the adult heart (158).  In the hypertrophied and the 

failing heart, however, the expression levels of these natriuretic peptides are 

upregulated (298).  ANP and BNP exert cardiovascular effects, including 

vasorelaxation, diuresis and natriuresis.  Clinically, an increased expression of 

BNP in the plasma has been found in the failing heart and has been used as a 

biomarker for the diagnosis of cardiac failure (298).  The correlation between 

natriuretic peptide expression levels in situ and congestive heart diseases is 

indicative of the utility of these peptides as indicators of heart disease and cardiac 

hypertrophy.  In in vitro models of hypertrophy, ANP expression levels have been 
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employed as a reliable indicator of cardiomyocyte hypertrophy (17, 152).  In 

cultured cardiomyocytes endogenous ANP and BNP as well as exogenously 

applied natriuretic peptides were shown to be cardioprotective and anti-

hypertrophic in catecholamine-induced hypertrophy (49, 132).  Moreover, ANP 

inhibits MAPK mediated cardiomyocyte hypertrophy (49), which may suggest a 

protective role in reversing agonist-induced pathological hypertrophy.   

ANP and BNP exert their cellular effects by acting on guanylyl cyclase 

(GC)-A receptors (also referred to as natriuretic peptide receptor-A), which is 

coupled to cyclic guanylyl monophosphate (cGMP) upregulation, which leads to 

the activation of protein kinase G (PKG), which in turn causes the 

phosphorylation and inactivation of calcineurin (reviewed in Ref. (158)).  The 

action of ANP and BNP therefore maintains NFAT in the inactive state thereby 

inhibiting the induction of hypertrophic genes (158).  Correspondingly, cGMP 

analogues demonstrate anti-hypertrophic effects in cardiomyocytes (49).   

1.6.4.3 Alpha-Skeletal Actin and Cardiac Hypertrophy 

Three main actin filaments are expressed sequentially in the developing 

myocardium.  In the embryonic myocardium, the expression of α-smooth muscle 

actin precedes the appearance of α-skeletal actin and α-cardiac actin. Alpha-

cardiac actin is predominantly expressed in the normal adult myocardium (252).   

During different pathological conditions of the heart, the myocardial pattern of 

actin isoform expression reverts to the fetal phenotype. Many reports have shown 

that hypertrophic development, as well as other cardiac pathologies induce an 

increased expression of α-skeletal actin accompanied by a reduction in the 
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expression of α-cardiac actin (34).  A study in the human heart during 

development demonstrated that the skeletal and cardiac actin isoforms expressions 

were diffusely distributed in the cardiomyocytes at 20 weeks of fetal life (288).  

Contrastingly, the α-smooth muscle actin isoform was profoundly expressed in 

early fetal life (288). In that same study, it was revealed that myocardial 

pathologies including hypertrophy, myocyte stretch and increased wall stretch, but 

not cardiomyopathies, were associated with an increased expression of α-skeletal 

actin (288). 

Consistently, α-skeletal actin mRNA re-expression has been demonstrated 

in cardiomyocytes and whole heart models of hypertrophy including pressure 

overload (141) and α1-adrenoceptor activation (34).  Thus, α-skeletal actin has 

been employed as a marker of cardiac hypertrophy in experimental models of 

hypertrophy. 

In this thesis, in order to monitor hypertrophic development of 

cardiomyocytes of adult mice, the mRNA expression levels of α-skeletal actin, β-

MHC and atrial natriuretic peptide were employed in keeping with the 

reactivation of the fetal gene program during hypertrophy and heart failure. 

1.7 Cardiomyopathies 

Cardiomyopathies generally refer to cardiac conditions in which the 

cardiac muscles become weak, thus reducing the ability of the heart to effectively 

carry out its pumping action.  The etiology of cardiomyopathy can be congenital, 

immunological or ischemic, but the outcome is identical; the heart responds by 

becoming hypertrophied (24).  Various forms of cardiomyopathies have been 
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identified in humans, but for the purposes of the present discussion, 

cardiomyopathies induced by aberrant expression of genes will be focused on. 

Two forms of inherited cardiomyopathies exist; hypertrophic 

cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) (218).  HCM is 

characterized by a thickening of the left ventricular wall and narrowing of the 

chamber volume and functionally by diastolic dysfunction (218).  DCM on the 

other hand manifests as enlargement of the ventricular chamber accompanied by 

thinning of the ventricular wall.  Functionally, DCM results in defects in systolic 

function and development of arrhythmias (24, 218).   

More than a thousand independent mutations in nine of the genes that code 

for sarcomeric proteins as well as their regulators have been identified to cause 

cardiomyopathies (245).  These mutations occur in the thick filaments (β-MHC) 

as well as in the thin filaments (actin); regulatory proteins such as myosin light 

chain also demonstrate mutations that induce cardiomyopathies (245).  Point 

mutations, missense mutations and dominant negative mutations have been shown 

to be involved with cardiomyopathies.  The bottom line of all these mutations is 

the alteration of the contractile machinery to Ca
2+

 sensitivity (112, 215).   

Models of HCM have consistently demonstrated increased sensitivity of 

cardiomyocytes to Ca
2+

 (19).  This affects the overall cytosolic Ca
2+

 homeostasis, 

which explains the ventricular arrhythmias observed in HCM patients (19).  On 

the other hand, DCM generally exhibits reduced sensitivity to Ca
2+

 (247).  

Treatments for HCM and DCM therefore include modifying the Ca
2+

 sensitivity 

of the myofilaments.  Abrogating Ca
2+

 sensitization using blebbistatin, which 
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reduces the interaction between myosin and actin filaments by inhibiting ATPase 

activity, prevented arrhythmias associated with HCM (26).  Myofilament Ca
2+

 

sensitization agents such as levosimedan and omecamtiv mecarbil (cardiac 

myosin activators) improve contractile function in DCM and heart failure (269).  

The shortfall in these Ca
2+

 sensitization strategies is the tendency for one form of 

cardiomyopathy to revert to the opposite phenotype.  To overcome this detriment, 

an emerging therapeutic approach which involves the use of gene therapy to offset 

disorders associated with aberrant gene expression profile in cardiomyopathies 

holds much promise for the future (19).  Although this strategy holds, 

considerable promise, the challenge of administering the gene to the target 

location remains a major setback.  A related potential approach to treat heart 

failure resulting from cardiomyopathy is the use of microRNA therapy.  

MicroRNAs are short (~22) nucleotide RNA sequence that bind to 

complementary sequences in the 3´ UTR of target mRNAs  resulting in silencing 

of the target gene and suppression of their expression (139).  Presently this 

approach is being employed in the treatment of some form of cancers (181) and 

holds promise in heart disease. 

Since cardiomyopathies affect the overall cytosolic Ca
2+

 homeostasis, 

myocardial energy metabolism is significantly affected.  The hypertrophic heart is 

characterized by a shunting of energy substrate usage from fatty acid to 

carbohydrate.  This energy substrate switch is also apparent in cardiomyopathies, 

and occurs as an adaptive response to the development of hypertrophy.  Inhibiting 

fatty acid oxidation by reducing CPT-1/2 activity has been shown to be beneficial 
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in experimental models of HCM (19).  Metabolic energy substrate modulation is 

therefore emerging as an attractive therapeutic intervention in cardiomyopathies. 

The molecular signaling events which mediate the evolution of 

cardiomyopathies to hypertrophy and heart failure are complex and still remain 

controversial.  Targeting specific pathways in the event of cardiomyopathy have 

held some promise in mitigating the symptoms associated with HCM and DCM.  

Abolishing the renin-angiotensin-system enhances cardiac function in HCM 

suggesting an elevation of this system in HCM which suggests stimulation of the 

GPCRs as mediators of hypertrophy involving HCM (263).  Indeed, in one study 

it was observed that myocardial aldosterone and aldosterone synthase mRNA 

levels were increased about 4-6 fold in HCM patients (299).  Ventricular biopsies 

from the failing heart of humans with dilated cardiomyopathy revealed an 

elevated expression of carbonic anhydrase isoforms, CAII, CAIV, and CAXIV 

mRNAs (15).  Coupled with previous findings that carbonic anhydrase expression 

level is increased in rat cardiomyocytes in response to ANGII (17), this suggests 

the possibility that carbonic anhydrase activity inhibition represents a candidate 

therapy to revert cardiomyopathy-associated hypertrophy.  Previously, carbonic 

anhydrase inhibitors, due to their diuretic properties have been employed 

clinically to treat patients with glaucoma, seizure and osteoporosis (257).  These 

agents, which are sulfonamides are however, non-selective in their activity against 

carbonic anhydrases (335).  Recently, it was demonstrated that a series of novel 

N-substituted N'-(2-arylmethylthio-4-chloro-5-methylbenzenesulfonyl)guanidines 

9-41 specifically inhibit CAIX and CAXII are effective antitumor agents (335).  
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This indicates the feasibility of using CA isoform specific inhibitors in the 

treatment of heart failure. 

Taken together, cardiomyopathies induce hypertrophy by complex 

molecular mechanisms leading to alteration of Ca
2+

 sensitivity of the
 
contractile 

machinery.  The future therapeutic modalities will be enhanced by delineating the 

specific molecular events that precipitate hypertrophy and heart failure in HCM 

and DCM. 

1.8 Thesis Rationale 

Despite the advancement in our understanding of cardiac remodeling 

(following a pathological insult) and progression to heart failure, current clinical 

outcomes have been poor.  This could be accounted for partially by the intricate 

network of signaling pathways involved in the remodeling process.  A number of 

cross-talk interactions exist between the various complex mechanisms/pathways 

which induce hypertrophy.  This leads to difficulty in identifying the most 

effective target in the design of pharmacotherapy. Moreover, the animal models 

employed in delineating the pathways that induce cardiac hypertrophy have 

provided conflicting data compared to the pathogenesis of the human cardiac 

hypertrophy and heart failure phenotype.   

The search for the ‘super-drug’ to ameliorate cardiac hypertrophy and to 

limit progression to heart failure has been unrelenting in the past few years.  The 

present treatment modalities are directed at putative targets in the deciphered 

signaling pathways, which have been demonstrated to mediate cardiac 

hypertrophy.  Based on our present knowledge of the signaling mechanisms 
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associated with cardiac hypertrophy, some of the current therapeutic interventions 

include, inhibitors of cGMP phosphodiesterase (sildenafil) which have proven 

beneficial in animal models and are being tested in clinical trials (267); GPCR 

antagonists (45, 67); modulators of excitation-contraction coupling (269); and 

modulators of metabolic energy substrate utilization (300). 

A plethora of experimental data has attempted to identify distinct signaling 

pathways and novel targets in cardiac hypertrophy and heart failure.  The search 

for novel therapeutic targets still continues because of the complex mechanisms 

that mediate cardiac hypertrophy.  Interpretation of data from studies aimed at 

deciphering the signaling pathways of hypertrophy from different approaches and 

different species has further complicated our understanding of the nature of 

cardiac hypertrophy.  The present study seeks to contribute to the understanding 

of the signaling mechanism involved with pathological hypertrophy in order to 

identify a new target for therapeutic intervention. 

Playing a central role in hypertrophic signaling is the involvement of the 

cardiac isoform of the Na
+
/H

+
 anion exchanger NHE1 (64).  Several lines of 

evidence demonstrate that NHE1 activation is at the center of many 

cardiovascular disorders (100, 151).  As noted earlier, NHE1 mediates the 

electroneutral exchange of 1 cytosolic H
+
 for 1 extracellular Na

+
.  The sensitivity 

of NHE1 to H
+ 

is afforded by an allosteric H
+
 sensor site located within the 

membrane transport domain and the exchange activity is driven by the inwardly 

driven Na
+
 gradient provided by the Na

+
/K

+
 ATPase (64, 96).  Regulation of 

NHE1 by growth factors and neurohormones is determined by the cytosolic tail of 
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the exchanger and removal of the distal region of the cytosolic tail shifts the pHi 

sensitivity to the acidic side (96).  The most potent regulator of NHE 1 activity is, 

however, intracellular acidosis (151). 

Several lines of evidence have revealed that inhibition of NHE1 activity 

during ischemia attenuates injury imposed by ischemia/reperfusion (149, 153).  

This promising strategy led to two major clinical trials, Guard During Ischemia 

Against Necrosis (GUARDIAN) (294) and Evaluation of the Safety and 

Cardioprotective Effects of Eniporide in Acute Myocardial Infarction (ESCAMI) 

(330).  In this large study, the NHE1 inhibitor, eniporide, was administered before 

reperfusion therapy in patients with acute ST elevation myocardial infarction 

(MI).  The study revealed that eniporide significantly reduced the incidence of 

heart failure in patients reperfused late (>4 h), but overall there was no effect on 

clinical outcome (death, cardiogenic shock, heart failure, life-threatening 

arrhythmias).  The Sodium-Hydrogen Exchange Inhibition to Prevent Coronary 

Events in Acute Cardiac Conditions (EXPEDITION) study (38), demonstrated 

cardioprotective effects of cariporide, an NHE1 inhibitor, in patients with 

ischemic heart disease.  The clinical benefits were, however, overshadowed by 

increased incidence of stroke, leading to the collapse of the study.  The 

implication from these studies was that NHE1 inhibitors may not be efficacious in 

the treatment of ischemia-reperfusion perfusion.  

NHE1 activation has also been observed in other cardiovascular disorders, 

including cardiac hypertrophy and heart failure (96, 151, 216).  Several pro-

hypertrophic (155, 199, 212) modulators and mechanical stretch (65) activate 



 

 

66 

 

NHE1, leading to hypertrophic growth.  These factors induce a cascade of 

molecular signaling event that lead to activation of PKC which directly 

phosphorylate NHE1 or MAPKs which phosphorylate NHE1 indirectly.  

Moreover, phenylephrine administration activates 90-kDa ribosomal S6 kinase 

(RSK), which is an important modulator of NHE1 activity (209).  In the cardiac 

overloaded rodent heart and the stretched ventricular myocytes, there was an 

activation of the RAS, which leads to an increased release of ANGII (88).  ANGII 

signaling leads to increased production of endothelin, which stimulates NHE1 via 

action on the ETA receptors (88, 126).  These findings suggest that NHE1 plays a 

pivotal role in the signaling events mediated by neurohormones and mechanical 

stretch. 

Substantial evidence suggests that NHE1 activation following mechanical 

stretch or hormonal activation is an early event which ultimately leads to cytosolic 

Na
+
 and Ca

2+
 overload and consequently induction of cardiac hypertrophy (64, 

65).  In the hypertrophied myocardium of the spontaneously hypertensive rats 

(SHR), there was an increase activation of NHE1 (233).  NHE1 inhibition led to a 

reduction in cardiac hypertrophy and interstitial fibrosis (63).  Various models of 

hypertrophy have demonstrated beneficial effects of NHE1 inhibition on the 

development of hypertrophy.  Transgenic mice expressing activated NHE1 

exchanger demonstrated enlargement of the heart and revealed a heightened 

propensity towards hypertrophic stimulation (212).  In essence these studies 

showed that NHE1 inhibition is an attractive target for therapeutic intervention in 

cardiac hypertrophy and heart failure. 
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Since NHE1 activation leads to intracellular acid extrusion, alkalinization 

should have normally accompanied the exchanger activation.  However, NHE1 

activation in the various studies was not accompanied by increased pHi although 

cytosolic Na
+
 was elevated (233).  NHE1 inactivates under alkaline conditions, 

which would suggest that the autoregulatory potential of NHE1 would ‘switch 

off’ the exchanger activity in the face of increased stimulation unless an 

acidifying mechanism is simultaneously activated (275).  Indeed, in the 

hypertrophied heart of the SHR, NHE1 hyperactivity was accompanied by a 

simultaneous activation of the Cl
-
/HCO3

-
 anion exchanger (52).  A report in the 

papillary muscles of the SHR demonstrated an increased NHE1 activity 

accompanied by a high pHi under nominally HCO3
-
/CO2-free conditions (52).  In 

the presence of HCO3
-
, pHi was not different between papillary muscles from 

SHR and their Wistar-Kyoto controls, leading to the suggestion that a Cl
-
/HCO3

-
 

anion exchanger was simultaneously activated in the SHR (52).  The non-specific 

AE inhibitor, SITS, increased the basal pHi in the SHR in the presence of HCO3
-

/CO2 confirming a hyper-activation of AE in the SHR papillary muscle. 

Subsequently it was reported that ANGII enhances AE Cl
-
/HCO3

-
 

exchange activity in papillary muscles and accelerates the rate of recovery of pH i 

following imposed intracellular alkalinization (234).  The ANGII effect was 

reversed by inhibition of angiotensin II receptors and AE inhibition (87).  In an 

attempt to identify the AE isoform responsible for normalizing the pHi in SHR 

papillary muscles, northern blots and hybridization probes revealed an increased 

expression of the full length AE3 (flAE3) isoform (59).  This finding correlated 
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with the increased AE exchange activity found in SHR (60, 87), suggesting that 

flAE3 may be the AE isoform responsible for providing the acidifying mechanism 

which counters the increased NHE1 activation in the myocardium of SHR.  

Later it was demonstrated that infusion of anti-AE3 antibody against the 

extracellular loop of AE3 demonstrated an increased steady-state pHi in the SHR 

myocardium relative to control (60).  This provided additional support for the 

involvement of AE3 as an acid loader to compensate for the cytosolic 

alkalinization induced by NHE1 activation.  To lend further credence to the 

observation that flAE3 activity provides the opposite acidifying mechanism to 

normalize NHE1 activity, it was reported that ANGII increased Cl
-
/HCO3

-
 anion 

exchange activity by enhancing only the flAE3 isoform activity, but not 

SLC26A6, the predominantly expressed Cl
-
/HCO3

-
 isoform in the myocardium 

(11, 13).  Interestingly, this occurred by a PKC mediated phosphorylation of 

serine 67 of flAE3 cytoplasmic domain (11). 

Collectively, these findings suggest that hypertrophic stimulation by 

neurohormones induces enhanced NHE1 exchange activity, accompanied by a 

simultaneously increased flAE3 anion transport activity.  This would result in pHi 

neutral cytosolic Na
+ 

overload which via mechanisms already discussed would 

cause cytosolic Ca
2+

 overload through the NCX.  Ultimately pro-hypertrophic 

pathways will be stimulated resulting in cardiac hypertrophy.  The exact role of 

AE3 in the development of cardiac hypertrophy, however, has not been well 

explored directly due mainly to the lack of specific pharmacological tools that 

attenuate or elevate AE3 functional activity.   
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Moreover, these findings may suggest that NHE1 and AE3 may be linked 

functionally in a pathway that mediates hypertrophy.  The functional interaction 

between NHE1 and AE3 was evidenced by findings that suggested that the anion 

exchangers interact with CAII which provide substrates to enhance the respective 

transport activities.  CAII catalyzes the hydration of CO2 producing HCO3
-
 and 

H
+
, the substrates for AE3 and NHE1 respectively.  In a microtiter plate binding 

assay, CAII bound the C-terminal tail of NHE1, a finding which was confirmed 

by affinity binding assay by demonstrating protein-protein interaction between 

CAII and immobilized NHE1 fusion proteins (178).  Additionally, CAII co-

immunoprecipitated with NHE1 in CHO cells, which suggests a physical complex 

between NHE1 and CAII (178).  The resultant effect of CAII physical interaction 

with NHE1 was an enhanced transport activity of the exchanger an effect which 

was reduced by the CAII inhibitor, acetazolamide (178).  Subsequently, the 

physical interaction between CAII and NHE1 was localized to the extreme C-

terminal region of NHE1 (179).  Several lines of evidence also show that CAII 

also binds to AE3 which facilitates the anion transport activity of the exchanger 

(282, 283). 

Involvement of CAII in the development of myocardial hypertrophy has 

generated considerable interest due to the findings that CAII physically and 

functionally interacts with NHE1 and AE exchangers.  Recently, it was 

demonstrated that inhibition of CAII activity reversed the development of 

cardiomyocyte hypertrophy induced by PE and ANGII in adult and neonatal 

cardiomyocytes (17).  The hypertrophic stimuli also caused an increased 
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expression of CAII in neonatal rat cardiomyocytes (17).  This observation 

confirmed the involvement of CAII in the hypertrophic signaling cascade.  These 

findings led to the suggestion that a functional and physical interactional complex 

of NHE1-CAII-AE3 may exist, which could mediate the hypertrophic stimulation 

by hypertrophic agonists such as ET-1, ANGII and PE.   

Despite the proposed role of the AE3 Cl
-
/HCO3

-
 anion exchanger in the 

regulation of steady-state pHi, the experimental evidence to confirm its direct 

involvement in hypertrophic development has been lacking.  However, from 

previous reports demonstrating cardioprotective roles of NHE1 inhibition in the 

context of ischemia/reperfusion injury and cardiac hypertrophy, it is reasonable to 

deduce that inhibition of AE3 transport activity should also afford similar 

beneficial effects.  To determine the involvement of AE3 in cardiac function and 

pathogenesis, a mouse model with the ae3 gene ablated (AE3 null, ae3
-/-

) was 

developed (4, 240).  A recent report demonstrated that disruption of the AE3 gene 

did not affect normal cardiac function (240).  When hearts isolated from AE3 null 

mice were subjected to ischemia/reperfusion injury there were no significant 

differences in cardiac performance relative to control hearts (240).  In vivo 

assessment of cardiac performance revealed that there were no differences 

between AE3 null mice hearts and control hearts.  However, when AE3 null mice 

were mated with mice lacking the Na
+
-K

+
-2Cl

-
 (NKCC) gene to produce ae3

-/-

/nkcc
-/-

 double knock-out mice, cardiac contractility was greatly impaired.  

Additionally, hearts from the double knock-out mice demonstrated greater 

propensity for ischemia/reperfusion injury.  These observations were attributed to 
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the alteration of Ca
2+

 homeostasis suggesting that both AE3 and NKCC contribute 

to the signaling pathways involved in regulating cytosolic Ca
2+

.  Although this 

study showed that AE3 may be involved in cardiac function, its absence does not 

improve function but rather exacerbates injury induced by ischemia/reperfusion. 

