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ABSTRACT 

The effects of modulating the activities of the cAMP/cAMP-activated protein kinase 

(PICA) and calmodulin (CaM)/Ca 2 +-CaM activated protein kinase II (CaMK-II) second 

messenger systems on steady-state (SS) intracellular pH (pH,) and on rates of pHj recovery 

following imposed acid and/or alkaline loads were investigated in acutely dissociated adult rat 

hippocampal CA1 neurons loaded with the fluorescent hydrogen ion indicator 2',7'-bis-(2-

carboxyethyl)-5(6)-carboxyfluorescein. 

Alkali extrusion under HC0 3VC0 2-buffered conditions was dependent on the activity of a 

4,4'-diisothiocyanatostilbene-2,2'-disulphonate (DIDS)-sensitive, Na+-independent HC0 3 7Ci" 

exchanger (NIAE). Acting in concert with an acid-extruding Na+-dependent HC0 3 7Cr 

exchanger (NDAE) and a Na+/H+-exchanger (NHE), the NIAE functioned to maintain SS pHj 

near the external pH value. 

Under HC03"-free conditions, stimulation of c A M P / P K A increased both SS pHj and rates 

of pHj recovery from imposed acid loads. The increases in SS pHj were enhanced by protein 

phosphatase inhibition, unaffected by changes in intracellular free calcium ([Ca2+]j), and 

dependent on the presence of external Na + . These results indicate that stimulating c A M P / P K A 

activates the N H E in rat hippocampal neurons. Conversely, inhibition of c A M P / P K A failed to 

affect N H E activity. However, in the presence of H C 0 3 7 C 0 2 , both stimulation and inhibition of 

c A M P / P K A evoked changes in SS pHj and rates of pH, recovery from internal acid (and alkaline) 

loads. Further study indicated that modulation of the activity of the c A M P / P K A pathway 

changes the activities of the NIAE and N D A E in a manner depending on resting pH;. 

Inhibitors of CaM evoked rises in SS pHj that were dependent on the initial resting pHj 

and external Na + , and increased rates of pHj recovery from acid loads imposed in either the 

presence or absence of HC0 3 " , indicating that CaM inhibitors activate the NHE. CaM inhibitor-

evoked increases in SS pH; were minimally affected by changes in [Ca ] i 3 but were not mediated 
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by changes in the activities of the c A M P / P K A second messenger pathway, calcineurin or CaMK-

II. 

The results indicate that the activity of the N H E can be modulated by more than one 

intracellular second messenger system. Furthermore, the activities of the three pHj regulating 

mechanisms can be altered concomitantly by a single second messenger system. Ultimately, the 

described second messenger control of the activities of pH; regulating mechanisms present in rat 

hippocampal CA1 neurons may contribute to some of the effects of neurotransmitters on 

neuronal excitability and function. 
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INTRODUCTION 

/. Neuronal function and extracellular pH (pHJ 

The precise regulation of acid-base balance within a narrow range is essential for proper 

function and survival of the brain. Pathological alterations of this homeostatic mechanism can 

lead to dramatic effects. For example, acidification of cerebrospinal fluid inhibits convulsions 

(Meyer et al, 1961) and respiratory alkalosis can lead to seizure activity (Marcus & Watson, 

1968). However, recent studies indicate that significant changes in pH can also occur during 

normal cerebral function; for example, a transient alkalinization followed by a sustained 

acidification of the extracellular space is associated with normal synaptic transmission (Kaila & 

Voipio, 1987; Chesler, 1990; Paalasmaa et al, 1994; Smith et al, 1994; Voipio et al, 1995; 

Paalasmaa & Kaila, 1996). Additional evidence indicates that changes in p H 0 act to modulate 

various ion channels, including the JV-methyl-D-aspartate (NMDA) and y-aminobutyric acidA 

( G A B A A ) receptor-operated channels (Kraig et al, 1983; Siesjo, 1988; Tang et al, 1990; 

Traynelis & Cull-Candy, 1990; Vyklicky et al, 1990; Chesler & Kaila, 1992; Traynelis et al, 

1995; Kashiwagi et al, 1996; Vignes et al, 1996) and voltage-activated calcium, sodium and 

potassium channels (Tombaugh & Somjen, 1996). These effects have been shown to be 

important functionally, because studies performed in the hippocampus indicate that extracellular 

alkaline shifts induced by activation of glutamate or G A B A A receptors (Chen & Chesler, 1992a 

& 1992b; Kaila et al, 1992; Kaila et al, 1993; Kaila, 1994; Pasternack et al, 1996) can 

modulate the functional properties of the N M D A receptor-operated channel within a 

physiologically relevant time frame (Traynelis & Cull-Candy, 1991; Gottfreid & Chesler, 1994 