In a hypertrophic cardiomyopathy model (Glu180Gly mutation in α-

tropomyosin, TM180), loss of AE3 induced rapid cardiac decompensation, which 

progressed to heart failure (4).  Ca
2+

 handling was impaired in the double mutant, 

TM180/ae3
-/-

, hearts compared to the two mutants, ae3
-/-

 and TM180.  From the 

foregoing, it may be deduced that AE3 does not play a cardioprotective role in 

hypertrophic cardiomyopathy and ischemia/reperfusion injury.   

This thesis attempts to further delineate the role of the AE3 Cl
-
/HCO3

-
 in 

the development of cardiac hypertrophy.  The proposal that NHE1, CAII and AE3 

operate in concert to mediate the hypertrophic effect of ANGII and PE led us to 

hypothesize that: “Disrupting the gene that encodes AE3 will limit cardiomyocyte 

growth in response to hypertrophic stimuli”.   

The physical and potentially functional interaction between NHE1, CAII 

and AE3 has been termed the hypertrophic transport metabolism (HTM) (17) 

(Fig. 1.6).  Upon stimulation by hypertrophic stimuli, activation of NHE1, CAII 

and AE3 will lead to a sustained ‘feed-forward’ induction of downstream 

hypertrophic mediators.  Thus, HTM activation will present a pathological 

pathway that mediate hypertrophy and antagonism of either of the components 

involved will result in abrogation of pathological hypertrophy.  Our hypothesis 

stemmed from accumulation of evidence which demonstrate that AE3 is the only 
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cardiac Cl
-
/HCO3

-
 anion exchanger whose acid loading capability is coupled to 

normalizing the alkalinizing effect of NHE1 in order to maintain pHi homeostasis.  

Moreover, the transport activity of AE3 is enhanced by hypertrophic stimuli via 

PKC (11), a pathway also shown to enhance NHE1 anion exchange activity (64, 

178, 179) (Fig. 1.6).  Thus, the net effect of hypertrophic stimulation is the pHi 

neutral overload of Na
+
 subsequently causing cytosolic Ca

2+
 overload via the 

NCX.  Increased cytosolic Ca
2+

 stimulates downstream effectors leading to 

activation of NFAT which translocates to the nucleus and activates the 

transcription of pro-hypertrophic mediators. 

From findings which revealed that NHE1 activation occurs as an early 

event during hypertrophic stimulation, it is also reasonable to suggest that flAE3 

activation must occur as an early event (64).  Thus, we speculate in the present 

study that deletion of the gene that encodes AE3 will lead to an increase in pHi 

following hypertrophic stimulation.  Since NHE1 autoinhibits under alkaline 

conditions, downstream targets of hypertrophic stimulation will be downregulated 

which will limit cardiomyocyte growth.  Thus, the deletion of the AE3 gene in 

adult mice will limit the development of hypertrophy in cardiomyocyte subjected 

to hypertrophic stimulation.  These possibilities will be the focus of the present 

investigation. 

Hypothesis 

In general terms, this thesis studied the role of carbonic anhydrase in 

regulating the function of Cl
-
/HCO3

-
 exchange proteins. Specifically, this 

document describes experiments investigating the hypotheses that: 
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1. Fusion of active CAII to the extreme C-terminal tail of AE1 will enhance 

the transport activity of the exchanger and; 

2. Disruption of the AE3 gene will render cardiomyocytes isolated from 

adult mice less responsive to hypertrophic stimulation. 

The specific objectives are: 

1. To fuse either wildtype CAII or catalytically inactive CAII (CAII-V143Y) 

to the C-terminus of AE1 in order to determine their effect on the anion 

exchange activity of AE1 and; 

2. To assess the response of the deletion of the mouse ae3 gene on 

cardiomyocyte hypertrophic growth. 
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Fig. 1.7 The hypertrophic transport metabolon (HTM).  Hypertrophic stimuli, 

angiotensin II (ANGII), phenylephrine (PE) or endothelin 1 (ET-1) bind to their 

guanidine protein coupled receptor (GPCR) which leads to the activation of 

protein kinase C (PKC).  PKC directly stimulates the chloride/bicarbonate anion 

exchanger AE3 (AE3) which mediates the exchange of chloride ion (Cl
-
) and 

bicarbonate ion (HCO3
-
).  PKC indirectly phosphorylates the sodium-proton 

exchanger 1 isoform (NHE1) via mitogen activated protein kinase (MAPK) 

facilitating the exchange of proton (H
+
) for sodium ion (Na

+
).  The activities of 
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BT and NHE1 are enhanced by interaction with carbonic anhydrase II (CAII) 

which provides the respective substrates, HCO3
-
 and H

+
 for AE3 and NHE1.  

Consequently the cardiomyocyte is overloaded with Na
+
 which activates the 

sodium-calcium exchanger (NCX) ultimately overloading the cytosol with 

calcium ion (Ca
2+

).  Increased intracellular Ca
2+

 activates calcineurin which 

dephosphorylates nuclear factor of activated T cells (NFAT) inducing its 

translocation into the nucleus.  NFAT in the nucleus activates the expression of 

pro-hypertrophic genes which leads to induction of pathological hypertrophy 

characterized by increased ventricular wall mass and reduced ventricular 

diameter. 
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2.1 Materials 

Most of the compounds employed in this study were purchased from 

Sigma-Aldrich and Invitrogen.  The less common compounds are shown in Table 

2.1 below.  Molecular biology tools (restriction enzymes, oligonucleotides, etc.) 

and antibodies used for immunoblotting are given in Tables 2.2 and 2.3 below. 

 

Table 2.1 Reagents 

 

Name Source 

Mouse Laminin Invitrogen, Canada 

2´-7´-bis-(carboxyethyl)-5(6)-

carboxyfluorescein acetoxymethyl 

ester (BCECF-AM) 

Sigma-Aldrich, Oakville, 

ON, Canada 

2,3-butanedione monoxime (BDM) Sigma-Aldrich, Canada 

Taurine Sigma-Aldrich, Canada 

Nigericin Sigma-Aldrich, Canada 

Angiotensin II Sigma-Aldrich, Canada 

Phenylephrine Sigma-Aldrich, Canada 

Trimethylamine (TMA) Sigma-Aldrich, Canada 

Bovine serum albumin (BSA) Sigma-Aldrich, Canada 

Dulbecco’s Modified Eagle’s Medium 

Nutrient Mixture with F-12 HAM 

Invitrogen, Canada 

Fetal bovine serum (FBS) Invitrogen, Canada 

Sodium pentobarbital Invitrogen, Canada 

Tributyltin chloride Sigma-Aldrich, Canada 

Poly-L-lysine Sigma-Aldrich, Canada 

N-(ethoxycarbonylmethyl)-6-

methoxyquinolinium bromide 

(MQAE) 

Molecular Probes, 

Eugene, OR 
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Table 2.1 Reagents (cont’d) 

 

Protease inhibitor cocktail Roche Diagnostics, Indianapolis, IN 

Polyvinylidene difluoride (PVDF) 

membranes  

Millipore, Billerica,    MA 

Calf serum Invitrogen, Canada 

Protease XIV Sigma-Aldrich, Canada 

Collagenase B Roche, Mannheim, Germany 

Collagenase D Roche, Mannheim, Germany 

Penicillin-streptomycin Invitrogen, Canada 

L-glutamine Invitrogen, Canada 

Insulin-transferrin-selenite (ITS) Sigma-Aldrich, Canada 

Phenylephrine (PE) Sigma-Aldrich, Canada 

Angiotensin II (ANGII) Sigma-Aldrich, Canada 

Acetazolamide (ATZ) Sigma-Aldrich, Canada 
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Table 2.2 Enzymes 

 

Nhe I New England Biolabs, Mississauga, ON, Canada 

Xho I New England Biolabs, Mississauga, ON, Canada 

EcoR I New England Biolabs, Mississauga, ON, Canada 

Mung Bean 

exonuclease 

New England Biolabs, Mississauga, ON, Canada 

Xba I New England Biolabs, Mississauga, ON, Canada 

Pme I New England Biolabs, Mississauga, ON, Canada 

EcoR V New England Biolabs, Mississauga, ON, Canada 

DNA Ligase New England Biolabs, Mississauga, ON, Canada 
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Table 2.3 Antibodies 

 

Donkey anti-rabbit IgG conjugated 

to horseradish peroxidase 

GE Healthcare, Little Chalfont, UK 

Sheep anti-mouse IgG conjugated to 

horseradish peroxidase 

GE Healthcare, Little Chalfont, UK 

Rabbit polyclonal anti-CAII 

antibody 

Santa Cruz Biotechnology, San 

Diego, CA, USA 

Goat polyclonal anti-ANP antibody Santa Cruz Biotechnology, San 

Diego, CA, USA 

Monoclonal anti-GAPDH antibody Santa Cruz Biotechnology, San 

Diego, CA, USA 

Monoclonal anti--actin antibody 
 

Sigma, St Louis, MO, USA 

Rabbit anti-NHE1 polyclonal Chemicon, Temucula, CA, USA 
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Table 2.4 Sequences of primers used in real time qRT-PCR 

Target 

Gene 

Sequence 

Anp F: 5’-TCCAGGCCATATTGGAGCAAATCC-3’ 

R: 5’-TCCAGGTGGTCTAGCAGGTTCTTG-3’ 

β-mhc F: 5’-GAGACGGAGAATGGCAAGAC-3’ 

R: 5’-AAGCGTAGCGCTCCTTGAG-3’ 

Caii F: 5’-CTCTGCTGGAATGTGTGACCT-3’ 

R: 5’-GCGTACGGAAATGAGACATCTGC-3’ 

Nhe1 F: 5’-TTTTCACCGTCTTTGTGCAG-3’ 

R: 5’-TGTGTGGATCTCCTCGTTGA-3’ 

Gapdh 
F: 5’-CCTCGTCCCGTAGACAAAAT-3’ 

R: 5’-TGATGGCAACAATCTCCACT-3’ 

Anp, atrial natriuretic peptide; β-mhc , beta myosin heavy chain; Caii, carbonic 

anhydrase II; Nhe1, sodium proton exchanger isoform 1; Gapdh, glyceraldehyde 

3-phosphate dehydrogenase. 
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2.2 Methods 

2.2.1 Molecular Cloning 

pJRC9 (55), encoding human full length erythrocyte AE1, was used as a 

template to amplify the coding sequence for AE1 using the AE1 forward primer, 

5'-GCCGGCTAGCATGGAGGAGCTGCAGGATG-3', which contains an NheI 

restriction site and the AE1 reverse primer, 5'-

CCAGTGATGGGAACCACCCACAGGCATGGCCACTTCGTC-3', which 

encodes two glycine residues and the 5` end of CAII.  The stop codon of AE1 and 

the start codon of CAII were eliminated from the AE1 reverse primer.  The 

coding sequence of wild-type human CAII and the CAII-V143Y mutant were 

amplified using the plasmids, pJRC36 (283) (containing CAII) and pDS14 (283) 

(containing CAII-V143Y), with the forward primer, 5'-

GACGAAGTGGCCATGCCTGTGGGTGGTTCCCATCACTGGGGGTAC

GG-3', which contains the 3' end of AE1 cDNA without the stop codon of 

AE1 and the start codon of CAII, and the CAII reverse primer, 5'-

GCCGCTCGAGTTATTTGAAGGAAGCTTTGATTTGCC-3', containing an 

XhoI site.  In the next round of PCR, the coding sequences of AE1 and CAII, 

obtained above, were used as templates with AE1 forward primer and CAII 

reverse primer to generate a fused gene product.  This was then cloned into the 

NheI and XhoI sites of the mammalian expression vector, pcDNA 3.1(+), to 

obtain pDAS3 (encoding AE1.CAII insert) and pDAS4 (encoding AE1.CAII-

V143Y).  
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2.2.2 Expression of AE1 and AE1 Fusion Proteins 

AE1, AE1.CAII and AE1.CAII-V143Y were expressed in HEK293 cells 

by transient transfection (115), using the calcium phosphate precipitate method 

(251).  The cells were incubated at 37 °C in DMEM, supplemented with 5% fetal 

bovine serum and 5% calf serum, in a 5% CO2 incubator.  Two days following 

transfection, cells were washed with PBS (140 mM NaCl, 3 mM KCl, 6.5 mM 

Na2HPO3, 1.5 mM KH2PO3, pH 7.4) and lysed with 2x SDS-PAGE sample buffer 

(10% (v/v) glycerol, 2% (w/v) SDS, 2% β-mercaptoethanol, 0.5% (w/v) 

bromophenol blue, 75 mM Tris, pH 6.8, containing protease inhibitor cocktail).  

2.2.3 Immunoblotting 

Protein samples (20 µg), whose concentrations were determined by the 

BCA assay (276) were resolved by SDS-PAGE on 10% acrylamide gels (169).  

Proteins were transferred onto PVDF membranes by electrophoresis for 1 h at 100 

V in transfer buffer (10% (v/v) methanol, 25 mM Tris, and 192 mM glycine) 

(297).  PVDF membranes were blocked in TBST-M (TBST (137 mM NaCl, 20 

mM Tris, 0.1% (v/v) Tween 20, pH 7.5), containing 5% (w/v) nonfat dry milk) for 

30 min (162).  Immunoblots were incubated with rabbit polyclonal N-terminal 

anti-AE1 antibody (1:5000) or anti-AE1 monoclonal antibody, IVF12 (145) 

(1:1000) in TBST-M, for 16 h at 4 °C.  Immunoblots were washed with TBST 

buffer and incubated with TBST-M containing either donkey anti-rabbit IgG 

conjugated to horseradish peroxidase (1:2000) or sheep anti-mouse IgG 

conjugated to horseradish peroxidase (1:3000) for 1 h at 20 °C.  Immunoblots 



 

 

130 

 

were washed in TBST and visualized using ECL reagents (Perkin Elmer) and 

Kodak Imaging Station 440CF (Kodak, NY), as previously described (16).  

Proteins were quantified by densitometry using Kodak Molecular Imaging Software 

v4.0.3 (Kodak, NY).  Immunoblots were stripped by incubating in 10 ml of stripping 

buffer (2% (w/v) SDS, 62.5 mM Tris, 100 mM -mercaptoethanol, pH 6.8) at 50 

°C for 10 min, with occasional shaking, followed by three washes with TBST.  

Membranes were incubated with monoclonal anti--actin antibody (Santa Cruz 

Biotechnology, CA, USA) (1:2000) for 1 h at room temperature, washed with TBST 

and incubated with sheep anti-mouse IgG conjugated to horseradish peroxidase 

(1:3000) for 1 h.   

2.2.4 Cell Surface Biotinylation 

To determine the proportion of protein processed to the cell surface, 

HEK293 cells grown in 100 mm dishes, were transiently transfected with AE1, 

AE1.CAII, AE1.CAII-V143Y or empty vector and subjected to cell surface 

biotinylation assays, as described previously (282).  Forty-eight hours post-

transfection, cells were carefully rinsed with 4 °C PBS, washed with borate buffer 

(154 mM NaCl, 7.2 mM KCl, 1.8 mM CaCl2, 10 mM boric acid, pH 9.0), and then 

incubated with borate buffer containing Sulfo-NHS-SS-Biotin (0.5 mg/ml) at 4 °C 

for 20 min.  Reactions were stopped by the addition of 4 °C quenching buffer 

(192 mM glycine, 25 mM Tris, pH 8.3) followed by three washes with the 

quenching buffer.  Cells were lysed by adding 500 µl 4 °C immunoprecipitation 

buffer (IPB) (1% (w/v) deoxycholic acid, 1% (w/v) Triton X-100, 0.1% (v/v) SDS, 
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150 mM NaCl, 1 mM EDTA, 10 mM Tris-Cl, pH 7.5, with protease inhibitor 

cocktail).  Lysates were centrifuged at 16,000 x g for 20 min.  Supernatant was 

divided into two equal halves and one half was retained for immunoblotting (total 

protein).  Immobilized streptavidin agarose resin (100 µl) (Thermo Scientific, IL, 

USA) (2 mg/ml streptavidin resin in PBS, containing 2 mM NaN3) was added to 

half of the lysate and incubated overnight at 4 °C while rocking.  Samples were 

centrifuged at 8000 x g for 2 min, and 250 µl of supernatant (unbound protein), 

was collected for subsequent protein detection.  SDS-PAGE sample buffer was 

added to the total protein and the unbound protein samples prior to analyses by 

SDS-PAGE immunoblotting, as described above.  Immunoblots were stripped (as 

described above) and re-probed with monoclonal anti-GAPDH antibody (Santa 

Cruz, CA, USA) (1:2000).  The percentage of protein at the cell surface, calculated 

as ((Total protein - Unbound protein)/Total protein)*100%, was corrected for 

GAPDH biotinylation. 

2.2.5 Chloride/Bicarbonate Exchange Assays 

HEK293 cells were transiently transfected with AE1, AE1.CAII, 

AE1.CAII-V143Y or pcDNA and grown on poly-L-lysine-coated glass coverslips.  

Forty-eight hours post-transfection, coverslips were rinsed in serum-free DMEM 

and incubated for 20 min in serum-free DMEM, containing 2 µM BCECF-AM.  

Ringer’s buffer (5 mM glucose, 5 mM potassium gluconate, 1 mM calcium 

gluconate, 1 mM MgSO4, 2.5 mM NaH2PO4, 25 mM NaHCO3, 10 HEPES, pH 

7.4), with either 140 mM NaCl or 140 mM sodium gluconate, was pre-

equilibrated by continuously bubbling with 5% CO2/ balance air.  Coverslips, 
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mounted in fluorescence cuvettes, were perfused with the Cl
-
-containing Ringer’s 

buffer until steady-state fluorescence was achieved, followed by perfusion in 

Cl
-
-free gluconate-containing Ringer’s buffer and finally perfusion in Cl

-
-

containing buffer.  Cells were illuminated at wavelengths of 440 nm and 502.5 

nm and the fluorescence emission was recorded at 528.7 nm, using a Photon 

Technologies International fluorimeter.  Calibration was performed using the 

high potassium/nigericin technique (295) at three known pH values around 6.5, 7.0 

and 7.5 and fluorescent ratios were converted to pHi.  In all assays that used 

nigericin, the compound was exhaustively removed by perfusion of the system 

with 70% ethanol, followed by water.  Rates of change of pHi were assessed by 

linear regression (Kaleidagraph software) of the first minute of pHi change 

following solution change to Cl
-
-free Ringer’s buffer.  Background activity of 

HEK293 cells was corrected by subtracting the transport activity of cells 

transfected with vector alone from the total rate.  The effect of acetazolamide on 

the measured rate of Cl
-
/HCO3

-
 exchange was assessed by performing Cl

-
/HCO3

-
 

exchange assays.  Following incubation with Cl
-
-containing Ringer’s buffer cells 

were perfused with Cl
-
-containing Ringer’s buffer, containing 100 µM 

acetazolamide and the assay was repeated with all buffers supplemented with 100 

µM acetazolamide. 

In some assays cells were co-transfected with AE1 or AE1.CAII and 

varied amounts of CAII-V143Y cDNA.  Following each Cl
-
/HCO3

-
 exchange 

assay, cells from the dish that contained the coverslips used for transport assays 

were collected and probed for AE1 and CAII on immunoblots.  Expression of 
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CAII-V143Y was determined by densitometry of the immunoblots, probed with 

anti-CAII antibody.  Since the cells endogenously expressed WT CAII, the 

amount of CAII-V143Y was determined by subtracting the amount of CAII in 

cells transfected with 0 µg CAII-V143Y cDNA, from the CAII abundance in cells 

transfected with CAII-V143Y cDNA. 

Flux of proton equivalents (JH+) was calculated as pH/min x total buffer 

capacity (total), where total = intrinsic+HCO3
-.  intrinsic at the initial time of pH 

change was used in calculations.  intrinsic for transfected HEK293 cells was 

recently reported by our laboratory over a range of pH values (146) and HCO3
- 

was 2.3 x [HCO3
-
] (25 mM), which is 57.5 mM. 

2.2.6 Assays of Chloride Transport 

The rate of chloride transport was monitored using a fluorescent dye 

method previously described (161, 213), with slight modifications. HEK293 cells 

were grown and transfected on poly-L-lysine-coated coverslips, as described 

above.  Forty-eight hours post-transfection, coverslips were rinsed in serum-free 

DMEM and then incubated in a hypotonic solution (2.5 mM glucose, 2.5 mM 

potassium gluconate, 70 mM NaCl, 0.5 mM calcium gluconate, 0.5 mM MgSO4, 

1.8 mM NaH2PO4, 12.5 mM NaHCO3, 5 mM HEPES, pH 7.4), containing 5 mM 

MQAE-AM for 5 min at 37 °C.  Coverslips were then rinsed with the hypotonic 

solution and mounted in fluorimeter cuvettes.  Excitation wavelength was 350 nm 

and emission was recorded at 460 nm.  Two different types of Cl
-
 transport assays 
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were performed Cl
-
/NO3

-
 exchange assays in the nominal absence of CO2/HCO3

-
 

and Cl
-
/HCO3

-
 exchange assays in the presence of CO2/HCO3

-
.   

In Cl
-
/NO3

-
 exchange assays, cells were perfused with Cl

-
-containing 

Ringer’s buffer until steady-state fluorescence was achieved and then switched to 

a Cl
-
-free gluconate-containing Ringer’s buffer.  To measure the rate of Cl

-
/NO3

-
 

exchange, perfusion was switched to NO3
-
-containing Ringer’s buffer, containing 

140 mM NaNO3, and then back to the Cl
-
-containing Ringer’s buffer after 

reaching a plateau.  MQAE fluorescence was calibrated against [Cl
-
]i, using the 

double ionophore technique with nigericin (10 µM), and tributyltin (10 µM) 

(103).  The calibration solutions contained final Cl
- 
concentrations of 20, 50 and 

80 mM, with NO3
-
 as the substitute anion.  At the end of the experiment, 150 mM 

potassium thiocyanate (KSCN) was added to completely quench the MQAE 

fluorescence in order to correct for the background fluorescence. 

Cl
-
/HCO3

-
 exchange assays were performed with solutions gassed with 5% 

CO2/balance air.  Perfusion was switched to a Cl
-
-free gluconate-containing 

Ringer’s buffer, containing 25 mM NaHCO3 upon reaching a steady-state.  

Calibration of [Cl
-
]i and quenching of MQAE fluorescence were performed as in 

Cl
-
/NO3

-
 exchange assays above. 

2.2.7 Correction of MQAE Photobleaching 

Untransfected HEK293 cells were grown on poly-L-lysine-coated glass 

coverslips and incubated in a 5% CO2 incubator at 37 ºC for forty-eight hours.  

Cells were loaded with MQAE-AM as described under Assays for Chloride 

Transport. Cells were mounted in fluorescence cuvettes and fluorescence was 
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monitored with wavelengths 350 nm (excitation) and 460 nm (emission).  

Relative fluorescence intensity (F/F0), where F is fluorescence at time (t) and F0 is 

the fluorescence at time 0, was plotted against time, representing photobleaching.  

An exponential decay equation of the form 

 Y = Span*exp(-K*X) + Plateau 

was fitted to the data, where fluorescence starts at Span + Plateau and decays to 

Plateau with rate constant K.  The half-life is 0.69/K. The inverse of this decay 

equation was applied to all the MQAE fluorescence experimental data to correct 

for photobleaching.  

2.2.8 Calculation of Chloride Flux 

Fluorescence intensity was converted to [Cl
-
]i by determining the Stern-

Volmer constant for Cl
-
 (Ksv) using the [Cl

-
]i calibration curve, as described 

previously (35).  The MQAE fluorescence was related to the [Cl
-
]i by the 

following equation (213) 

F0/FCl = 1 + [Cl
-
]i * Ksv, where F0 is the fluorescence in the absence of Cl

-
 after 

background correction; FCl is the fluorescence in the presence of Cl
-
 after 

background correction. 

2.2.9 Animal Care and Use 

All procedures involving animals were performed in accordance with the 

guidelines established by the Canadian Council on Animal Care and the 

University of Alberta Animal Care and Use Committee.  Experiments were 

performed using ae3 null mice in a C57BL/6 background.  The ae3 null strain has 
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been previously described and characterized (240).  Age-matched WT mice from 

separate breedings were used as controls. 

2.2.10 Heart Weight to Body Weight Ratio 

Adult male mice, 1-3 month old, were weighed and anesthetized with 

sodium pentobarbital (50 mg/kg) by intraperitoneal injection.  Upon reaching 

surgical plane, the heart was quickly removed after performing midsection 

thoracotomy and rinsed in 4 °C phosphate buffer saline (PBS: 140 mM NaCl, 3 

mM KCl, 6.5 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4). Ventricles were separated 

from atria and blood vessels, blotted dry and the wet ventricular weight was 

measured. Heart weight to body weight ratio (HW/BW) was then calculated by 

dividing the weight of the ventricles by the weight of the whole animal. 

2.2.11 Echocardiography 

Echocardiographic assessment of cardiac performance in WT and ae3
-/- 

mice was performed by the Cardiovascular Research Centre Core Facility 

(University of Alberta). Mice were subjected to mild anesthesia by isoflurane 

inhalation and echocardiography parameters were measured using a Vevo 770 

High-Resolution Imaging System with a 30-MHz transducer (RMV-707B; Visual 

Sonics, Toronto). M-mode images and a four chamber view allowed for the 

calculation of wall measurements, ejection fraction, fractional shortening, and 

mitral velocities (E and A). Mitral valve tissue motion (E’) was measured using 

Tissue Doppler taken from the mitral septal annulus. 
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2.2.12 Blood Pressure Measurement  

Non-invasive blood pressure measurements were performed by the 

Cardiovascular Research Centre Core Facility (University of Alberta). Mice were 

comfortably restrained in a 26 °C warming chamber (IITC Life Science) for ~15 

min prior to taking blood-pressure (BP) measurements. Tail-cuff sensors were 

secured on the tail to occlude the blood flow, and connected to the recording 

device. Systolic and diastolic pressure, heart rate, blood volume and flow were 

obtained, using CODA6 software (Kent Scientific Corporation, Connecticut, 

USA).  

2.2.13 Isolation and Culture of Cardiomyocytes from Adult Mouse 

Cardiomyocytes from adult mouse hearts were isolated and cultured with 

modifications of a published protocol (14, 258). Briefly, adult mice were 

euthanized with sodium pentobarbital (50 mg/kg body mass) by intraperitoneal 

injection. Upon reaching surgical plane, midsection thoracotomy was performed 

and hearts were quickly excised and placed in 4 °C perfusion solution, containing 

in mM: 120 NaCl, 5.4 KCl, 1.2 MgSO4, 5.6 glucose, 10 2,3-butanedione 

monoxime (BDM) (Sigma), 5 taurine (Sigma), 1.2 NaH2PO4, 10 HEPES, pH 7.4. 

Extra-cardiac tissues were removed and hearts were subjected to retrograde 

perfusion with perfusion solution to remove excess blood. Perfusion was switched 

for 15 min to perfusion solution at 37 °C, supplemented with 0.5 mg/ml 

collagenase type B (Roche), 0.5 mg/ml collagenase type D (Roche), 0.02 mg/ml 

protease XIV (Roche) and 50 μM CaCl2. Ventricles, partially digested at this 
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stage, were removed, cut into several pieces (about 0.02 cm), and digested further 

in the same enzyme digestion solution by gentle trituration with a transfer pipette. 

Once the ventricles were completely digested via trituration, enzymatic digestion 

was abolished by addition of Digestion stop buffer I (perfusion solution, 

containing 10% (v/v) fetal bovine serum (FBS) (GIBCO) and 50 μM CaCl2). 

Lysates settled under gravity for 10 min at room temperature and pellets were 

resuspended in myocyte stopping buffer II (perfusion solution, containing 5% 

(v/v) FBS and 50 μM CaCl2). Samples were transferred to 60 mm tissue culture 

dish and calcium levels were increased by addition of CaCl2 to obtain final 

concentrations of (μM) 62, 112, 212, 500 and 1000, sequentially at 4 min intervals 

at 20 °C. Cells were transferred to a 14 ml culture tube and allowed to sediment 

for 10 min under gravity. Cells were resuspended in myocyte culture medium 

(Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F12-Ham (Sigma), 

supplemented with 10 mM BDM, 5% (v/v) FBS, 1% penicillin (GIBCO), 10 mM 

BDM, and 2 mM L-glutamine (GIBCO)). Myocytes were plated at a density of 

(0.5-1) x 10
4
 cells/cm

2
 onto 35 mm culture dishes, pre-coated for 2 h with 10 

μg/ml mouse laminin (Invitrogen) in PBS. Cells were incubated at 37 ºC in a 5% 

CO2 incubator for 1 h at which point medium was replaced with Dulbecco’s 

Modified Eagle’s Medium/Nutrient Mixture F12-Ham, containing 10 mM BDM, 

1% penicillin, 2 mM L-glutamine, 0.1 mg/ml bovine serum albumin, and 1x ITS 

Liquid Media Supplement (Sigma). The entire culture procedure was carried out 

in a sterile laminar flow hood.  
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2.2.14 Optimization of Conditions for Induction of Cardiomyocyte 

Hypertrophy 

Following isolation and culture for 3 h, 6 h, 12 h, 18 h and 24 h, 

cardiomyocytes were subjected to hypertrophic stimulation by adding 10 µM PE 

or 1 µM ANGII; another group (control) was treated with solvent carrier (Fig. 

4.4).  Cardiomyocytes were incubated for further 24 h.  Hypertrophy was assessed 

by analysis of cell surface area of cardiomyocyte images taken pre- and post-

treatment with the hypertrophic agonists.  Images of characteristic rod-shaped 

cardiomyocytes collected with a QICAM fast-cooled 12-bit color camera 

(QImaging Corporation) were used for analysis.  Image analyses were performed 

with Image-Pro Plus software (Media Cybernetics) to measure cell surface area.  

Each group contained between 100-200 cells. Cell surface area (% relative to 

control) = Surface area (post-treatment)/Surface area (pre-treatment) X 100. 

2.2.15 Assessment of Cardiomyocyte Hypertrophic Growth Using 

Optimal Condition 

Cardiomyocytes were isolated and cultured from adult hearts as described 

above.  Following 18 h of culture, myocytes were treated with solvent carrier 

(control), 10 µM PE or 1 µM ANGII for further 24 h.  Hypertrophy was assessed 

by analysis of cell surface area of cardiomyocyte images taken pre- and post-

treatment with the hypertrophic agonists as described above.   
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2.2.16 Real-Time Quantitative Reverse Transcription PCR (Real-Time 

qRT-PCR) 

Cardiomyocytes were prepared and treated as above. At the end of the 

culture period, medium was aspirated and cardiomyocytes were harvested in 350 

µl Buffer RLT (Qiagen). RNA was extracted from the lysates with an RNeasy 

Plus Mini Kit, as per manufacturer’s instructions (Qiagen). RNA samples (100 

ng) were reverse transcribed, following the manufacturer’s instructions for 

SuperScript II
TM

 reverse transcriptase (Invitrogen). Real-time qRT-PCR was 

performed in a Rotorgene 3000 real time thermal cycler (Corbett Research), using 

a reaction mix containing: 5 µl template cDNA, 12 µl 2x Rotor-Gene SYBR 

Green PCR Master Mix (Rotor-Gene SYBR Green PCR Kit, Qiagen), and 1 µM 

of each primer. Data were obtained and analyzed, using Rotor Gene 6.0.14 

software. Cycle threshold (Ct) values were obtained for carbonic anhydrase II 

(CAII), NHE1, atrial natriuretic peptide (ANP), β-MHC and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH). Primers (Table 1) were designed, using 

Primer3 (http://Frodo.wi.mit.edu/primer3/). 

2.2.17 Detection of Proteins by Immunoblotting  

Cardiomyocytes, isolated and cultured from adult mouse hearts, were 

subjected to drug intervention as described above. Twenty-four hour following 

treatment, medium was aspirated and myocytes were washed with 4 ºC PBS. Cells 

were lysed with SDS-PAGE sample buffer (10% (v/v) glycerol, 2% (w/v) SDS, 

2% 2-mercaptoethanol, 0.001% (w/v) bromophenol blue, 65 mM Tris, protease 
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inhibitors (1 µg/ml) pH 6.8) and lysates were heated 5 min at 65 ºC. Protein 

concentrations were determined by the bicinchoninic acid (Pierce Biotechnology) 

assay (276), and 20 μg of protein was resolved by SDS-PAGE on 10% acrylamide 

gels. Proteins were transferred onto PVDF membranes by electrophoresis for 1 h 

at 100 V in transfer buffer (10% (v/v) methanol, 25 mM Tris, and 192 mM 

glycine). PVDF membranes were blocked for 30 min with 5% (w/v) nonfat dry 

milk/ 0.1% (v/v) Tween 20 in TBS (137 mM NaCl, 20 mM Tris, pH 7.5). 

Immunoblots were incubated with rabbit polyclonal anti-CAII antibody (Santa 

Cruz Biotechnology; 1:1000), anti-AE1 monoclonal antibody, IVF12 (1:1000) 

(145), rabbit anti-human SLC26A6 (1:1000) (188), or rabbit polyclonal anti-

NHE1 antibody (1:1000) (17) in TBST-M for 16 h at 4 ºC. Immunoblots were 

washed with TBST (TBS, containing 0.1% (v/v) Tween 20) and incubated with 

donkey anti-rabbit IgG conjugated to horseradish peroxidase (Santa Cruz 

Biotechnology; 1:2000) or mouse anti-goat IgG conjugated to horseradish 

peroxidase (Santa Cruz Biotechnology; 1:2000) for 1 h at room temperature. 

Immunoblots were washed in TBST and visualized, using ECL reagents (Perkin 

Elmer) and a Kodak Imaging Station 440CF (Kodak, Rochester, NY). Proteins 

were quantified by densitometry, using Kodak Molecular Imaging software 

(version 4.0.3; Kodak). Immunoblots were stripped by incubating in 10 ml of 

stripping buffer (2% (w/v) SDS, 10 mM 2-mercaptoethanol, 62.5 mM Tris, pH 

6.8) at 50°C for 10 min with occasional shaking, followed by three washes with 

TBST. Membranes were incubated with mouse monoclonal anti-β-actin antibody 

(Santa Cruz Biotechnology; 1:2000) for 1 h at 20 °C, washed with TBST, and 
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incubated with sheep anti-mouse IgG conjugated to horseradish peroxidase (Santa 

Cruz Biotechnology; 1:3000) for 1 h. Immunoblots were washed and visualized 

again, as described above. 

2.2.18 Protein Synthesis Assays 

Cardiomyocytes were prepared and subjected to hypertrophic stimulation 

as above. Radiolabeled phenylalanine ([
3
H]-Phe, 1 μCi/ml, (Perkin Elmer)) was 

added immediately after drug intervention and cells were incubated for another 24 

h. Proteins were precipitated, using trichloroacetic acid (TCA) as described 

previously with some modifications (183). Medium was carefully aspirated and 

500 μl of 0.5% (v/v) Triton X-100, containing protease inhibitor cocktail (Roche) 

were added. Lysates were transferred into 1.5 ml microcentrifuge tubes and TCA 

(100%: 500 g in 350 ml H2O) was added to each tube to a final concentration of 

40% (v/v). Samples were incubated at 4 ºC for 30 min, after which proteins were 

sedimented by centrifugation at 12 682 x g for 15 min at 4 ºC. Pellets were 

resuspended by adding 200 μl acetone (-20 ºC) and sedimented again by 

centrifugation, as above, for 10 min. The acetone wash was repeated one more 

time, and the pellets air dried for 20 min at room temperature. Pellets were 

resuspended in 200 μl of 0.2 M NaOH, 1% (w/v) SDS. Scintillation fluid (Pelkin 

Elmer) (3.5 ml) was added to each sample and the radioactivity of [
3
H]-Phe was 

counted in a Beckman LS6500 liquid scintillation counter.  
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2.2.19 Measurement of pHi in Adult Mouse Cardiomyocytes 

The protocol was as described previously with minor modifications (51, 

52). Briefly, cardiomyocytes were isolated as described above and cultured on 

laminin-coated glass coverslips. Approximately 2 h later, cells were loaded with 2 

μM BCECF-AM (Sigma-Aldrich, Canada) for 30 min at 37 ºC. Coverslips were 

placed in an Attofluor cell chamber (Invitrogen, Canada), then transferred onto 

the stage of a Leica DMIRB microscope. Perfusion with HCO3
- 
Ringer’s buffer 

solution (in mM: 128.3 NaCl, 4.7 KCl, 1.35 CaCl2, 20.23 NaHCO3, 1.05 MgSO4 

and 11 glucose, pH 7.4) was initiated at 3.5 ml/min. Solutions were bubbled with 

5% CO2-balanced air. Intracellular alkalosis was induced by switching to a HCO3
- 

Ringer’s solution, containing, 20 mM trimethylamine (TMA) (Sigma) and 

perfusion was continued for 3 min. Perfusion was switched back to the HCO3
- 

Ringer’s buffer solution. pHi of individual cardiomyocytes was measured by 

photometry at excitation wavelengths of 502.5 nm and 440 nm with a Photon 

Technologies International (PTI, Lawrenceville, NJ, USA) Deltascan 

monochromator. Emission wavelength, 528.7 nm, was selected, using a dichroic 

mirror and narrow range filter (Chroma Technology Corp., Rockingham, VT, 

USA) and was measured with a PTI D104 photometer. At the end of experiments, 

pHi was clamped by the high K
+
/Nigericin technique (295) in calibration solutions 

containing, 140 mM, 1 mM MgCl2, 2 mM EGTA, 10 mM HEPES, 11 mM 

glucose and 20 mM BDM. Three pH standards spanned a range of 6.5-7.5. 

Steady-state pHi was measured from the pHi value prior to induction of alkalosis. 
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Rate of pHi recovery was measured by linear regression from first min of recovery 

from imposed alkalosis.  

To evaluate the effect of CO2/HCO3
- 

on pHi recovery, perfusion was 

performed in a HEPES buffer solution (HEPES replaced NaHCO3 in the HCO3
- 

buffer described above) in the nominal absence of HCO3
-
.  

2.2.20 Generation of CAII Adenoviral Constructs 

Adenoviral constructs, pDAS1 and pDAS2, containing the wildtype 

human CAII and mutant CAII (V143Y), respectively, were generated following 

the approach described previously (128).  pDAS1 was obtained by subcloning 

CAII from pJRC36 (283), which has both the translated and untranslated regions 

of hCAII, into the adenoviral shuttle vector, pAdTRACK-CMV, which is under 

the influence of the cytomegalovirus (CMV) promoter.  pJRC36 was initially 

digested with the restriction enzyme, EcoR I.  Following gel purification, the 

linearized product was subjected to Mung Bean exonuclease digestion to create a 

blunt end.  The final fragment was digested with Xba I to isolate the hCAII gene 

and subsequently subcloned into the Xba I and EcoR V sites of pAdTRACK-

CMV to generate pDAS1.  pDAS2 was constructed by a similar strategy using the 

plasmid vector, pDS14 (283), containing V143Y, the catalytically inactive CAII.  

Success of cloning was confirmed by DNA sequencing performed at the DNA 

sequencing core facility at the University of Alberta, Edmonton. 

The resultant plasmids, pDAS1 and pDAS2, were each digested with Pme 

I and then co-transformed into E. coli cells, containing the backbone adenoviral 

plasmid, pAdEasy-1. 
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2.2.21 Hematoxylin-Eosin Staining of Heart Sections 

Hematoxylin and eosin (HE) staining was performed on longitudinal (LS) 

and transverse sections (TS) of wildtype and ae3 null adult mouse heart, using 

previously described protocols (93, 94). Briefly, paraffin-embedded hearts were 

sectioned into 3 µm slices, which were trimmed and floated onto a water bath at 

42 °C, containing 50 mg/l of gelatin while gently stretching the cut sections to 

avoid wrinkles. Poly-L-lysine coated microscope slides were dipped under the 

meniscus of the water bath and a tissue slice was carefully mounted onto it. 

Sections were then allowed to air-dry overnight at 20 °C, after which the slide was 

placed on its edge in an oven and baked for 15 min at 60 °C. Sections were 

deparaffinized by successively immersing them for 5 min with agitation in xylene, 

100% ethanol and 70% ethanol, and rehydrated in Tris-EDTA buffer (1 mM 

EDTA, 0.05% Tween 20, 10 mM Tris, pH 9.0) for 1 min. Slides were rinsed in 

distilled water for 1 min with agitation. Slides were dipped in Mayer’s 

hematoxylin solution (1.0 g/l hematoxylin (Sigma), sodium iodate (0.2 g/l), 

aluminum ammonium sulfate·12 H2O (50 g/l), chloral hydrate (50 g/l) and citric 

acid (1 g/l), agitated for 30 s and rinsed in water for 1 min. Slides were stained in 

1% eosin Y solution (1% eosin Y aqueous solution, Fisher) for 30 s with 

agitation. Sections were dehydrated by successively immersing it twice in 95% 

ethanol and twice in 100% ethanol for 30 s each. Ethanol was extracted twice in 

xylene followed by addition of two drops of mounting medium (Canada Balsam, 

Sigma) after which the section was covered with a coverslip. Images of transverse 

and longitudinal sections were taken using a Kodak EasyShare Digital Camera 
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(Kodak) and photos of whole hearts were collected with a Panasonic Lumix 

camera without zoom magnification. The thickness of the ventricular wall and 

chamber diameter of the images of the TS and LS were measured using Image-

Pro Plus software (Media Cybernetics). 

2.2.22 Statistical Analysis 

Data are expressed as mean  S.E. Statistical analyses were performed 

using paired t-test or ANOVA where appropriate, and values were considered 

significant with p0.05. 
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Chapter 3 

An Intramolecular Transport Metabolon 

Fusion of Carbonic Anhydrase II to the C-

terminus of the Cl-/HCO3
- Exchanger, AE1 
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3.1 Introduction 

Regulation of intracellular pH (pHi) is critical to maintain cellular 

functions.  pHi regulatory mechanisms include the CO2/HCO3
-
 buffer system and 

plasma membrane Cl
-
/HCO3

-
 exchange proteins.  CO2 is the by-product of 

oxidative metabolism and readily diffuses across most plasma membranes.  

HCO3
-
 is generated from CO2 by a group of metalloenzymes, carbonic anhydrases 

(CAs) (31), which catalyze the reaction CO2 + H2O ↔ H2CO3, which in turn is 

part of the equilibrium H2CO3 ↔ HCO3
-
 + H

+
.  Mammalian cells express 16 

isoforms of CA, found in the cytosol (CAI, CAII, CAIII, CAVII, CAXIII), 

membrane-associated (CAIV, CAIX, CAXII, CAXIV, CAXV), in the 

mitochondria (CAV) and secreted into saliva and milk (CAVI) (31). 

HCO3
-
 is membrane-impermeant, so its transport across the plasma 

membrane is mediated by HCO3
-
 transporters, which are integral membrane 

proteins .  HCO3
- 

transporters serve crucial physiological roles, including the 

regulation of pHi (3) and cell volume (9).  HCO3
-
 transporters are classified into 

two Solute carrier (SLC, in Human Genome Organization nomenclature) families 

SLC4 and SLC26 (7).  The SLC4 family functionally and phylogenetically 

divides into the electroneutral Cl
-
/HCO3

-
 anion exchangers (AE) and the Na

+
-

dependent HCO3
-
 co-transporters (2, 7).  Members of the electroneutral Cl

-
/HCO3

-
 

exchangers include SLC4A1-SLC4A3 (AE1-AE3) (2, 7), which share 53-56% 

amino acid identity (28).  

AE1, the focus of the present study, mediates the trans-plasma membrane 

exchange of Cl
-
 for HCO3

-
 at up to 5 x 10

4
 s

-1
, a process stimulated by the 
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transmembrane gradient of substrate anions (14).  AE1, also known as Band 3, 

comprises 50% of integral membrane protein in the red blood cell (RBC) (1, 23, 

33, 34).  In erythrocytes AE1 works reversibly to facilitate bicarbonate efflux in 

peripheral capillaries and bicarbonate efflux as the cell passes through the lungs 

(7).  A truncated version of AE1, lacking the N-terminal 65 amino acids, is found 

in the kidney (kAE1), where it effluxes bicarbonate from the type-A intercalated 

cell into the blood (7).  Human erythrocyte AE1 is a 911 amino acid protein 

defined by two domains, a 43 kDa cytosolic N-terminal domain and a 55 kDa 

transmembrane domain (7).  The N-terminal cytoplasmic domain interacts with 

the cytoskeleton to maintain the biconcave shape of RBCs (19), and binds to some 

glycolytic enzymes and hemoglobin (19).  The transmembrane domain, which 

alone is responsible for the anion exchange activity of the protein, consists of 12-

14 membrane-spanning regions (39).   

Growing evidence indicates that within the extreme C-terminal 

cytoplasmic 39 amino acids is a region, which physically interacts with CAII (26, 

30, 37).  Solid phase binding assays revealed that AE1 binds to immobilized CAII 

and the binding is dependent on pH and ionic strength (35-37).  Truncation and 

mutagenesis studies revealed that the CAII binding (CAB) motif on the C-

terminal tail of AE1 is an acidic-enriched sequence, LD887ADD (36, 37).  The 17 

amino acid N-terminal tail of CAII, rich in histidine, is responsible for binding to 

AE1’s CAB (35).  Lending further support to this physical linkage, CAII could be 

co-immunoprecipitated with AE1 in the epithelia of fish gills (32), as well as with 

solubilized AE1 from erythrocyte membranes (32, 36, 37).   
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Several lines of evidence now suggest that the physical interaction 

between AE1 and CAII increases Cl
-
/HCO3

-
 exchange activity.  Inhibition of 

CAII activity decreased the rate of flux of HCO3
-
 across the plasma membrane 

(30).  Moreover, when AE1 was co-transfected with the catalytically-inactive 

CAII mutant, CAII-V143Y, AE1 anion exchange activity was impaired (30).  

Since CAII-V143Y binds to AE1 with an affinity similar to CAII (30), these 

findings suggested that the CAII mutant exerted a dominant negative effect by 

displacing endogenous CAII from AE1, thereby reducing the local rate of 

CO2/HCO3
-
 catalysis at the surface of AE1.  Studies in Xenopus laevis oocytes 

revealed that mutation of the acidic CAB site on AE1 reduced Cl
-
/HCO3

-
 

exchange activity, without effect on the capacity to carry out Cl
-
/Cl

-
 exchange and 

over-expression of CAII increased Cl
-
/HCO3

-
 exchange activity, without effect on 

Cl
-
/Cl

-
 exchange activity (8). 

Interestingly, the CAB motif is present in all of the members of the AE 

family (8, 30) and among members of the Na
+
/HCO3

-
 co-transporter family (6, 

24).  The rate of transport of HCO3
-
 by the electrogenic Na

+
-HCO3

-
 co-transporter 

(NBCe1) was enhanced when CAII was bound to the transporter (24).  When co-

expressed with NBCe1 in X. laevis oocytes, CAII increased the NBCe1 activity as 

measured by membrane current and the rate of cytosolic rise of Na
+
, a process 

reversed by the addition of the CAII inhibitor, ethoxyzolamide (6).  Interestingly, 

the activity of NBCe1, remained unaltered when it was co-expressed with CAII-

V143Y (6), suggesting that active CAII is required for full NBCe1 transport 

activity. 
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The physical and functional complex between CAII and HCO3
-
 

transporters forms a HCO3
-
 transport metabolon, which maximizes HCO3

-
 flux 

across the membrane (5, 8, 13, 22, 26, 29, 30).  Although the mechanism by 

which CAII enhances transport activity is not fully elucidated, CAII may 

concentrate the substrate, HCO3
-
, at the transport site, thereby leading to an 

increase in the rate of transmembrane movement of HCO3
-
.  In contrast, when 

CAII was fused to the C-terminal tail of NBCe1 and expressed in X. laevis 

oocytes, the rate of transport was not affected (20).  Moreover, in the same study, 

when NBCe1 was co-expressed with CAII, the activity of NBCe1 was not 

enhanced. 

In the present study, we fused CAII to the C-terminal cytoplasmic tail of 

AE1 (AE1.CAII) to generate an intramolecular transport metabolon.  As a control 

we also fused the catalytically-inactive mutant, CAII-V143Y, to AE1 (AE1.CAII-

V143Y).  The rate of HCO3
-
 efflux was assessed by monitoring the rate of change 

of pHi, using the pH-sensitive dye, BCECF, or measuring coupled Cl
-
 flux by 

monitoring the rate of change of intracellular Cl
-
 ([Cl

-
]i) using the Cl

-
-sensitive 

dye, MQAE.  Taken together, our data provide support for the existence of a 

bicarbonate transport metabolon, in which association with CAII facilitates the Cl
-

/HCO3
-
 exchange efficiency of AE1. 
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3.2 Results 

3.2.1 Expression of AE1 and AE1 Fusion Proteins  

An intramolecular transport metabolon was generated by fusion of CAII to 

the C-terminus of AE1 linked by two glycine residues, to enable flexibility of the 

fusion protein (Fig. 3.1A).  As a control, the catalytically-inactive CAII mutant, 

CAII-V143Y (12), was also fused to the C-terminus of AE1.  Cell lysates from 

cells transfected with AE1, AE1.CAII, AE1.CAII-V143Y or vector alone were 

probed with an antibody directed against the N-terminal domain of AE1 (Fig. 

3.1B).  Usually the monoclonal antibody, IVF12 (15), is used to detect AE1, but 

since its epitope is the C-terminus of AE1 we found that IVF12 did not accurately 

report expression of AE1.CAII, because of partial epitope disruption.  In vector 

alone-transfected cells, no immunoreactive material was detected, indicating 

specificity of the anti-AE1 antibody.  A prominent band near 100 kDa was 

detected in lysates from cells transfected with AE1, consistent with the molecular 

weight of AE1 (101 kDa), while lysates from cells expressing AE1.CAII or 

AE1.CAII-V143Y revealed a band of approximately 125 kDa, consistent with the 

predicted mass of an AE1.CAII fusion protein (125 kDa).  The immunoblot was 

also probed for actin, which serves as a marker for the amount of cell material 

present in each sample, to allow quantification of the amount of AE1 in each cell 

(e.g. Table 3.1).  
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Fig. 3.1.  Expression of AE1 and fusion proteins in HEK293 cells.  A, Schematic 

diagrams representing AE1, AE1.CAII and AE1.CAII-V143Y, residing in the 

plasma membrane.  Numbered boxes indicate transmembrane segments.  N- and 

C-termini of proteins are labeled.  Cytosolic and outside surfaces of cell are 

shown.  B, HEK293 cells were transiently transfected with pcDNA3.1 (Vector) 

and cDNA coding AE1, AE1.CAII or AE1.CAII-V143Y.  Lysates prepared from 

the cells were probed on immunoblots for AE1 with anti-AE1 rabbit polyclonal 

antibody directed against the N-terminal cytoplasmic domain of AE1, and were 

reprobed for β-actin, using an anti-β-actin monoclonal antibody.  
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3.2.2 Cell Surface Expression of AE1 and AE1 Fusion Proteins 

The efficiency of processing to the cell surface varies between different 

membrane proteins.  Mutagenesis of regions on the C-terminal tail of AE1 can 

affect the processing of the protein to the cell surface (10, 25).  To determine the 

effect of fusion of CAII or CAII-V143Y to the C-terminus of AE1, we measured 

the fraction of AE1 at the cell surface, using a cell surface biotinylation assay.  

HEK293 cells were transiently transfected with AE1, AE1.CAII or AE1.CAII-

V143Y, and treated with a membrane-impermeant biotinylation reagent.  

Abundance of AE1 immunoreactive material was assessed in cell lysates (total 

protein) and in the lysate following removal of biotinylated proteins (unbound 

protein), using streptavidin resin (Fig. 3.2A).  Biotinylated cell surface protein 

was assessed by the difference between total and unbound protein.  To examine 

the degree of spurious labeling of cytosolic proteins, lysates were probed for the 

cytosolic marker, GAPDH.  The fraction of biotin-labeled GAPDH was 62% 

(n=4), as determined by densitometric analysis, representing the non-specific 

background for the assay.  The amount of wildtype AE1 at the plasma membrane 

was approximately 38% (Fig. 3.2B), comparable to previous data (30).  Fusion of 

AE1 to CAII or CAII-V143Y, however, reduced the proportion of AE1 fusion at 

the cell surface by about 35% relative to AE1 alone (i.e. about 25% of the fusion 

protein was at the cell surface, Fig. 3.2B).  Fusion of CAII or CAII-V143Y to the 

C-terminus of AE1 therefore impairs the processing of the protein to the cell 

surface.  Subsequent assays of AE1 anion transport activity were corrected for the 

amount of AE1, or AE1 fusion protein processed to the cell surface (Table 3.1). 
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Table 3.1 Sample calculation of normalized rates of chloride/bicarbonate 

exchange 

Rates of pHi change were determined in Cl
-
/HCO3

-
 assays of HEK293 cells 

transfected with the named AE1 variant cDNA.  In parallel the fraction of AE1 

processed to the cell surface of HEK293 cells was measured.  After each anion 

exchange assay, cells from the dish holding the coverslip used in the assay were 

solubilized and assayed for the amount of AE1 present and actin present on 

 AE1 AE1.CAII AE1.CAII-

V143Y 

Rate of pH 

change 

(pHi/min) 

0.62 0.30 0.16 

Fraction of 

AE1 variant at 

cell surface 

0.39 0.28 0.25 

Amount of 

AE1 in cell 

lysate (pixels) 

19431 17621 18866 

Amount of 

actin in cell 

lysate (pixels) 

5990 6290 6388 

Amount of 

AE1 per cell 

(arbitrary 

units) 

3.2 2.8 2.9 

Relative 

number of cell 

surface AE1 

molecules 

1.27 0.78 0.73 

Initial pHi 7.22 7.20 7.23 

Buffer capacity 

at initial pHi 

(mM H
+
/pH) 

65 65 65 

H
+
 equivalent 

Flux, JH
+ 

(mM/min) 

40.3 19.5 10.4 

Normalized 

H
+
 equivalent 

Transport 

Rate 

31.7 25.0 14.2 
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immunoblots.  Actin served as a surrogate for the number of cells present in the 

dish, assuming that actin abundance is proportional to cell number in the sample.  

The amount of AE1/cell= amount of AE1/Amount of Actin.  The relative number 

of AE1 variant molecules at the cell surface= Amount of AE1/cell x Fraction at 

cell surface.  Intrinsic buffer capacity at pH 7.20-7.23 is 7.4 mM/pH (16) and the 

component arising from bicarbonate is 57.5 mM, for a total of 65 mM/pH.  

Normalized H
+
 equivalent transport rate= H

+
 equivalent Flux/ Relative number of 

AE1 variant molecules at cell surface.  
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3.2.3 Chloride/Bicarbonate Exchange Activity of AE1 and AE1 Fusion 

Proteins  

Previous studies in our laboratory showed that association of CAII with AE1 

enhances the rate of Cl
-
/HCO3

-
 exchange (30).  To examine further the role of 

CAII in modulating AE1 function, we measured the transport activity of AE1 

alone and the fusion proteins, AE1.CAII and AE1.CAII-V143Y.  Transfected 

HEK293 cells, loaded with the pH indicator dye, BCECF-AM, were alternately 

perfused with Cl
-
-containing or Cl

-
-free gluconate buffer, in the presence of 

CO2/HCO3
-
.  Rise of pHi upon switching to the gluconate buffer indicates entry 

of HCO3
-
 into the cell, as AE1 mediates efflux of Cl

-
 in exchange for HCO3

-
 (Fig. 

3.3A).  Rate of change of pHi was measured by linear regression of the initial rate 

of HCO3
-
 efflux upon switching to the Cl

-
-free buffer.  The functional activity of 

any transport protein is dependent upon the number of molecules of the 

transporter present at the plasma membrane.  The rate of Cl
-
/HCO3

-
 exchange 

activity was, thus, normalized by the amount of AE1 per cell as determined by 

densitometry of immunoblots normalized for actin (Fig. 3.1) and the fraction of 

AE1 at the cell surface determined by cell surface biotinylation assay (Fig. 3.2B).  

An example of data treatment is presented in Table 3.1.   

Fusion of CAII-V143Y to AE1 (AE1.CAII-V143Y) reduced the Cl
-

/HCO3
-
 exchange activity to 552% vs. AE1 (Fig. 3.3B).  Fusion of CAII to AE1 

(AE1.CAII) increased transport activity relative to AE1.CAII-V143Y, yielding 

activity that was statistically indistinguishable from AE1 (874% vs. AE1) (Fig. 

3.3B).  Since the only difference between AE1.CAII and AE1.CAII-V143Y is a  
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Fig. 3.2.  Cell surface processing of AE1 fusion proteins.  HEK293 cells were 

transiently transfected with cDNA coding for AE1, AE1.CAII or AE1.CAII-

V143Y.  Cells were incubated with sulfo-NHS-SS-biotin at 4 °C for 20 min and 

detergent lysates of cells were prepared.  One-half of the supernatant was retained 

to assess the total amount of protein (T) and the other half was incubated with 

streptavidin resin.  The supernatant and unbound protein (U) were retained for 

SDS-PAGE.  A, Immunoblots were probed for AE1 with rabbit polyclonal anti-

AE1 antibody and then reprobed with anti-GAPDH antibody.  B, Densitometric 

analysis of the fraction of protein present at cell surface, calculated as ((T-

U)/T)*100%, and corrected for GAPDH biotinylation, n=4.  * Indicates 

statistically significant compared to AE1 alone, by one-way ANOVA.  
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point mutation that renders CAII-V143Y catalytically-inactive, we conclude that 

maximal AE1 Cl
-
/HCO3

-
 exchange activity requires interaction with active CAII.   

Another strategy to determine the role of CAII in the transport activity of 

the AE1 variants is to inhibit CAII activity, using acetazolamide (ATZ).  Cl
-

/HCO3
-
 exchange assays were performed in the absence, then presence of 100 µM 

ATZ, a concentration sufficient for maximal reduction of AE1 Cl
-
/HCO3

-
 

exchange activity (30) (Fig. 3.3A and Fig. 3.4).  Cl
-
/HCO3

-
 exchange activity 

differs in the absence and presence of ATZ (Fig. 3.3A and Fig. 3.4).  Most 

significantly whereas there is no statistical difference between Cl
-
/HCO3

-
 

exchange rates of AE1 and AE1.CAII in the absence of ATZ (Fig. 3.3B), 

transport activity of the two proteins differs significantly upon CA inhibition (Fig. 

3.3C).  Also, inhibition of CA activity suppresses the bicarbonate transport rate 

difference between AE1.CAII and AE1.CAII-V143Y (Fig. 3.3C).  From these 

data we conclude that AE1.CAII and AE1.CAII-V143Y have similar levels of 

anion transport activity, which is less than AE1 alone.  Active CAII fused to AE1 

allows AE1.CAII to have activity indistinguishable from AE1 alone in the 

absence of ATZ.  The transport activity defect of AE1.CAII-V143Y is not rescued 

by the inactive CAII fused to it. 

We performed additional analysis of the effect of ATZ on transport 

activity, examining the rate of HCO3
-
 transport in HCO3

-
 influx and efflux mode 

(Fig. 3.4).  The data reveal that the rate of HCO3
-
 efflux is slower than the rate of 

HCO3
-
 influx.  Nonetheless, the conclusions drawn in considering only the rate of 

HCO3
-
 influx (Fig. 3.3) are also seen when considering HCO3

-
 efflux. 
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Fig. 3.3  Cl
-
/HCO3

-
 exchange activity in the absence and presence of 

acetazolamide.  HEK293 cells, grown on glass coverslips and transfected with 

cDNA coding for AE1, AE1.CAII or AE1.CAII-V143Y were loaded with 

BCECF-AM and subjected to Cl
-
/HCO3

-
 exchange assays.  A, Representative data 

for AE1-transfected cells.  Cells were perfused alternately with Cl
-
-containing 

Ringer’s buffer (open bar) or Ringer’s buffer with gluconate replacing Cl
-
 (Glu

-
, 

filled bar), in the presence of HCO3
-
.  Perfusion was switched to Cl

-
-containing 

Ringer’s buffer containing acetazolamide (100 µM ATZ) (arrow) and the cells 

incubated for 10 min followed by another cycle of alternate Ringer’s buffer 

perfusion with buffers containing 100 µM ATZ. B, Transport activity was 

assessed by linear regression of the initial rate of change of pHi after changing to 
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Cl
-
-free buffer, in the absence of ATZ.  Transport activities were expressed as a 

percentage of Cl
-
/HCO3

-
 exchange of AE1 alone-transfected cells and normalized 

to the amount of AE1 variant at the cell surface (n=4). (See Table I for a sample 

calculation).  C, Transport rates in the presence of ATZ were determined as 

described in Panel B.  N.S. no significant difference.  * Indicates statistically 

significant, compared to AE1 alone, by one-way ANOVA. 
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Fig. 3.4.  Effect of acetazolamide on the rates of inward and outward bicarbonate 

transport by AE1 variants.  HEK293 cells transfected with AE1, AE1.CAII or 

AE1.CAII-V143Y cDNAs, were grown on glass coverslips.  Two days post-

transfection, cells were loaded with BCECF-AM and subjected to Cl
-
/HCO3

-
 

exchange assays in the absence (A), then presence of 100 µM ATZ (B).  Rate of 

HCO3
-
 influx (IN) was determined by linear regression of the initial rate of HCO3

-
 

flux upon switching to Cl
-
-free Ringer’s solution, while HCO3

-
 efflux (OUT) was 

measured upon reperfusion with Cl
-
-containing Ringer’s solution.  Data represent 

summary of HCO3
-
 flux in the absence (A) and presence (B) of 100 µM ATZ 

(n=4). 
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3.2.4 Effect of CAII-V143Y on the Functional Activity of AE1.CAII 

Over-expression of the catalytically-inactive mutant CAII was previously 

found to suppress the Cl
-
/HCO3

-
 exchange activity of AE1 (30), possibly by 

displacing endogenous CAII from binding to AE1.  To determine the effect of 

CAII-V143Y on the transport activity of AE1.CAII, Cl
-
/HCO3

-
 exchange assays 

were performed on cells transfected with a constant amount of AE1 or AE1.CAII 

cDNA and an increasing amount of CAII-V143Y (Fig. 3.5).  We earlier found 

that HEK293 cells endogenously express CAII at a level near-stoichiometric with 

AE1 in AE1-transfected cells.  Over-expression of WT CAII did not increase the 

rate of AE1-mediated Cl
-
/HCO3

-
 exchange, suggesting that the cells expressed 

sufficient endogenous CAII to maximally activate AE1 bicarbonate transport 

activity (30). 

CAII-V143Y reduced the Cl
-
/HCO3

-
 exchange activity of AE1 in a dose-

dependent manner (Fig. 3.5B), consistent with previous findings (30).  In contrast, 

AE1.CAII anion exchange activity was unaffected by varying the amount of 

CAII-V143Y (Fig. 3.5B).  The data suggest either 1) the presence of CAII fusion 

to AE1 prevents binding of free CAII to the CAB site in the AE1 C-terminus 

(since CAII-V143Y had no effect on the transport activity of AE1.CAII), or 2) 

CAII can bind to the CAB site, but is without effect as the presence of CAII fused 

to AE1 C-terminus provides sufficient CA activity to activate maximally the Cl
-

/HCO3
-
 exchange rate of AE1.CAII. 
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Fig. 3.5  Effect of CAII-V143Y on AE1 and AE1.CAII Cl
-
/HCO3

-
 activity.  

HEK293 cells were transiently co-transfected with cDNA coding for AE1 (3.8 

µg) or AE1.CAII (3.8 µg) and increasing amount of CAII-V143Y and grown on 

glass coverslips.  A, Cell lysates from cells co-transfected with CAII-V143Y and 

AE1.CAII (top panels) or AE1 (bottom panels) were probed on immunoblots with 

anti-AE1 and anti-CAII antibodies as indicated.  B, Transfected cells were loaded 

with BCECF-AM, placed in fluorescence cuvettes and subjected to Cl
-
/HCO3

-
 

exchange assays by monitoring pHi.  Activity was expressed as a percentage of 

AE1 alone (open circles) or AE1.CAII (filled circles).  Data were corrected for 

background activity of vector-transfected cells and for the level of AE1 
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expression at the cell surface.  The amount of CAII-V143Y expressed in cells 

used for transport assays (as expressed as the X-axis) was determined as described 

in methods, n=4.  * Indicates statistically significant, compared to AE1.CAII. 
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3.2.5 Effect of CAII Fusion on AE1 Chloride Transport Activity  

Assays of Cl
-
/HCO3

-
 exchange activity that monitor changes of pHi are not 

straightforward to interpret as they integrate the rate of HCO3
-
 transport and HCO3

-
 

metabolism by cytosolic CAII.  To assay Cl
-
/HCO3

-
 exchange activity 

independent of pHi measurements, we evaluated Cl
-
 transport using a membrane-

impermeant Cl
-
-sensitive dye, MQAE-AM, whose AM ester structure allows 

intracellular accumulation as cytosolic esterases cleave the compound to the 

membrane-impermeant MQAE (38). MQAE is not a ratiometric dye, meaning that 

we could not internally correct for photobleaching (Fig. 3.6, uncorrected).  To 

correct for this photobleaching we continuously monitored the fluorescence of 

MQAE-loaded non-transfected HEK293 (Fig. 3.6).  We fitted the rate of 

photobleaching to an exponential decay equation.  The inverse of this equation was 

then used to correct the fluorescence data for photobleaching.  Following 

correction for photobleaching, MQAE fluorescence in HEK293 cells was 

relatively flat (Fig. 3.6).  Fluorescence in the initial 150 s decayed, even following 

correction for photobleaching (Fig. 3.6, corrected).  Since data in this time period 

was not used in the measurements of rates of change of intracellular Cl
-
, this would 

not affect the rates of transport measured here.  All Cl
-
 transport assay data 

described below has been corrected for photobleaching. 

Transfected cells were incubated with MQAE-AM and Cl
-
/HCO3

-
 

exchange assays were performed in CO2/HCO3
-
-containing medium, by alternate 

perfusion with a Cl
-
-containing Ringer’s buffer or Cl

-
-free gluconate-containing 

Ringer’s buffer (Fig. 3.7).  Switching to Cl
-
-free buffer established an outward- 
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Fig. 3.6.  Correction of MQAE fluorescence Photobleaching. Untransfected 

HEK293 cells were grown on poly-L-lysine-coated glass coverslips.  Cells were 

loaded with MQAE-AM as described under Assays for Chloride Transport 

(Materials and Methods).  Coverslips were mounted in fluorescence cuvettes and 

subjected to perfusion with Ringer’s buffer, containing CO2/HCO3-.  Cells were 

illuminated at 350 nm and emission was recorded at 460 nm (uncorrected).  A 

first order exponential decay curve of F/F0 versus time was fitted to the raw data 

(Uncorrected) and the extent of photobleaching was corrected for photobleaching 

(Corrected), using the resultant exponential decay equation as described under 

Correction for MQAE Photobleaching (Materials and Methods). 
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directed Cl
-
 gradient, allowing AE1 to facilitate Cl

-
 efflux in exchange for 

HCO3
-
 influx.  Upon switching to the gluconate-containing buffer, the [Cl

-
]i 

decreased (Fig. 3.7); [Cl
-
]i returned to baseline after switching to the Cl

-
-containing 

buffer (Fig. 3.7).  After each assay of AE1 Cl
-
 transport, measurements of 

MQAE fluorescence were converted to [Cl
-
]i by generating a Stern-Volmer 

curve (Fig. 3.8).  Use of a double ionophore calibration technique with high K
+
-

nigericin and tributyltin, enabled the clamping of [Cl
-
]i to medium [Cl

-
].  The 

calculated Ksv for Cl
-
 in HEK293 cells, 193 M

-1
 (Fig. 3.8), was comparable to 

previous values (18). 

We followed the rate of change of [Cl
-
]i as cells were alternately exposed 

to Ringer’s buffer with 140 mM or 0 mM Cl
-
 in the presence of CO2/HCO3

-
 (Figs. 

3.9A-C).  In this case, change of the Cl
-
 gradient will drive Cl

-
/HCO3

- 

exchange.  In Cl
-
-containing Ringer’s buffer, steady-state intracellular Cl

-
 was 

in the 85-90 mM range (Figs. 3.9-3.10, initial open bar), consistent with the 

reported resting [Cl
-
] in HEK293 cells (60-100 mM) (17). The rate of Cl

- 

transport was measured from the initial rate of decrease of [Cl
-
]i after switching to 

the Cl
-
-free Ringer’s buffer, and was normalized for the expression of AE1 at the 

cell surface (Fig. 3.9D).  The rate of change of [Cl
-
]i associated with vector 

alone-transfected cells was subtracted from rates measured for AE1 and AE1 

fusion protein expressing cells.  AE1.CAII had Cl
-
/HCO3

-
 exchange activity 

indistinguishable from AE1 alone (934% versus AE1, p0.2) (Fig. 3.9D).  

Interestingly, this mirrored the results seen in Cl
-
/HCO3

-
 exchange assays, that 

measured the rate of change of pHi (Fig. 3.3B).   
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Fig. 3.7.  Cl
-
/HCO3

-
 exchange activity of AE1 assessed by monitoring changes of 

[Cl
-
]i. AE1-transfected HEK293 cells were loaded with the Cl

-
-sensitive dye, 

MQAE-AM.  Coverslips were mounted in a fluorescence cuvette and subjected to 

Cl
-
/HCO3

-
 exchange assay.  Cells were perfused initially with a Cl

-
-containing 

Ringer’s buffer (open bar) and switched to Ringer’s buffer in which Cl
-
 was 

replaced by gluconate (Glu
-
, filled bar), in the presence of HCO3

-
, then switched 

to Cl
-
-containing buffer again.  MQAE fluorescence was calibrated against [Cl

-
]i 

by sequential perfusion in calibration buffers, containing varied [Cl
-
] (20, 50 and 

80 mM, starting at arrow) in the presence of the ionophores, tributyltin and 

nigericin.  At the end of the experiment, fluorescence was quenched by addition 

of 150 mM KSCN. 
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Fusion of CAII-V143Y to AE1, however, impaired Cl
-
/HCO3

-
 exchange 

activity relative to AE1 alone (402% versus AE1) as assessed by monitoring 

[Cl
-
]i (Fig.3.9D).  Importantly, the rate of Cl

-
/HCO3

-
 exchange of AE1.CAII-

V143Y was approximately half that of AE1.CAII, when measuring Cl
-
 flux.  

This indicates that the presence of catalytically-active CAII fused to AE1 

nearly doubles the rate of Cl
-
/HCO3

-
 transport (relative to AE1.CAII-V143Y), 

when measuring the rate of coupled Cl
-
 transport in Cl

-
/HCO3

-
 assays. 

In addition to mediating the transport of the physiological substrates, Cl
-
 

and HCO3
-
, AE1 also transports other anions including NO3

-
, I

-
 and SO4

2-
 (14).  

Thus far, our data indicate that fusion of CAII-V143Y to the C-terminal tail of 

AE1 impairs Cl
-
/HCO3

-
 exchange activity relative to AE1 alone and relative to the 

AE1.CAII-wildtype.  The simplest explanation for the lowered activity of 

AE1.CAII-V143Y is that CAII-V143Y is catalytically inactive, and that the loss of 

carbonic anhydrase activity reduces Cl
-
/HCO3

-
 exchange activity.  Another 

possibility, however, is that fusion of CAII-V143Y to AE1 caused misfolding of 

the transporter, thus reducing its functional activity.  To test this possibility, 

HEK293 cells expressing AE1, AE1.CAII or AE1.CAII-V143Y were subjected to 

Cl
-
/NO3

-
 exchange assays by monitoring [Cl

-
]i using MQAE fluorescence, as 

described above (Figs. 3.10A-C).  Fusion of CAII or CAII-V143Y to AE1 reduced 

the rate of Cl
-
/NO3

-
 exchange by the same amount relative to activity of AE1 

alone-transfected cells (Fig. 3.10D).  This indicates that fusion of either form 

of CAII to AE1 compromises transport activities of AE1 to the same degree, in 

assays that are independent of carbonic anhydrase activity.   
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Fig. 3.8.  Calibration curve to calculate Stern-Volmer Constant (Ksv).  Transfected 

HEK293 cells, grown on glass coverslips, were loaded with the Cl
-
-sensitive dye, 

MQAE, and subjected to Cl
-
/HCO3

-
 exchange assays as described under Assays of 

Chloride Transport.  Following the assays, cells were perfused with Ringer’s 

buffer with varied concentrations of KCl, in the presence of the Cl
-
 ionophore, 

nigericin/tributyltin.  Raw data were corrected for photobleaching.  F20 is the 

MQAE fluorescence in the presence of 20 mM Cl
-
 after subtraction of background 

(F in the presence of KSCN); FCl
-
 is the MQAE fluorescence in the presence of 

intracellular Cl
-
 after subtraction of background fluorescence.  Each symbol 

represents the mean ± SEM for 5 independent experiments. 
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3.3 Discussion 

In this study, we have provided evidence that association of CAII with 

the C-terminus of AE1 increases the rate of Cl
-
/HCO3

-
 exchange, as shown by 

the effect of fusion of CAII to AE1.  Previous studies revealed that the AE1 C-

terminal tail binds cytosolic CAII (30, 35-37), which increases the rate of Cl
-

/HCO3
-
 exchange by approximately 40% (30).  In contrast, studies of the 

electrogenic Na
+
/HCO3

-
 co-transporter, NBCe1, suggested that fusion of CAII to 

the C-terminus of NBCe1 did not affect the rate of Na
+
/HCO3

-
 co-transport (20).  

To determine whether AE1 might be activated by CAII in a way that NBCe1 is 

not, we fused human CAII to the C-terminus of AE1.  The results presented here 

revealed that fusion of CAII to AE1 increases AE1 Cl
-
/HCO3

-
 exchange activity 

by about two-fold, when compared to fusion of catalytically-dead CAII-V143Y 

to AE1.  Importantly, this increase in transport activity was observed in Cl
-
/HCO3

-
 

exchange assays that followed changes of both intracellular pH and intracellular  

Cl
-
.   

This work provides further evidence for a bicarbonate transport 

metabolon, the physical complex of a bicarbonate transporter with a 

carbonic anhydrase enzyme, which together facilitates coupled CO2/HCO3
-
 

metabolism and HCO3
-
 transport (30).  The bicarbonate transport metabolon 

model states that association of CAII with the surface of AE1 should activate 

AE1 transport activity. In anion exchange assays that were independent of 

carbonic anhydrase activity (Cl
-
/HCO3

-
 assays in the presence of ATZ and Cl

-

/NO3
-
 exchange assays) AE1.CAII and AE1.CAII-V143Y had indistinguishable  
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Fig. 3.9.  Rate of Cl
-
/HCO3

-
 exchange of AE1 and fusion proteins, monitored by 

changes of [Cl
-
]i.  HEK293 cells were transiently transfected with cDNA encoding 

AE1 (A), AE1.CAII-V143Y (B) or AE1.CAII (C) and grown on glass coverslips.  

Forty-eight hours following transfection, cells were loaded with MQAE-AM, 

mounted in fluorescence cuvettes and perfused alternately with Cl
-
-containing 

(open bar) or Cl
-
-free (filled bar) Ringer’s buffer, in the presence of HCO3

-
.  After 

converting fluorescence measurement to [Cl
-
]i, the rate of Cl

-
/HCO3

-
 exchange 

was assessed by the linear portion after switching to Cl
-
-free buffer.  D, Cl

-
/HCO3

-
 

exchange activity normalized for amount of protein at the cell surface and 
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expressed as percentage of AE1 alone-transfected cells (n=4).  * indicates 

statistically significant, compared to AE1; # indicates statistically significant, 

compared to AE1.CAII, by one-way ANOVA. 
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rates of transport that were significantly lower than AE1.  Fusion of CAII, 

whether WT or mutant, thus compromises AE1 anion transport activity.  In 

contrast, anion transport assays dependent on functional CAII (Cl
-
/HCO3

-
 assays 

in the absence of ATZ and Cl
-
/HCO3

-
 exchange assays that monitored rates of 

pHi or [Cl]i change) revealed that AE1.CAII had much higher transport activity 

than AE1.CAII-V143Y, activity that was indistinguishable from AE1 alone.  

Viewed in this light, the presence of CAII catalysis at the surface of AE1 

potentiated AE1 Cl
-
/HCO3

-
 exchange activity, lending support to the bicarbonate 

transport metabolon model. 

 The simplest explanation for these results is that fusion of CAII to the 

AE1 C-terminus adversely affected the anion transport activity of AE1.CAII and 

AE1.CAII-V143Y.  AE1.CAII and AE1.CAII-V143Y differ only by a point 

mutation that abrogates CAII-V143Y catalysis.  The increased Cl
-
/HCO3

-
 

exchange activity of AE1
.
CAII can thus only be explained by the presence of 

catalytically-active CAII fused to its C-terminus.  Support for this interpretation 

is provided by assays of Cl
-
/NO3

-
 exchange, which revealed that AE1.CAII and 

AE1.CAII-V143Y had the same level of Cl
-
/NO3

-
 exchange activity and that this 

level was much lower than AE1 alone.  The reduction in transport activity of the 

two AE1 fusion proteins suggests that the presence of CAII at the AE1 C-

terminus was detrimental to AE1’s ability to transport anions.  Since we 

normalized transport rates of AE1 and AE1 fusion proteins for differences in 

cell surface expression, the transport activity defect does not arise from 

differences in cell surface expression.  We therefore speculate that the presence 
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Fig. 3.10.  Rate of Cl
-
/NO3

-
 exchange by AE1 and AE1 fusion proteins.  HEK293 

cells were transiently transfected with cDNA encoding AE1 (A), AE1.CAII-

V143Y (B) or AE1.CAII (C) and grown on glass coverslips.  The cells were 

loaded with MQAE-AM dye, mounted in fluorescence cuvettes and subjected to 

Cl
-
/NO3

-
 exchange assays.  Cells were perfused alternately with a Cl

-
-containing 

(open bar) or NO3
-
-containing (filled bar) Ringer’s buffer, in the absence of 

HCO3
-
.  After converting fluorescence measurement to [Cl

-
]i, the rate of Cl

-
/NO3

-
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exchange was assessed by linear regression after switching to NO3
-
 buffer.  D, Cl

-

/NO3
-
 exchange activity normalized for total AE1 expression at the cell surface 

and expressed as percentage of AE1 alone-transfected cells (n=4).  * indicates 

statistically significant, compared to AE1, by one-way ANOVA. 
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of CAII fused to the AE1 C-terminus reduced the conformational flexibility of 

AE1 during its transport cycle, or presented a steric barrier to substrate anion 

access.  There is no evidence to suggest that CAII-V143Y has a structure 

significantly different from CAII-wildtype since the mutation is in the catalytic 

cleft (12), not on the surface and CAII-V143Y is unaltered in its ability to bind 

AE1 (30).  The observation that fusion of wildtype or catalytically-inactive CAII 

to AE1 resulted in the same level of Cl
-
/NO3

-
 exchange activity provides further 

evidence that CAII catalysis at the surface of AE1 stimulates AE1 transport 

activity.  That is, CAII activity is required to potentiate Cl
-
/HCO3

-
 exchange but 

not Cl
-
/NO3

-
 exchange.  In experiments that removed or mutated the CAB site in 

AE1, similar results were found, where the CAB mutations decreased Cl
-
/HCO3

-
 

exchange activity, but left Cl
-
/Cl

-
 exchange activity intact (8). 

In these experiments, we have studied an “intramolecular transport 

metabolon”.  That is, the fusion of the transport protein to the enzyme that 

metabolizes the transported substrate has produced a protein with two coupled 

enzymatic activities in one molecule.  Precedent is found in eight bacterial species 

that span four bacterial kingdoms, in which integral membrane proteins have 

fused to their C-terminus a protein that appears to be a carbonic anhydrase (11).  

In this bioinformatic study (11), a member of the SulP family of sulfate 

transporters was observed to have a carbonic anhydrase homologue fused into a 

single open reading frame (11).  SulP contains the STAS domain present in 

members of the SLC26 family of Cl
-
/HCO3

-
 exchangers.  While it has not been 

shown experimentally, the implication of the study is that the SulP protein may be 
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a bicarbonate transporter, with fused carbonic anhydrase activity, representing an 

intramolecular transport metabolon.  A caveat is that in fish carbonic anhydrase is 

required for sulfate secretion (27), possibly suggesting that SulP could be 

involved in sulfate transport.  Interestingly in bacteria other possible 

intramolecular transport metabolons are found.  For example, a SulP sulfate 

permease transporter is fused to a thiosulfatecyanide sulfotransferase enzyme, 

suggesting that localization of metabolic enzymes to the surface of a transport 

protein is a common feature in bacterial biology.  Although the bacterial 

intramolecular transport metabolons have not been subjected to functional study, 

our data suggests that intramolecular fusion of the metabolic enzyme and the 

transporter will increase the coupled metabolic/transport flux.  Intramolecular 

transport metabolons have not been reported in eukaryotes except those 

artificially constructed ((20) and the present report), as far as we can find.  It may 

be that expression of the CA enzyme and HCO3
-
 transporter in separate genes, 

rather than into a single gene, affords an additional mode of regulation in 

eukaryotes, either at the expression level or by modulation of the interaction of 

the CA with the bicarbonate transporter (4). 

These results support the concept of a bicarbonate transport metabolon, 

but stand in conflict with studies of NBCe1, in which fusion of CAII to the 

protein’s C-terminus were without effect on NBCe1 HCO3
-
 transport activity 

(20).  The data presented here do not fundamentally disagree with the report on 

NBCe1-CAII fusion, in that we also showed that CAII fusion did not affect the 

rate of HCO3
-
 transport.  What differed here, and changed the interpretation of 
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the data, was the control fusion of catalytically-dead CAII-V143Y to AE1, a 

control that was not included in the study of NBCe1 fused to CAII. 

In the present study, CAII was fused to the C-terminus of AE1 (V911), 

leaving the endogenous CAB site (L886-D890) available for occupancy by a 

free CAII molecule. CAII-V143Y is able to bind to the CAB site and reduces Cl
-

/HCO3
-
 exchange activity of AE1, by acting in a dominant negative manner to 

compete with endogenous CAII-wildtype from its binding site on AE1 (30).  

Consistent with the previous report (30), we found that over-expression of CAII-

V143Y at levels approximately five-fold higher than endogenous CAII in 

HEK293 cells, dramatically decreased the activity of AE1 in a dose-dependent 

manner.  In contrast, the transport activity of AE1.CAII was unaffected by CAII-

V143Y expression.  This finding can be interpreted in two ways 1. The amount 

of CAII fused to the C-terminus of AE1.CAII is sufficient to maximally activate 

Cl
-
/HCO3

-
 exchange activity.  This is reasonable given that in red blood cells 

(21) and in AE1-transfected HEK293 cells (30) the stoichiometry of AE1CAII 

expression is about 11, suggesting that one CAII/AE1 maximizes transport 

activity.  Moreover, the catalytic rate of CAII is 10
6
.s

-1
, which is much faster 

than the maximum transport activity of AE1 (5 x 10
4 

anions.s
-1

), so one CAII 

associated with AE1 provides an excess of substrate.  2. Fusion of CAII 

sterically hinders the ability of a second CAII to bind the CAB site or that fused 

CAII binds to that available CAII binding site on AE1.  These two possibilities 

are not mutually exclusive.  The data therefore leave open the possibility that a 
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second CAII might bind the CAB site, but if so it does not increase the rate of 

HCO3
-
 transport by AE1.CAII. 

Here, we have presented data that support the concept of the bicarbonate 

transport metabolon association of a carbonic anhydrase enzyme with a 

bicarbonate transporter to facilitate coupled CO2/HCO3
-
 metabolism and HCO3

-
 

transport.  This serves to reduce the diffusional distance, hence, enhancing the 

transport activity of the HCO3
-
 transporter.  Fusion of catalytically-active CAII 

to the C-terminus of AE1 increased the rate of Cl
-
/HCO3

-
 exchange in 

comparison to fusion of catalytically-inactive CAII.  This “intramolecular 

transport metabolon” is reminiscent of those found in many bacteria (11), so our 

data provide support for the effect of these gene fusions found in bacteria.  Our 

data show that Cl
-
/HCO3

-
 exchange activity is activated by localization of CAII 

to the surface of AE1, as proposed in the bicarbonate transport metabolon 

model. 
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Chapter 4 

Role of the Chloride/Bicarbonate Exchanger, 

AE3, in the Development of Cardiomyocyte 

Hypertrophy 
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4.1 Introduction 

Cardiovascular diseases remain a major cause of death worldwide despite 

progress in disease outcomes of patients (47). Heart failure (HF) is the common 

end-stage of many cardiovascular disorders and has a prevalence of 5.8 million in 

the USA and about 23 million worldwide (16, 31). Annually 550,000 new cases 

of HF arise in the USA. The intricate molecular events resulting in heart failure 

remain incompletely understood, but enlargement of cardiac contractile cells 

(cardiomyocyte hypertrophy) in response to various stimuli is central to the 

progression to heart failure (27). Cardiac cells are terminally differentiated cells 

that respond to increased stress by increasing their size rather than mitotically 

dividing to increase their number (41).  

Cardiovascular events that increase myocardial stress (workload) 

chronically induce hypertrophic growth. Pressure overload, myocardial infarction, 

obesity, pregnancy or exercise can independently trigger molecular mechanisms 

culminating in increased cardiomyocyte size. Cardiac hypertrophy occurs to 

normalize the elevated demand on the myocardium, and can be physiological or 

pathological depending on the source of the initiating stimuli (34). Physiological 

hypertrophy prevails in healthy individuals during increased physical activities or 

in pregnant women. Pathological hypertrophy results from prolonged elevated 

blood pressure (pressure overload), ischemia accompanied by changes in Ca
2+

 

handling, or genetic abnormalities. Initially, pathological hypertrophic growth 

compensates for the decline in contractile function but ultimately the myocardium 

becomes decompensated from sustained exposure to the initiating stimuli. 



 

 

194 

 

Understanding the distinct pathways mediating cardiac hypertrophic development 

has potential to identify new drug targets for the management of heart failure.  

Intracellular pH (pHi) regulation is paramount in maintaining normal 

cardiac function (20, 22). Plasma membrane transporters involved in maintaining 

pHi at physiological levels in the heart include the Na
+
-H

+
 exchanger (NHE1), 

Na
+
-HCO3

- 
co-transporters (NBC), and Cl

-
/HCO3

- 
exchangers (60, 61). Cytosolic 

acidification or hormonal stimulation activate NHE1, which facilitates 

electroneutral Na
+
/H

+
 exchange, to alkalinize the cytosol (26). Accumulating 

evidence suggests that NHE1 expression level and activity increase in 

hypertrophy (58, 63). In the hypertrophied myocardium of the spontaneously 

hypertensive rats (SHR), there was an increased activation of NHE1 (52) and 

NHE1 inhibition reduced cardiac hypertrophy and interstitial fibrosis (21). 

Transgenic mice expressing activated NHE1 exchanger had enlargement of the 

heart and increased sensitivity to hypertrophic stimulation (50). Since NHE1 

activation induces acid extrusion, alkalinization should accompany NHE1 

activation. NHE1 activation was not, however, accompanied by increased pHi, 

although cytosolic Na
+
 was elevated (52). Moreover, under alkaline conditions, 

NHE1 activity is self-inhibited, which suggests that an acidifying mechanism 

running counter to NHE1 is necessary for sustained NHE1 activation (24, 32, 33, 

35). Indeed, Cl
-
/HCO3

- 
exchange mediated by AE3 provides this acidifying 

pathway (20, 22, 61).  

The heart expresses three Cl
-
/HCO3

- 
exchanger isoforms: AE1, AE2 and 

AE3 (8, 61).  SLC26A6 is expressed in the heart (7, 38, 44), which may facilitate 
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the Cl
-
/OH

- 
exchanger (CHE) reported to occur there (51).  Two AE3 variants, 

AE3 full length (AE3fl) and cardiac AE3 (AE3c) are expressed in the heart; 

AE3fl is also expressed in the brain and retina (3, 4, 17). Phenylephrine (PE) and 

angiotensin II (ANGII), acting on their G-protein-coupled receptors (GPCRs), 

activate AE3fl via protein kinase C (PKC). Interestingly, PKC can indirectly 

activate NHE1 via MAPK-dependent mechanisms (18). Moreover, carbonic 

anhydrase II (CAII), another modulator of the PE-dependent hypertrophic growth, 

interacts with both NHE1 and AE3 to provide their respective transport substrates, 

H
+
 and HCO3

- 
(8).  

CAII activation was recently found to be important in the induction of 

cardiomyocyte hypertrophy. In isolated rat cardiomyocytes, inhibition of CAII 

catalytic activity reduced PE and ANGII-induced cardiomyocyte hypertrophy 

(11). Additionally, infection of neonatal rat cardiomyocytes with adenoviral 

constructs encoding catalytically inactive CAII mutant, CAII-V143Y, reduced the 

response of the cardiomyocytes to hypertrophic stimuli, suggested to arise from a 

dominant negative mode of action (15). Cardiomyocytes from CAII-deficient 

mice had physiological hypertrophy, but were unresponsive to hypertrophic 

stimulation (15). Finally, expression of CAII and CAIV was elevated in the 

hypertrophic ventricles from failing human hearts, indicating that elevation of 

carbonic anhydrases is a feature of heart failure in people (9). Taken together, 

these findings show that CAII plays a role in the development of cardiomyocyte 

hypertrophy.  
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Several reports revealed that CAII physically and functionally interacts 

with Cl
-
/HCO3

- 
anion exchangers to enhance the transport activity of anion 

exchangers forming a bicarbonate transport metabolon (13, 29, 55, 56), although 

some reports have questioned the significance of CAII interaction with AE1 (1, 

45, 53). CAII also interacts physically and functionally with NHE1 to increase the 

exchange activity (42, 43). These observations suggest that simultaneous 

stimulation of AE3 and NHE1 coupled with enhanced CAII activity during 

hypertrophic intervention may be involved in the hypertrophic signaling triggered 

by PE, ANGII or endothelin I (ET-I).  

Accumulating evidence suggests a significant role of AE3 in cardiac 

function. AE3 Cl
-
/HCO3

- 
exchange activity is involved in cardiac contractility by 

altering cardiac Ca
2+

 handling (54). Moreover, disruption of the ae3 gene in mice 

resulted in an exacerbated cardiac function and precipitated heart failure in 

hypertrophic cardiomyopathy mice (2). Taken together, these findings suggest 

that the AE3 Cl
-
/HCO3

- 
exchanger is critical in heart growth and function but the 

exact mechanism remains unknown.  

In the present study, we examined the role of AE3 in cardiomyocyte 

hypertrophy, using AE3-deficient (ae3
-/-

) mice. Cardiac growth parameters and 

fetal gene reactivation were measured in the presence of pro-hypertrophic 

stimulation in cardiomyocytes from ae3
-/- 

mice. We also examined the role of 

AE3 in cardiomyocyte steady state pHi, using the ae3
-/- 

mice Our results indicate 

that ae3 deletion prevents cardiomyocyte hypertrophy and reduces the rate of pHi 
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recovery in cardiomyocytes, reinforcing the importance of AE3 in cardiovascular 

pH regulation and the development of cardiomyocyte hypertrophy. 

  



 

 

198 

 

4.2 Results 

4.2.1 Cardiac Development in ae3
-/-

 mouse 

To examine the role of AE3 in heart development, we characterized age-

matched wildtype (WT) and ae3
-/- 

mice (~three months old). Breeding yielded 

Mendelian ratios of litters of both WT and ae3
-/- 

mice, indicating that loss of the 

AE3 does not affect prenatal survival. While the body weights of age-matched 

WT and ae3
-/- 

mice were not significantly different (Fig. 4.1A), the difference in 

heart weights between the groups was statistically significant (Fig. 4.1B). As a 

result, the HW/BW ratio, an index of cardiac hypertrophy, was reduced in the ae3
-

/- 
mice relative to their WT counterparts (Fig. 4.1C and 4.1D), suggesting that 

AE3 has a role in heart growth. To determine the ventricular wall thickness and 

chamber diameter of transverse and longitudinal sections of the heart, images 

were analyzed by Image-Pro Plus software.  Our data revealed no differences in 

the wall thickness (WT, TS: 1.1±0.02 mm, LS: 0.97±0.04 mm vs. KO, TS: 

0.96±0.03 mm, LS: 0.95±0.03 mm, n=3) and the chamber diameter (WT, TS: 

2.4±0.06 mm, LS: 3.5±0.05 mm vs. KO, TS: 2.2±0.04 mm, LS: 3.2±0.06 mm, 

n=3) of WT (left panel) and ae3 null (right panel) hearts stained with 

hematoxylin/eosin (Fig. 4.2A-C). Interestingly, these findings mirrored results 

from the echocardiography measurements shown in Table 4.1. 
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4.2.2 Blood Pressure and Echocardiography in ae3
-/- 

mice 

Cardiovascular performance of age-matched WT and ae3
-/- 

mice was 

assessed by echocardiography. No major variations in cardiovascular functional 

parameters between WT and ae3
-/- 

mice (~three months old) were observed, 

except for a significant decrease in the mitral value E/A ratio in ae3
-/- 

mice (Table 

4.1). While this would suggest that more blood is entering the ventricle during the 

atrial systolic phase than during ventricular relaxation, other parameters of 

diastolic cardiac function (E/E’ ratio, IVRT) were unaffected. It is therefore 

unlikely that ae3
-/- 

exhibit diastolic dysfunction. Systemic blood pressure 

measurements were also performed using the non-evasive tail cuffing approach. 

No significant difference in the systemic blood pressure of WT and ae3
-/- 

mice 

was observed (Table 4.1). Overall, these observations suggest that loss of AE3 

does not affect cardiovascular performance under basal conditions. 

4.2.3 Cardiomyocyte size in ae3
-/-

 mice 

Previous studies demonstrated that cardiomyocytes isolated from adult 

mice are not susceptible to culturing as they lose their typical rod-shaped 

morphology within a few hours of staying in a culture medium (37).  To 

determine the response of cardiomyocytes to hypertrophic intervention with PE 

and ANGII, we first have to establish optimal conditions to culture 

cardiomyocytes from adult mice.  To achieve this, cardiomyocytes isolated from 

adult mice were cultured at various intervals (3 h, 6 h, 12 h, 18 h and 24 h) and 

subjected to hypertrophic stimulation with PE (10 µM) or ANGII (1 µM) as  
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Fig. 4.1  Heart weight (wet) to body weight ratio of wildtype (ae3
+/+

), 

heterozygote (ae3
+/-

) and knock-out (ae3
-/-

) mice.  Mice lacking the ae3 gene 

were generated. Body weights (BW) of the ae3
-/-

, ae3
+/-

 and the ae3
+/+

 littermates 

were measured. Hearts, surgically removed from anaesthetized mice and trimmed 

of extracardiac tissues, were measured to obtain the ventricular weight (HW).  

The HW/BW ratio, an index of hypertrophy, was calculated and expressed 

relative to ae3
+/+

 animals.  *P<0.05, relative to ae3
+/+

 (n=8). 
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Fig. 4.2  Cross-sections of heart from wildtype (ae3
+/+

) and knock-out (ae3
-/-

) 

mice.  Whole hearts (A) were removed from euthanized mice and longitudinal (B) 

and transverse (C) sections of the ventricle were performed to compare the 

chamber diameter of ae3
-/-

 and ae3
+/+

 hearts. 
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 shown in Fig. 4.4.  The concentrations of PE and ANGII were selected based on 

previous studies (11) which showed induction of hypertrophy in adult mice 

cardiomyocyte  when the agents were applied at the chosen concentrations.  Cell 

surface area of cardiomyocytes was evaluated 24 h following treatment, a period 

previously shown to adequately induce hypertrophy in adult mice cardiomyocytes 

(11).  Our results demonstrate that PE and ANGII did not significantly induce 

hypertrophy in cardiomyocytes cultured for 3 h, 6 h, 12 h or 24 h prior to 

hypertrophic intervention (Fig. 4.5C).  PE and ANGII significantly increased the 

cell surface area of cardiomyocytes cultured for a pretreatment period of 18 h 

(Fig. 4.5C).  Images of myocytes pre-cultured for 3 to 18 h demonstrated similar 

morphology with the typical rod-shaped structure with very minimal rounding of 

the cells (Fig. 4.5A).  However, cardiomyocytes treated after 24 h of culturing 

was accompanied by a lot of rounded myocytes (Fig. 4.5B).  Thus, the 18 h pre-

treatment period was selected as the optimal condition for the induction of 

hypertrophy and was employed for the rest of the experiments.  Each group is a 

set of five different experiments (n=5) containing between 100-200 cells per 

experiment per group. 

Cardiomyocyte hypertrophy is characterized by an increase in 

cardiomyocyte surface area, resulting in an overall increase in heart size. 

Cardiomyocytes were isolated from adult WT and ae3
-/- 

mice and the cell surface 

assessed by morphometry. The cell surface area of ae3 null cardiomyocytes was 

20%±4% (n=6) lower than WT (Fig. 4.3). To determine the response of 

cardiomyocytes to pro-hypertrophic stimulation, adult cardiomyocytes were 
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cultured and treated with PE and ANGII 18 h later. Cell surface area was 

measured 24 h following treatment with hypertrophic agonists. PE and ANGII 

induced a 20-25%±4% (n=10) increase in the cell surface area of WT 

cardiomyocytes, but cardiomyocytes from ae3
-/- 

hearts were not susceptible to 

pro-hypertrophic stimulation by these agents (Fig. 4.6C). This suggests that AE3 

has a role in the hypertrophic signaling pathway downstream of PE and ANGII.  

4.2.4 Effect of hypertrophic stimulation on hypertrophic molecular 

markers 

Cardiac hypertrophic development is associated with increased expression 

of marker genes, including ANP (59), β-myosin heavy chain (β-MHC) (48) and α-

skeletal actin (57). mRNA and protein levels of these markers are elevated in 

hypertrophic hearts (14). Expression levels of ANP and β-MHC, were assessed by 

real-time qRT-PCR in cardiomyocytes were subjected to pro-hypertrophic 

stimulation. Transcript abundance of ANP and β-MHC were not significantly 

different between untreated cardiomyocytes from WT and ae3
-/- 

mice (Figs. 4.7A 

and 4.7B). Stimulation with PE and ANGII, however, led to 8-10 fold increase of 

ANP and β-MHC expression levels in cardiomyocytes from WT mice. In contrast, 

ANP and β-MHC increased only 1-2 fold in cardiomyocytes from ae3
-/- 

mice. 

These data suggest that pro-hypertrophic stimulation induces a much greater 

upregulation of hypertrophic marker genes in cardiomyocytes from WT mice than 

ae3
-/- 

cardiomyocytes. 
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Table 4.1.  Echocardiographic analysis of WT and ae3
-/- 

mice.  

 

Parameter WT (n=3) ae3
-/- 

(n=3) 

Ejection fraction, % 65 ± 3 67 ± 7 

Fractional shortening, % 35 ± 3 37 ± 7 

IVSd, mm 0.70 ± 0.01 0.75 ± 0.04 

LVIDd, mm 3.5 ± 0.1 3.4 ± 0.1 

LVPWd, mm 0.67 ± 0.03 0.70 ± 0.03 

IVSs, mm 1.08 ± 0.03 1.11 ± 0.09 

LVIDs, mm 2.3 ± 0.1 2.1 ± 0.3 

LVPWs, mm 1.05 ± 0.07 1.05 ± 0.12 

MV E Velocity, mm/s 730 ± 50 710 ± 50 

MV A Velocity, mm/s 390 ± 30 520 ± 40 

MV E/A ratio 1.9 ± 0.1 1.4 ± 0.1* 

E/E' 24 ± 3 21 ± 4 

IVRT, ms 16 ± 0 17 ± 2 

TEI index 0.63 ± 0.03 0.61 ± 0.02 

Systolic Pressure, mm Hg 102 ± 7 100 ± 9 

Diastolic Pressure, mm Hg 66 ± 6 64 ± 8 

Flow, ml/min 11 ± 1 10 ± 1 

Volume of blood, ml 36 ±6  31 ± 5 

Heart Rate, bpm 699 ± 1 721 ± 49 

 

Values are expressed as means ± S.E.M. (n = 3 per group); P < 0.05. IVSd, 

diastolic intraventricular septal wall thickness; LVIDd, diastolic left ventricular 

internal diameter; LVPWd, diastolic left ventricular posterior wall thickness; 

IVSs, systolic intraventricular septal wall thickness; LVIDs, systolic left 

ventricular internal diameter; LVPWs, systolic left ventricular posterior wall 

thickness; MV E velocity, peak E wave mitral valve velocity; MV A velocity, 

peak A wave mitral valve velocity; MV E/A, ratio of peak E wave mitral valve 

velocity to peak A wave mitral valve velocity; E/E’, ratio of peak E wave mitral 

valve velocity to E wave mitral valve tissue motion; IVRT, isovolumic relaxation 

time. 
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Fig. 4.3  Assessment of cardiomyocyte size.  Cardiomyocytes were isolated from 

male adult hearts of both wildtype (ae3
+/+

) and knock-out (ae3
-/-

) mice.  Total cell 

surface area of rod-shaped cardiac cells were determined by morphometry and 

calculated as percent.  Data of knock-out cells were expressed as a percentage 

relative to the wildtype cells (Control). 

* P<0.05 compared to wildtype (n=6). 
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Fig. 4.4  Protocol for optimization of conditions for inducing hypertrophy.  

Cardiomyocytes isolated from male adult mice were incubated for 3 h, 6 h, 12 h, 

18 h and 24 h (      ) and subjected to hypertrophic agonist stimulation for further 

24 h (     ).  Vehicle control groups were treated in a similar fashion as treatment 

hypertrophic groups.  Hypertrophy was assessed by analysis of cell surface area of 

cardiomyocyte images taken pre- and post-treatment with the hypertrophic 

agonists.  
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Fig. 4.5  Optimization of conditions for induction of cardiomyocyte hypertrophy.  

Cardiomyocytes were isolated from adult wildtype male mice hearts and cultured 

in a culture medium for 3, 6, 12, 18 and 24 h (timing referred to that outlined in 

Fig. 4.4) and subjected to hypertrophic intervention with 10 µM phenylephrine 

(PE) (black bars) and 1 µM angiotensin II (ANGII) (grey bars).  A, Representative 

image of cardiomyocytes pre-cultured for 18 h taken after treatment with PE.  B, 

Representative image of cardiomyocytes pre-cultured for 24 h taken after 

treatment with ANGII.  C, Summary of data of cardiomyocytes pre-cultured for 3, 

6, 12, 18 and 24 h and treated with PE and ANGII for 24 h.  The cell surface area 

was expressed as a percentage of control groups (open bars).  *P<0.05, relative to 

control group (n=5). 
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4.2.5 HTM gene expression in ae3
-/-

 cardiomyocytes 

AE3 is implicated  as part of a functional complex with NHE1 and CAII, 

referred to as the hypertrophic transport metabolon (HTM), whose activation has 

been proposed to induce cardiac hypertrophy (11, 15). To assess the possibility of 

functional compensation for loss of AE3 by altered expression of these partner 

proteins, we examined mRNA expression of NHE1 and CAII by real-time qRT-

PCR. Baseline expression level of NHE1 in ae3
-/- 

mice was significantly elevated 

compared to the WT mice (Fig. 4.8A). Pro-hypertrophic stimulation with PE or 

ANGII did not influence the NHE1 transcript abundance in the WT or ae3
-/- 

cardiomyocytes (Fig. 4.8A). CAII transcript abundance was higher in 

cardiomyocytes from ae3
-/- 

mice than from WT mice (Fig. 4.8B). ae3 ablation 

thus induces a compensatory increase in CAII expression. Pro-hypertrophic 

stimulation, however, markedly increased CAII levels in both WT and ae3
-/- 

cardiomyocytes (Fig. 4.8B).  

Since the baseline expression level of CAII was elevated in ae3
-/- 

cardiomyocytes and was further enhanced by hypertrophic stimulants in WT 

cardiomyocytes, we evaluated CAII protein expression. Cardiomyocytes isolated 

from ae3
-/- 

and WT male adult mice hearts were probed for CAII on immunoblots 

(Fig. 4.9A). CAII resolved at ~27 kDa, consistent with the expected molecular 

weight of CAII. The steady-state level of CAII was higher in ae3
-/- 

cardiomyocytes than WT cardiomyocytes (Fig. 9B), consistent with the mRNA 

expression level (Fig. 8B). PE and ANGII increased CAII levels in the WT  
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Fig. 4.6 Effect of hypertrophic stimuli on cardiomyocyte size.  To determine the 

effect of ANGII and PE on hypertrophic development, cardiomyocytes (A, B) 

isolated from the ventricles of adult mice were subjected to ANGII (1 µM) and PE 

(10 µM) treatment for 24 h, following an 18 h pretreatment period.  Images of the 

cardiomyocytes taken pre- and post-treatment using a QICAM fast cooled 12-bit 

color camera were quantified to measure the cell surface area.  In the control 

group, equal volume of the vehicle was added.  C, The cell surface area was 

expressed as a percentage of control groups (open bars) and compared to the 

ANGII (black bars) and PE (grey bars) treated groups. *P<0.05, relative to control 

group (n=10). 
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cardiomyocytes. Contrastingly, CAII levels in ae3
-/- 

cardiomyocytes were not 

significantly affected by pro-hypertrophic stimulation (Fig. 4.8B). 

4.2.6 Protein synthesis rate in ae3
-/- 

cardiomyocytes 

Cardiac hypertrophy is also characterized by an increase in protein 

synthesis to accommodate cardiomyocyte enlargement (39). Protein synthesis was 

measured by determining the amount of radioactive [
3
H]-Phe incorporated into 

proteins in cardiomyocytes. Cardiomyocytes were isolated and cultured as 

described above and treated with PE and ANGII, followed by incubation with 

radiolabeled [
3
H]-Phe. The amount of [

3
H]-Phe incorporated into proteins in the 

presence of pro-hypertrophic stimuli was increased in cardiomyocytes from WT 

mice, but not in cardiomyocytes from ae3
-/- 

mice. We conclude that ae3
-/- 

mice do 

not respond to pro-hypertrophic agonists with increased protein synthesis (Fig. 

4.10).  

4.2.7 pHi regulation in ae3
-/- 

cardiomyocytes 

AE3 is involved in cardiomyocyte pHi regulation (5, 19), but there are no 

AE3-specific inhibitors that would enable delineation of the role of AE3 in pHi 

regulation. We thus examined the rate of recovery of pHi from an imposed 

intracellular alkalinization in freshly isolated cardiomyocytes. Cardiomyocytes 

were cultured on laminin-coated glass coverslips for 2 h, then incubated with the 

pH-sensitive fluorescence dye, BCECF-AM. Cells were perfused with a HCO3
-
-

containing Ringer’s buffer until steady-state pHi was reached and the perfusion 

was switched to the HCO3
-
-containing Ringer’s buffer, containing TMA. The 
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presence of TMA induced a rapid intracellular alkalinization (Fig. 4.11A) until a 

new steady-state pHi was reached. pHi regulatory transporters spontaneously 

restored cell pHi. Steady-state pHi was measured as the pHi 60 s prior to switching 

to the TMA-supplemented HCO3
-
-containing Ringer’s buffer. The rate of pHi 

recovery from imposed intracellular alkalinization was measured as the linear 

regression fitted to the initial minute of pHi recovery. Baseline pHi was identical 

in cardiomyocytes from WT and ae3
-/- 

mice (Fig. 4.11B). This implies that under 

basal physiological conditions, loss of AE3 does not affect the steady-state pHi in 

cardiomyocytes. The rate of recovery of pHi from alkalosis was, however, 

significantly slower in ae3
-/- 

cardiomyocytes than WT (Fig. 4.11C).  This could be 

accounted for by the absence of AE3 whose activity acidifies the cell to counter a 

rise in pHi. 

4.2.8 Expression of pHi regulators in ae3
-/- 

cardiomyocytes  

We next assessed the expression level of the other pHi regulatory 

transporters at the protein level. Protein concentration was determined by the 

Bradford Assay and 50 µg of each lysate was loaded. On immunoblots all the 

proteins migrated at the expected sizes, AE1 and NHE1 at ~100-110 kDa, and 

SLC26a6 at ~80 kDa (Figs 4.12-4.14). Lysates from AE1-expressing erythrocytes 

and HEK293 cells were used as positive controls and negative controls, 

respectively. AE1 expression was upregulated in ae3
-/- 

cardiomyocytes relative to 

WT, AE1 expression level was not significantly different in ae3
+/- 

lysates (Fig. 

4.12). Expression of NHE1 was elevated in ae3
-/- 

cardiomyocytes compared to 
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WT, but remained unchanged in the heterozygotes (Fig. 4.13A-B). Expression of 

SLC26a6 protein was not affected by deletion of the ae3 gene (Fig. 4.14A-B). 

4.3 Discussion 

Pathological cardiac hypertrophy renders the heart susceptible to cardiac 

failure. Accumulating evidence implicates NHE1 as a key candidate mediating 

pathological hypertrophy. Prolonged NHE1 activation produces intracellular 

alkalinization, therefore sustained activation can only occur in the presence of a 

counter acidifying mechanism. The present study examined the possibility that the 

Cl
-
/HCO3

- 
anion exchange mediated by AE3 is responsible for the acidification 

mechanism. Our studies using AE3 deficient mice support a role for AE3 in 

cardiovascular pH regulation and the development of cardiomyocyte hypertrophy. 

Pharmacological antagonism of AE3 is thus a possible therapeutic direction in the 

prevention of maladaptive cardiac hypertrophy. 

AE3 in the Hypertrophic Transport Metabolon- The role of AE3 in cardiac 

physiology is incompletely characterized, but several lines of evidence suggest 

that AE3 Cl
-
/HCO3

- 
exchange is required to maintain pHi homeostasis (19, 61, 64). 

Consistent with this, we found that the rate of recovery from an alkaline load was 

reduced in ae3
-/-

 cardiomyocytes, relative to WT.  The hypertrophic transport 

metabolon is a proposed pathological pathway in which AE3, NHE1 and CAII are 

coordinately activated and promote hypertrophic growth (11, 15).  Pro-

hypertrophic agonists, including PE, ANGII and endothelin are coupled to PKC  
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Fig. 4.7 Effect of hypertrophic stimuli on hypertrophic marker genes.  

Cardiomyocytes were isolated from ae3
-/-

 and ae3
+/+

 adult mice heart.  Following 

18 h culture period, ANGII (1 µM, black bars) and PE (10 µM, blue bars) were 

added for additional 24 h. To determine the mRNA expression levels of ANP, 

quantitative real-time PCR was performed in an ABI Prism 7900H Sequence 

Detection System.  RNA prepared from cardiomyocytes was reverse transcribed 

and the resulting cDNA was subjected to qRT-PCR.  Cycle threshold (Ct) value 

was obtained for ANP and GAPDH.  Ct value of each sample was corrected for 

the respective GAPDH Ct values.  Absolute differences in gene expression 

between samples based on the relation that a difference of 1 cycle corresponds to 

a difference of two-fold in template abundance.  Relative transcript abundance 

was expressed as fold-change of ANP (A) and β-MHC (B) relative to control.  * 

P<0.05, compared to control group (n=4). 
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activation.  NHE1 and AE3 are both activated by agonists coupled to PKC 

activation (5, 25, 49).Co-activation of these pathways has the net effect of loading 

the cell with NaCl, with no change of cytosolic pH. Elevated cytosolic Na
+
 in turn 

reduces the efficacy of Ca
++

-efflux by the plasma membrane Na
+
/Ca

++
 exchanger, 

resulting in a rise in cytosolic Ca
++

. Ca
++

 is a pro-hypertrophic second messenger 

(28, 46) and also may promote hypertrophy in a feed-forward cascade by 

stimulation of PKC (34). Accumulating evidence suggests that both NHE1 and 

AE3 activities are influenced by physical and functional interactions with CAII 

(10, 43), which provides substrates for these transporters. Inhibition of CAII 

catalytic activity prevents PE-mediated cardiomyocyte hypertrophy (11). We 

propose that CAII, NHE1 and AE3 form a hypertrophic transport metabolon, 

where hypertrophy is promoted by the pathological activation of AE3 and NHE1, 

stimulated by interactions with CAII. 

The functional relationship between AE3, CAII and NHE1 was further 

supported by our analysis of AE3 expression in ae3
-/- 

mice. Increased CAII 

transcript abundance and protein expression in ae3
-/- 

mice compared to WT mice 

suggest that there is compensation for a loss of AE3. This finding parallels results 

in retinal tissue from ae3
-/- 

mice, where there was increased CAII expression (6). 

There is also a significant increase in AE3 transcript abundance in Car2 (caii
-/-

) 

mice, compared to WT mice (15). The upregulation of NHE1 transcript 

abundance and increased protein expression provide further support for the HTM. 

Taken together, these data support a functional interaction between AE3 and 

CAII, where there is compensation of one for the loss of the other. 
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Loss of AE3 Prevents Cardiomyocyte Hypertrophy– This study lends support to 

the idea that AE3 is the Cl
-
/HCO3

- 
exchanger isoform working in conjunction with 

NHE1 to promote cardiomyocyte hypertrophy. Non-specific inhibition of Cl
-

/HCO3
- 

exchangers, using stilbene derivatives, prevented hypoxia-induced 

acidification in rat ventricular myocytes, as well as increases in intracellular Cl
- 

and Ca
2+

 concentrations (36, 40), suggesting a role of Cl
-
/HCO3

- 
exchangers in 

cardiac pathology. When subjected to ischemia and reperfusion, hearts isolated 

from ae3 null mice revealed no effect on cardiac performance demonstrated as 

contractility, ventricular developed pressure or end diastolic pressure relative to 

wildtype (54). Double knock-out ae3/NKCC1 (Na
+
-K

+
-2Cl

-
 co-transporter) mice, 

however, had elevated ischemia/reperfusion injury, which resulted in impaired 

cardiac contractility and overall cardiac performance (54). These findings were 

attributed to impaired Ca
2+

 handling in the double knock-out cardiomyocytes (54) 

compared to the single mutants. In a hypertrophic cardiomyopathy mouse model 

carrying a Glu180Gly mutation in α-tropomyosin (TM180), disruption of ae3 did 

not prevent or reverse the hypertrophic phenotype (2). The TM180/AE3 double 

knockout mice had reduced cardiac function and compromised Ca
2+

 regulation, 

which accounted for the rapid decline to heart failure (2). 

Taken together, these two studies suggest that AE3 loss is not 

cardioprotective, which contrasts with findings of the present study, which found 

that loss of AE3 renders cardiomyocytes less susceptible to pro-hypertrophic 

stimulation. Our data showed that the marked rise in cell surface area, protein 

synthesis, and fetal gene reactivation observed in response to hypertrophic 
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stimulation in cardiomyocytes from WT mice was not present in ae3
-/- 

mice. In the 

context of cardiomyocyte hypertrophy mediated by hormonal stimuli, our data 

demonstrate that loss of AE3 affords cardioprotection against cardiomyocyte 

hypertrophic development.  

The discrepancy could be the result of the model of hypertrophy and the 

cardiac pathology being investigated. Hypertrophic cardiomyopathy is a genetic 

disorder which occurs as a result of mutations in the genes that encode the cardiac 

contractile proteins (23). This anomaly manifests as sudden cardiac death, 

arrhythmias, hypertrophy and heart failure (23). Overall, hypertrophic 

cardiomyopathy results in impairment of Ca
2+

 sensitivity by the myofibrils. In the 

present study, however, we employed a model of hypertrophy induced by PE or 

ANGII, which involves interaction of the ligands with their cell surface receptors, 

GPCR (62). The resultant intracellular response leads to increased cytosolic Ca
2+

 

overload, which mediates a cascade of signaling pathway involving activation of 

PKC, which ultimately induces cardiomyocyte hypertrophy (12). Thus, the 

etiology, signaling pathway and pathophysiology of hypertrophic cardiomyopathy 

are distinct from that mediated by hormonal factors. These differences could 

account for the disparity between the influence of AE3 on hypertrophy in the 

present report and that shown in previous models of cardiovascular disease (2, 

54). Since hypertrophic interventions by PE and ANGII failed to induce 

hypertrophy in the ae3 null cardiomyocytes in our study, this may suggest that the 

PKC-coupled hypertrophic cascade requires functional AE3.  
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Phenotype of ae3
-/- 

Mice– AE3 null mice have been reported to have no apparent 

defects, and the results of our analysis of the cardiac function of ae3
-/- 

mice is 

comparable to these previous studies (2, 30, 54). Combined analysis of 

echocardiographic measurements of ventricular wall dimensions, chamber 

diameter and cardiac function between the two genotypes further suggests that 

loss of AE3 does not affect hypertrophy or cardiovascular performance. A 

significant decrease in the HW/BW ratio in ae3
-/- 

mice is the result of a reduction 

in heart size, arising from a decrease in cardiomyocyte size. This suggests a 

critical role for AE3 in heart development.  

Role of AE3 in control of cardiomyocyte pHi- The finding that there is no 

difference in cardiomyocyte intracellular pH between ae3
-/- 

and WT mice suggests 

that the loss of Cl
-
/HCO3

- 
exchange activity by ae3 deletion is compensated for by 

another Cl
-
/HCO3

- 
exchanger. Since there are several other Cl

-
/HCO3

- 
exchangers 

present in the heart, including the highly abundant SLC26A6, this is not 

surprising (7). The importance of AE3 in intracellular pH regulation was, 

however, evident in the reduced rate of pHi recovery from imposed intracellular 

alkalosis in cardiomyocytes from ae3
-/- 

mice compared to WT. This provides a 

possible explanation for the resistance of ae3
-/- 

mice to pro-hypertrophic stimuli; 

ae3
-/-

 cardiomyocytes have reduced acidifying activity to counter enhanced NHE1 

activity associated with pro-hypertrophic stimulation.  

Conclusion– We explored the role of AE3 in the development of cardiomyocyte 

hypertrophy and cardiovascular pH regulation, using AE3 deficient mice. 

Cardiomyocytes from ae3
-/- 

mice were protected from increases in cell surface 
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area, protein synthesis, and fetal gene reactivation in response to hypertrophic 

stimulation. Steady-state cardiomyocyte pHi in ae3
-/- 

mice was comparable to WT, 

but slower to recover from imposed intracellular alkalosis. Our findings 

demonstrate that AE3 and the rest of the hypertrophic transport metabolon is 

important in hypertrophic signaling pathways activated by PE and ANGII. 

Pharmacologically targeting AE3 activity in the event of hypertrophy is an 

attractive strategy to treat heart failure patients.  
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Fig. 4.8  Effect of hypertrophic stimuli on NHE 1 and CAII expression.  

Cardiomyocytes were isolated from ae3
-/-

 and ae3
+/+

 adult mice heart.  Following 

18 h culture period, ANGII (1 µM, black bars) and PE (10 µM, grey bars) were 

added for additional 24 h.  To determine the mRNA expression levels of NHE1 or 

CAII, quantitative real-time PCR was performed in an ABI Prism 7900H 

Sequence Detection System.  RNA prepared from cardiomyocytes was reverse 

transcribed and the resulting cDNA was subjected to qRT-PCR.  Cycle threshold 

(Ct) value was obtained for NHE 1 or CAII and GAPDH.  Ct value of each 

sample was corrected for the respective GAPDH Ct values.  Absolute differences 

in gene expression between samples based on the relation that a difference of 1 

cycle corresponds to a difference of two-fold in template abundance.  Relative 

transcript abundance was expressed as fold-change of NHE1 (A) or CAII (B) 

relative to control (open bars). * P<0.05, compared to ae3
+/+

 control group. 
#
 

P<0.05, compared to ae3
-/-

 control group (n=4). 
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Fig. 4.9  Effect of hypertrophic stimulation of CAII expression.  Cardiomyocytes 

isolated from wildtype (ae3
+/+

) and knock-out (ae3
-/-

) mice hearts were cultured 

for 18 h and subjected to vehicle (CON), angiotensin II (ANGII) and 

phenylephrine (PE) treatment for further 24 h.  Lysates prepared from 

cardiomyocytes were probed for CAII expression by western immunoblotting.  

Immunoblots were stripped and probed for β-actin.  A, Upper panel, 

representative immunoblot of lysates probed for CAII expression; lower panel, 

representative immunoblot stripped and reprobed for the expression of β-actin.  B, 

Summary of data of CAII expression normalized for β-actin expression of CON 

(open bar), ANGII (black bar) and PE (grey bar) expressed as a percentage of 

CON of cardiomyocytes isolated from ae3
+/+

 and ae3
-/-

 mice hearts.  * P<0.05, 

compared to control group (n=4). 
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Fig. 4.10. Effect of hypertrophic stimuli on [
3
H]-Phe incorporation.  

Cardiomyocytes were isolated from both ae3
-/-

 and ae3
+/+

 adult mice heart.  

Following 18 h culture period, ANGII (1 µM, black bars) and PE (10 µM, grey 

bars) were added.  Radiolabeled phenylalanine ([
3
H]-Phe, 1 µM), was added 

immediately after drug intervention and cells were incubated for further 24 h.  

Cells were harvested and proteins were precipitated by TCA precipitation.  

Following incubation on ice for 30 min proteins were pelleted by centrifugation at 

~13,000 x g, for 15 min at 4 ºC.  Pellet was subjected to acetone wash for 3 times 

after the last wash the supernatant was carefully removed and the pellet was air-

dried for 20 min at room temperature.  Pellet was resuspended in buffer and 

scintillation fluid was added and the radioactivity counted in a liquid scintillation 

counter.  The amount of incorporated [
3
H]-Phe was measured as decay per minute 

(dpm) and expressed relative to the vehicle control group as a percentage. * 

P<0.05 compared to control group (n=5). 
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Fig. 4.11  Measurement of pHi in freshly isolated cardiomyocytes.  Freshly 

isolated cardiomyocytes plated on laminin-coated plates were loaded with 2 µM 

BCECF-AM for 30 min, placed in an Attofluor cell chamber and mounted onto an 

inverted epifluorescence Leica DMIRB microscope.  A, Representative trace of 

wildtype cardiomyocytes perfused with HCO3
-
-containing Ringer’s buffer (open 

bar) until steady-state pH was reached and perfusion was switched to HCO3
-
-

containing Ringer’s buffer supplemented with 20 mM TMA (black bar).  

Perfusion was switched to the HCO3
-
-containing Ringer’s buffer ~3 min later.  At 

the end of the perfusion pHi was clamped by the high K
+
/nigericin technique to 
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convert fluorescent intensities to pHi.  Steady-state pHi was measured as the pHi 

value prior to induction of intracellular alkalosis, A.  The rate of recovery of pHi 

from imposed alkalosis was assessed as the first minute of pHi recovery fitted to a 

straight line.  B, summary of data of steady-state pHi and C, summary of data of 

the rate of pHi recovery. *P<0.05 compared to wildtype (n=4). 
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Fig. 4.12 Cardiac expression of AE1. Cardiomyocytes isolated from adult mice 

hearts, were lysed and probed on immunoblots for AE1. A, Upper panel is a 

representative immunoblot probed for AE1 of lysates from mouse erythrocytes, 

AE1-transfected HEK293 cells and cardiomyocyte lysates prepared from wildtype 

(WT), ae3 heterozygote (ae3
+/-

) and ae3 null (ae3
-/-

) mice. Lower panel is 
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summary of AE1 amount quantified by densitometry and expressed as a 

percentage relative to the WT group (n=4). *P<0.05 compared to the WT group. 
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Fig. 4.13 Cardiac expression of NHE1. Cardiomyocytes isolated from adult mice 

hearts, were lysed and probed on immunoblots for NHE1. A, Upper panel is a 

representative immunoblot probed for NHE1 of cardiomyocyte lysates prepared 

from wildtype (WT), ae3 heterozygote (ae3
+/-

) and ae3 null (ae3
-/-

) mice. Lower 

panel is summary of NHE1 amount quantified by densitometry and expressed as a 

percentage relative to the WT group (n=4). *P<0.05 compared to the WT group. 

 



 

 

227 

 

 

Figure 4.14. Cardiac expression of Slc26a6. Cardiomyocytes isolated from adult 

mice hearts, were lysed and probed on immunoblots for Slc26a6. A, Upper panel 

is a representative immunoblot probed for Slc26a6 of cardiomyocyte lysates 

prepared from wildtype (WT), ae3 heterozygote (ae3
+/-

) and ae3 null (ae3
-/-

) 

mice. Lower panel is summary of Slc26a6 amount quantified by densitometry and 

expressed as a percentage relative to the WT group (n=4). *P<0.05 compared to 

the WT group. 
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Chapter 5 

Summary and Future Directions 

 

  



 

 

239 

 

5.1 Summary 

This thesis addressed two main objectives 

1. The effect of CAII on the transport activity of the Cl
-
/HCO3

-
 anion 

exchanger AE1 and 

2. The role of the Cl
-
/HCO3

-
 anion exchanger AE3 on the development of 

cardiomyocyte hypertrophy. 

The first objective provided the basis for the second in that we were able to 

establish that anion exchangers require the presence of catalytically active CAII 

for maximal activity.  AE1 was employed to investigate the role of CAII 

interaction on transport activity because it is considered to be the prototype of the 

Cl
-
/HCO3

-
 anion exchanger AE family.  Moreover, AE1 has a very high transport 

rate making it a very useful tool to study the transport characteristics of the anion 

exchangers (29).  Abundant evidence shows that maximal transport activity of 

bicarbonate transporters requires the presence of catalytically active CAII (10, 

29).  CAII maximizes the anion exchange activity of Cl
-
/HCO3

-
 anion exchangers 

by forming a physical linkage with the carboxyl tail of the anion exchangers (25, 

36). Tomato lectin caused similar distribution of CAII and AE1 in ghost 

membranes (36).  Moreover, CAII and AE1 co-solubilized and co-

immunoprecipitated which suggested a complex between the two proteins; 

antibody directed against the carboxyl tail of AE1 blocked CAII from binding to 

AE1 and solid phase binding assay demonstrated that the carboxyl terminus 

tethered to glutathione-S-transferase (GST-Ct) bind to CAII at a saturably (36).  

Later, it was revealed that the binding motif of CAII was localized to an acidic-
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rich region of AE1 containing the residues LDADD (35).  Mutation of residues in 

this region led to lack of binding between AE1 and CAII which supports a 

complex formation between AE1 and CAII (29, 35).  The first 17 amino acid 

residues of CAII, which is a very basic region, were shown to mediate binding to 

AE1 (34). 

The acidic binding motif is highly conserved among the SLC4 family of 

transporters which led to the suggestion that CAII interacts with transporters (29).  

Subsequently, it was demonstrated that the binding of CAII to bicarbonate 

transporters facilitates the flux of HCO3
-
 across the membrane (4, 10, 29).  The 

physical and functional linkage between bicarbonate transporters has been termed 

bicarbonate transport (BT) metabolon which aims to maximize the transport 

activity of the transporters (19, 25).  Despite the large body of evidence, which 

suggests the existence of bicarbonate metabolon, other studies have provided data 

in direct contention of this phenomenon (6, 17, 24). 

The present study sought to further explore the concept of the BT 

metabolon.  AE1 and AE3 share similar properties in their sequences and 

topology (29).  Both anion exchangers can bind to CAII which increases their 

transport efficiency (29).  Thus, data obtained from the AE1 studies could be 

extrapolated to AE3 anion exchanger. 

To achieve the first objective wildtype CAII and catalytically inactive CAII, 

V143Y, were each fused to the C-terminus of AE1 and cloned into plasmid 

vectors.  Constructs were transfected into HEK293 cells and the expression levels 

of AE1.CAII and AE1.CAII-V143Y were assessed by immunoblotting. The 
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functional consequences of the fusion of the two CAII isoforms to AE1 were 

evaluated in HEK293 cells by fluorimetry.   

These observations lent credence to the existence of a bicarbonate transport 

(BT) metabolon.  The physiological relevance of a BT is the efficient and 

maximal transport activity of the bicarbonate transporters.  The confirmation of 

the BT metabolon provided the basis for our second objective that a functional 

interaction between NHE1, CAII and AE3 (3) will form a pathologically self-

sustaining hypertrophic pathway and inhibition or loss of activity of one of the 

proteins in this complex will ameliorate the hypertrophic stimulation mediated by 

ANGII and PE.  We tested the hypothesis that the loss of the AE3 Cl
-
/HCO3

-
 

anion exchanger would lead cause cardiomyocytes to become unresponsive to PE 

or ANGII-mediated hypertrophy. 

Lack of specific pharmacological tools to inhibit AE3 transport activity 

prompted the use of AE3 null mice to investigate the role the protein plays in the 

hypertrophic signaling cascade of ANGII and PE.  Experiments were undertaken 

in isolated cardiomyocytes from adult mouse heart and various indices of 

hypertrophy including cell surface area, hypertrophic molecular markers and 

protein synthesis were used to assess the effect of ANGII and PE.  The data 

obtained are summarized below: 

1. The loss of AE3 did not affect the body weight (BW) of the mice but 

caused a reduction of heart size (HW) relative to wildtype cardiomyocytes 

which translated into a decrease in the HW/BW ratio, an index of cardiac 
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hypertrophy.  This provided the first evidence which suggested that AE3 is 

involved with cardiac developmental process. 

2. To delineate further the involvement of AE3 in cardiac function, the 

hemodynamic properties of the mice heart were examined and our data 

revealed that under normal conditions, the loss of AE3 does not influence 

myocardial function. 

3. Upon induction of hypertrophy in isolated cardiomyocytes from male 

adult mice, PE or ANGII caused a marked increase in cardiomyocyte 

surface area in wildtype myocytes, which was consistent with increased 

protein synthesis and reactivation of the fetal gene program revealed as 

elevation of hypertrophic marker genes, ANP and β-myosin heavy chain.  

The loss of AE3 however, rendered the cardiomyocytes unresponsive to 

the effects of PE or ANGII.  This finding strongly supports the paradigm 

that AE3 is central to the hypertrophic signaling triggered by pro-

hypertrophic agents. 

4. Since it has been suggested that AE3 operates in concert with NHE1 and 

CAII to form a hypertrophic transport metabolon (HTM) (3), we 

hypothesized that disruption of AE3 would lead to an increase in the 

expression levels of CAII and NHE1.  Our data indicate that CAII and 

NHE1 levels were increased at the mRNA and protein level which may 

suggest a compensatory response to the loss of AE3 supporting further the 

coupling of these three proteins in the hypertrophic cascade. 
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5. Additionally, hypertrophic intervention led to an increase in the expression 

level of CAII in both wildtype and ae3 null cardiomyocytes.  NHE1 levels 

were not influenced by hypertrophic agonists. 

6. The AE3 Cl
-
/HCO3

-
 anion exchanger is critical in myocardial pHi 

homeostasis (32) by mediating intracellular acidification.  Thus, loss of 

AE3 may cause imbalance of pHi homeostasis.  When the pHi of 

cardiomyocytes was measured by fluorimetry, pHi did not vary 

significantly between cardiomyocytes from wildtype and ae3 null hearts.  

Under imposed intracellular alkalinization, the rate of recovery was much 

slower in the ae3 null cardiomyocytes relative to wildtype 

cardiomyocytes.  This supports the premise that AE3 is crucial in 

maintaining pHi by acidifying the myocyte. 

7. Two major acidifying pathways, AE3 and SLC26A6, are involved in pHi 

homeostasis (32).  Consequently, we assessed the effect of AE3 disruption 

on the expression level of SLC26A6, the major myocardial Cl
-
/HCO3

-
 

anion exchanger (2).  Our data demonstrate that loss of ae3 had no 

influence on the expression level of SLC26A6. 

Taken together, our data provides insight into the mechanism by which pro-

hypertrophic agonists mediate via activation of the HTM which comprises NHE1, 

AE3 and CAII.  Pro-hypertrophic agonists stimulate their respective GPCRs, 

which leads to activation of downstream effectors including NHE1 (16).  It has 

been shown that NHE1 activation is an early event in the pathway that results in 

myocardial hypertrophy (8, 9).  Thus, we can infer from the present study that 
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there is an obligatory metabolic linkage of AE3 and NHE1 sustained activation 

such that AE3 can be induced as an early event in the hypertrophic cascade 

mediated by PE and ANGII.  The loading of the cell with Na
+
 as a result of NHE1 

and AE3 activation following stimulation by PE and ANGII, will lead to 

intracellular Ca
2+

 overload via activation of the NCX and will induce further 

downstream changes culminating in hypertrophic development.  Additionally, 

increased CAII expression upon treatment with PE and ANGII and subsequent 

enhancement of its activity will ensure adequate supply of substrates for AE3 and 

NHE1.  In the absence of AE3, NHE1 will auto-inhibit (22, 37) and downstream 

targets which mediate hypertrophy will become inactive, which accounts for lack 

of influence of pro-hypertrophic intervention on ae3 null myocytes in the present 

study. 

We demonstrate from these findings that CAII catalytic activity is mandatory 

to maximizing the anion exchange of HCO3
-
 transporters and that this interaction 

forms the basis of a hypertrophic transport metabolon between NHE1, AE3 and 

CAII, a pathologically self-sustaining complex whose activation induces 

hypertrophy which can progress to heart failure. 
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5.2 Future Directions 

The findings from this thesis afford many opportunities for future studies 

to investigate further the functional consequence of the bicarbonate transport (BT) 

metabolon and its implication in physiology and pathophysiology.  Highlighted 

below are some of the directions that the present study opens up for future 

considerations 

5.2.1 An Intramolecular Transport Metabolon Fusion of Carbonic 

Anhydrase II to the C-terminus of the Cl
-
/HCO3

-
 Exchanger, AE1 

Although we were able to demonstrate by the present report that AE1 requires 

functionally active CAII, additional experiments can be performed to provide 

evidence to further support this phenomenon.  Thus, to provide further evidence 

to support the existence of a BT metabolon in light of other contrary findings, the 

following investigations can be undertaken: 

1. ‘CAII-less’ background 

By examining the effect of CAII activity on AE1 transport activity in HEK293 

cells, it was demonstrated that endogenous CAII is sufficient to maximize activity 

of the transporter ((29) and the present study).  Thus, co-transfection of HEK293 

cells with AE1 and exogenous CAII did not lead to enhanced AE1 transport 

activity compared to AE1 transfected cells.  Since CAII is ubiquitously expressed, 

in order to fully delineate the effect of CAII interaction on bicarbonate 

transporters, a system that lacks endogenous CAII, which I term a ‘CAII-less’ 

system will be warranted.  Employing a short hair-pin RNA (shRNA) technique to 
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knock-out endogenous CAII from HEK293 cells, such a system can be 

accomplished.  Therefore, by generating HEK293 stable cell lines with no 

endogenous CAII background the effect of CAII on BT can be adequately 

evaluated. 

2. Fusion of CAII and V143Y to the N-terminal tail of AE1 

In the present study, wildtype CAII or mutant CAII-V143Y, was tethered to 

the surface of AE1 at the extreme C-terminal tail.  For future considerations 

similar studies can be undertaken while the CAII isoforms are fused to the 

extreme N-terminus of AE1.  This will address the possibility of steric hindrance 

which may be prevalent when CAII was fused to the extreme C-terminal of AE1.  

Also, the possibility of misfolding in the present study could probed into further. 

3. Fusion of CAII to functionally inactive AE1 mutants, LNANN or 

LAAA  

Previous studies demonstrate that mutation of the CAII binding motif of AE1 

led to a decrease in AE1 function which is attributed lack of physical link between 

AE1 and CAII (10, 29).  To support the BT metabolon paradigm, catalytically 

active CAII can be fused to the AE1 mutants, LNANN or LAAA to assess 

whether the presence of CAII on the surface of the mutant AE1 will salvage 

transport activity. 

4. Co-transfection of AE1 and plant CAII, β-carbonic anhydrase 

All carbonic anhydrases belong to three distinct classes, α, β and γ with no 

sequence homology (27).  Mammalian carbonic anhydrases belong to the α class; 

Most plant isoforms and some bacteria isoforms belong to the β class, while the 
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carbonic anhydrases isolated from archaeon sources belong to the γ class (13).  

The β and γ classes have distinct activity and kinetic properties compared to α-

class and, these differences can be employed to study the effect of a β-carbonic 

anhydrase on AE1 transport activity.  A plant source of β-carbonic anhydrase, 

Methanobacterium thermoautotrophicum, whose catalytic and kinetic properties 

have been characterized (27) can be cloned into a mammalian expression vector.  

β-carbonic anhydrase is less susceptible to inhibition by the sulphonamide 

compounds (27).  Thus, in the presence of a sulphonamide compound such as 

acetazolamide, endogenous CAII activity will be inhibited.  This enables the 

effect of CA actvity to be tested in a background that otherwise has no activity. 

This study would further test the BTM model, since CAII from a non-mammalian 

could potentially augment the activity of a mammalian transporter, AE1, when 

endogenous CAII activity has been inhibited. 

5. Extracellular component of the BT metabolon 

Previous studies revealed that the BT metabolon contains an intracellular 

component involving a BT and CAII (10, 19, 29) as well as an extracellular 

component between a BT and CAIV, which is anchored to the outer surface of the 

plasma membrane by a glycophosphatidylinositol linkage (1, 28).  Thus, in a 

system in which both CAII and CAIV are expressed, such as in the heart, 

interaction between the BT, CAII and CAIV will form an intracellular and 

extracellular metabolon, respectively.  The purpose of this interaction is to 

potentiate the rapid passage of CO2 across the plasma membrane which may 

create a ‘pull’ (intracellular component) and a ‘push’ (extracellular component) 
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phenomenon.  The presence of an extracellular BT metabolon can be ascertained 

by co-expression AE1.CAII or AE1.CAII-V143Y, and CAIV followed by 

examination of the catalytic activity of AE1 by fluorimetry.  

6. Characterization of kinetic properties and catalysis of naturally-

occurring metabolon 

Bioinformatics studies have revealed that in some subfamilies of secondary 

carriers referred to as sulfate permease (SulP), are homologues that are either 

fused to or encoded within operons that also encode homologues of carbonic 

anhydrases (12).  This may suggest that these carriers function as naturally-

occurring metabolons that mediate the flux of bicarbonate or carbonate, thus they 

may be involved in pHi regulation in the organisms expression them.  Some of 

these carriers are found in prokaryotes (bacteria) where they may regulate 

functions imperative to survival of these organisms.  A typical carrier is found in 

Legionella pneumophila (12), a gram negative, strictly aerobic bacterium 

belonging to the Legionellaceae family (11), which causes Legionnaires' disease, 

a severe form of pneumonia (30). 

A study which aims to understand the role of the SulP carrier in Legionella 

pneumophila can be undertaken by cloning the carrier in bacterial expression 

vector as well mammalian expression vector.  Catalytic and kinetic properties of 

the carrier can be characterized by employing techniques utilized in the present 

study.   

Ultimately, bicarbonate transport assays can be employed as indicated in this 

thesis to characterize the bicarbonate transport activity of Legionella 
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pneumophila.  Additionally, CA functional assays can be performed to evaluate 

the CA activity in the protein. 

5.2.2 Role of AE3 in the development of cardiomyocyte hypertrophy 

Data from the present report demonstrates that loss of AE3 renders the 

cardiomyocytes less susceptible to hypertrophy mediated by neurohormonal 

agents, PE and ANGII.  Additional studies can be carried out to lend more 

credence to these findings. 

1. In vivo study of hypertrophy and AE3 

The present study employed an ex vivo approach to examine the effect of AE3 

deletion on cardiomyocyte hypertrophic growth in presence of PE and ANGII.  

Although this strategy is well established and provides insight into the mechanism 

of induction of hypertrophy, it has not gone without its shortfalls.  Data obtained 

from isolated cardiomyocytes may not directly extrapolate to what pertains to the 

physiological environment.  Thus, to delineate further the role of AE3 transport 

activity in the heart in vivo approaches can harnessed which may truly reflect the 

physiological environment of the heart.  The approaches can include: 

i. Transverse aortic constriction (TAC) 

The TAC strategy has been employed in several studies in the mice to induce 

pressure overload which represents a pathological form of hypertrophy (21, 31).  

This procedure can be used to induce pressure overload in wildtype and ae3 

knock-out mice prior to assessment of physiological functional parameters of the 

heart such as echocardiography (ECG) and hemodynamic measurements in vivo.  
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Biochemical studies of the isolated heart to study expression levels of regulatory 

proteins in the development of hypertrophy can also be assessed. 

 A similar approach whereby the left anterior descending (LAD) artery is 

ligated can be utilized to examine the role of AE3 in other cardiac pathological 

conditions such as myocardial infarction (26). 

ii. Drug-induced cardiac hypertrophy by implantation of osmotic pump 

Another technique that is used to induce in vivo pathological hypertrophy is 

implantation of an osmotic pump which delivers pro-hypertrophic agonists 

(isoproterenol, ANGII, etc.) to the mice (33) at a constant rate.  Further, similar 

studies as in the present thesis can be employed to investigate the role of AE3 in a 

non-evasive system using the osmotic pump.  Observations from these 

experiments should be consistent with findings from the present thesis and also 

lend further support to the mechanism underlying hypertrophic mediation by the 

HTM.  

iii. Exercise-induced hypertrophy in ae3
-/-

 mice 

Physiological hypertrophy can be induced in wildtype and ae3 null mice by 

exercise-training (swim-training) to study whether AE3 plays a role in this form 

of hypertrophy. 

2. Assessment of intracellular Ca
2+

 in the cardiomyocytes 

Data in this thesis indicate that steady-state pHi did not differ between 

cardiomyocytes from WT and ae3 null mice.  However, the rate of recovery of 

pHi from induced alkalosis was slower in the ae3 null cardiomyocytes relative to 

the wildtype cardiomyocytes.  Employing similar fluorescent techniques, 
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cardiomyocytes can be loaded with a Ca
2+

-sensitive dye such as fluo-4 (23) and 

BOCA-1 (15) to assess intracellular Ca
2+

 levels in wildtype or ae3
-/-

 

cardiomyocytes in the presence or absence of pro-hypertrophic agents.  

This is in keeping with our hypothesis that activation of the HTM proteins by 

hypertrophic agonist leads to intracellular Na
+
 overload which induces an 

elevation of intracellular Ca
2+

.  Results from these experiments will shed more 

light on the mechanism of hypertrophic induction in WT cardiomyocytes 

compared to the ae3 null mice.   

We speculate that the level of cytosolic Ca
2+

 will be elevated in the WT 

cardiomyocytes relative to the ae3
-/-

 cardiomyocytes in response to hypertrophic 

stimulation. Thus, findings from these experiments will explain the failure of 

hypertrophic agonists to induce hypertrophy in ae3
-/-

 cardiomyocytes. 

3. Induction of physiological hypertrophy  

As mentioned earlier, myocardial hypertrophy can be categorized into 

physiological and pathological hypertrophy, which are mediated by distinct 

molecular pathways (5, 18).  Since ae3 null cardiomyocytes are unresponsive to 

pro-hypertrophic stimulation, which induces pathological hypertrophy, 

physiological hypertrophy can be activated to assess whether AE3 plays a role in 

that pathway.  This can be achieved by incubating the cardiomyocytes with 

insulin-like growth factor, which activates the PI3K-PKB pathway (7).  In 

addition, an exercise strategy can also be performed to stimulate physiological 

hypertrophy to delineate further the role of AE3. 

4. Studying cardiac parameters and function in aged mice  
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The mice used in the study of the cardiac functional parameters 

(hemodynamic, ECG, etc.) in the present study were approximately three months 

old.  No differences were observed in cardiac functionality between wildtype and 

ae3 knock-out mice.  Similar studies can be carried out in aged mice to evaluate 

whether ae3 plays a role in cardiac function with age.  As aged individuals are 

more susceptible to develop cardiac hypertrophy (14), it will be important to 

understand whether the loss of AE3 will be protective against hypertrophic agents 

in the aged mice. 

5. Catalytic activity of SLC26A6 and NHE1  

Intracellular pH is tightly regulated in the heart by interplay of transporters 

which mediate transport of H
+
 or H

+
-equivalents by acidifying (AE3 Cl

-
/HCO3

-
 

exchanger and SLC26A6) and alkalinizing (NHE1 and NBC) mechanisms (32).  

Our data showed that in the absence of AE3, NHE1 levels, the major alkalinizing 

pathway, were elevated but the predominant Cl
-
/HCO3

-
 exchanger in the heart, 

SLC26A6, levels were unaffected.  The transport activities of NHE1 and 

SLC26A6 can be assessed in cardiomyocytes to delineate the underlying 

mechanism which normalized pHi in the absence of AE3. 

6. Interbreeding ae3 null mice and activated NHE1 transgenic mice 

A recent study showed that transgenic mice expressing constitutively active 

NHE1 are more susceptible to hypertrophic stimulation compared to transgenic 

mice expressing high levels of NHE1 (20).  This thesis demonstrated that loss of 

ae3 causes the heart to become unresponsive to hypertrophic stimulation.  From 

these two studies it will be reasonable to speculate that double mutant mice, ae3
-/-
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/nhe1
 
mutant, generated by interbreeding activated NHE1 transgenic mice and ae3 

null mice, may be less responsive to hypertrophic stimulation.  This stems from 

reasons already alluded to that sustained activity of NHE1 requires the presence 

of active AE3 (8, 9).  Thus, for future considerations, double mutant mice can be 

generated and in vivo and ex vivo hypertrophic approaches can be employed to 

probe further the interaction between NHE1 and AE3 to understand their 

involvement in the pathways underlying cardiac hypertrophy. 
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Appendix 

Generation of CAII Adenoviral Constructs 

 

 

This work was included as part of a published paper: 

Brown, B., Quon, A., Dyck, J. and Casey, J.R. (2012) Carbonic Anhydrase 

II Promotes Cardiomyocyte Hypertrophy, Can. J. Physiol. Pharmacol. 90, 

1599-610. 
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6.1 Introduction 

Carbonic anhydrases (CAs) are a group of zinc metalloenzymes that play 

critical physiological roles.  They are ubiquitously present in eukaryotes and 

prokaryotes and they are encoded by three unrelated genes 1. α-CAs are expressed 

mostly in vertebrates, algae and the cytoplasm of green plants, 2. β-CAs are 

expressed predominantly in bacteria, algae and chloroplasts of plants and 3. γ-

CAs are found in archaea and bacteria (4, 10). 

There are about 14 α-CAs identified thus far with diverse subcellular 

localization and tissue distribution.  Cytosolic isoforms include CAs I-III and CA 

VII; four isozymes are membrane-bound (CAIV, CAIX, CAXII and CAXIV), 

CAV is located in the mitochondria and CAVI is the secreted form.  CAs catalyze 

the reversible hydration of CO2 to produce bicarbonate and proton.  Since the 

primary buffer system in the human body is the CO2/HCO3
-
, CAs are involved 

with cytosolic and whole-body pH regulation, regulation of acid/base homeostasis 

and fluid secretion. 

In highly metabolic tissues such as the heart, whose function is 

accompanied by large production of CO2, CA catalytic activity is indispensable to 

maintain normal function.  Of the 14 CA isozymes identified, CAII has the 

highest rate of catalysis (6, 7).  Of particular physiological importance is the 

evidence proposing that CAs interact with bicarbonate transport proteins forming 

a transport metabolon, an interaction shown to maximize the transport rate of the 

transporters (9, 12, 13). 
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The adult myocardium expresses a number of CAs including CAIV, 

CAIX, CAXII and CAXIV (8, 11).  Originally thought to be expressed 

exclusively in neonatal hearts CAII was recently shown to be expressed in the 

adult ventricular myocytes (1, 2, 14).  The high metabolic activity of the 

myocardium results in a significant production of CO2 which must be extruded in 

order to maintain pHi homeostasis and normal function.  Recently, it was shown 

that CAII is involved in the hypertrophic stimulation mediated by PE and ANGII 

(2).  Inhibition of CAII activity prevented and reversed cardiomyocyte 

hypertrophy induced by PE and ANGII.  This was attributed to the limitation of 

substrates for NHE1 and AE3 thus inhibiting the anion transport activity of the 

exchangers (2).  Interestingly, PE and ANGII stimulation resulted in an increased 

expression of CAII an effect which was blunted by CAII inhibition.  The CA 

inhibitors employed in this study, acetazolamide (ATZ) and ethoxyzolamide 

(ETZ) may also inhibit other CAs in the myocardium which may suggest that 

other CAs other than CAII may be involved in hypertrophic signaling mediated 

by neurohormonal agents. 

Thus, to understand the role of CAII in the myocardial response to 

hypertrophic stimuli, adenoviral transduction system was adopted to overexpress 

CAII in cardiomyocytes.  Cardiomyocytes unlike other cell types do not lend 

themselves to standard transfection procedures.  Therefore in order to deliver a 

gene of interest to study its properties, cardiomyocytes are infected with 

adenoviral construct carrying the target gene.  The generation of the construct is 

based on a report established more than a decade ago that employs the use of 
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recombinant adenoviruses (5).  This approach will provide a direct evidence of the 

involvement of CAII in the development of hypertrophy in cardiomyocytes. 

In the present study we attempted to generate a recombinant adenoviral 

construct bearing wildtype CAII (Ad.WT-CAII) and mutant CAII (Ad.V143Y-

CAII) for transfer into isolated cardiomyocytes.  The effect of CAII in the 

development of cardiomyocyte hypertrophy mediated by hormonal stimulation 

can subsequently be assessed. 

6.2 Results and Discussion 

6.2.1 Generation of adenoviral constructs  

To understand the role of CAII directly in cardiomyocyte hypertrophic 

development, adenoviral constructs carrying the gene that encodes wildtype 

human CAII (hCAII), pDAS1, was generated.  Another construct bearing the 

catalytically inactive CAII mutant, V143Y, was also generated (pDAS2). The 

success of the cloning was confirmed by DNA sequencing through the entire 

length of the respective clones. 

6.2.2 Expression of CAII proteins in cardiomyocytes 

To confirm the presence of CAII in the adenoviral packaging cell lines, rat 

neonatal cardiomyocytes were transfected with pAdCAII-WT or pAdCAII-

V143Y.  As a negative control another group of cardiomyocytes were transfected 

with empty vector, pAdTrack-CMV.  Forty-eight hours later, cells were harvested 

and lysates were probed for the presence of CAII using rabbit polyclonal anti-

CAII antibody by western immunoblotting.  Our results demonstrate that hCAII 
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and V143Y both resolved at the expected molecular weight, ~27 kDa, which 

suggests that the generation of the adenoviral package containing the CAII 

constructs, was successful (Fig. 6.1).  Also a band resolved at the group 

transfected with empty vector which indicates the presence of endogenous CAII 

in cardiomyocytes (1) (Fig. 6.1). 

The success of the cloning provided the basis to investigate the role of 

CAII in the phenylephrine (PE) or angiotensin II (ANGII)-mediated 

cardiomyocyte hypertrophy.  The project was followed up by a graduate student 

in the Casey lab, Ms. Brittany Brown, who for her M.Sc. research showed that 

over-expression of wild-type CAII in neonatal rat ventricular myocytes did not 

affect cardiomyocyte hypertrophy development. Further, CAII-V143Y over-

expression blunted hypertrophic development in response to pro-hypertrophic 

agonists, which led to the suggestion that CAII-V143Y behaves in a dominant 

negative fashion over endogenous CAII to suppress hypertrophy (3). 
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Fig. 6.1  Expression of adenoviral constructs in neonatal cardiomyocytes.  

Cardiomyocytes isolated from 7-day old rat pups were cultured and transfected 

with empty vector (Empty), adenoviral vector containing wildtype CAII 

(pAdCAII-WT) or adenoviral vector containing CAII mutant (pAdCAII-V143Y) 

48 h later.  Forty-eight hours later, cardiomyocytes were harvested lysed using 

lysis buffer.  Samples were loaded and resolved on SDS-PAGE and proteins were 

transferred onto PVDF membranes.  Immunoblots were incubated with rabbit 

polyclonal anti-CAII antibody for 16 h at 4 °C followed by incubation with 

donkey anti-rabbit IgG conjugated to horseradish peroxidase for 1 h at room 

temperature.  Immunoblot was visualized using ECL reagents and Kodak Imaging 

Station 440CF. 
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