& 1996). These findings suggest that induced changes in p H 0 can act to regulate the mechanisms 

that initially caused them, such that increases and decreases in p H 0 enhance and reduce neuronal 

excitability (see Balestrino & Somjen, 1988), respectively. For example, raising p H 0 can elicit 

epileptiform activity (which is sensitive to N M D A receptor antagonists; Church & McLennan, 

2+ 
1989), whereas lowering p H 0 completely and reversibly suppresses both low Mg 0-induced, 
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N M D A receptor-mediated epileptiform bursting in cortex-hippocampal slices (Velisek et al, 

1994) and the efficacy of normal, low frequency neuronal transmission, thereby preventing the 

induction of long term potentiation (LTP) in the CA1 region of the hippocampal slice (Velisek, 

1998). 

Furthermore, more pronounced shifts in pH 0 can be associated with neurological 

pathologies which, depending on their magnitude, may provide a mechanism of neuroprotection 

or mediate subsequent neuronal damage. For example, ischemia {i.e. oxygen-glucose 

deprivation) induced increases in the intracellular free calcium concentration ([Ca2+]j) (mediated 
2~H 

by the influx of Ca ions) can be inhibited by reducing pH 0 (to -6.8) and enhanced by increasing 

p H 0 (to -7.8) in rat hippocampal slices (Ebine et al, 1994; also see Nemoto & Frinak, 1981; 

Siesjo, 1985). Thus, mild external acidosis may be neuroprotective by reducing Ca 2 +-influx via 

N M D A receptor-operated channels and/or voltage-gated C a 2 + channels or by attenuating N a + 

entry through voltage-gated N a + channels (Giffard et al., 1990; Andreeva et al, 1992; Kaku et 

al, 1993; Simon et al, 1993; Kristian et al, 1994; Tombaugh, 1994; Chidekel et al, 1997; also 

see Y u & Salter, 1998); similar mechanisms may mediate the antiepileptogenic effects of 

reduced p H 0 (Caspers & Speckmann, 1972; Somjen, 1984; Velisek et al, 1994). However, 

further reduction of p H 0 to levels which may occur during complete cerebral ischemia (< pH 5.3) 

causes local areas of tissue necrosis reminiscent of those observed after ischemic brain 

infarctions (Kraig et al, 1987; also see Goldman et al, 1989; Nedergaard et al, 1991; Morimoto 

etal, 1994). 

Extracellular pH is therefore an important mediator of neuronal function and dysfunction. 

However, it has been suggested that intracellular pH (pH,) may account for some of the effects 

caused by changes in p H 0 described above (see Herman et al, 1990; Nedergaard et al, 1991). 

This possibility is supported by findings from studies performed in hippocampal neurons which 

indicate that changes in p H 0 give rise to shifts in pHj (Church & Baimbridge, 1991; Ou-yang et 

al, 1993; Church et al, 1998). Therefore, some of the noted effects of p H 0 on both the normal 
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activity of neurons and on pathophysiological events may be mediated by alterations in pHj (also 

see Lee et al, 1996). 

2. Neuronal function and pHt 

2.1 Changes in pHt evoked by neuronal activity 

Concomitant and opposite to the changes in pH 0 described above, neuronal depolarization 

and/or the application of glutamate or G A B A produces a decrease in pH i 5 which is either 

sustained (Chesler, 1990; Irwin et al., 1994; Yamamoto et al., 1998; Pasternack et al, 1993) or 

transient, and which may be followed by an increase in pHj to (Wang et al., 1994) or above 

(Hartley & Dubinsky, 1993; Ou-yang et al, 1995) initial steady-state (SS) pH; levels. The pH, 

response to glutamate is largely N M D A receptor-mediated and dependent on a rise in [Ca 2 +], 

(Hartley & Dubinsky, 1993; Irwin et al, 1994; Wang et al, 1994; Ou-yang et al, 1995; 

Yamamoto et al, 1998; also see Dixon, 1993), although Amos et al (1998) have reported that 

metabotropic glutamate receptors may also contribute to glutamate-induced pH, responses in 

2+ 

cultured neurons by causing the release of Ca from intracellular stores. 

A number of mechanisms can be proposed to account for the internal acidifications 

induced by neuronal activity and/or the application of excitatory and inhibitory amino acids. 

First, increased neuronal activity may lead to the increased production of metabolic end-products 

such as carbon dioxide and lactic acid which, in turn, can elicit a fall in pHj (Siesjo, 1985; Irwin 

et al, 1994; Wang et al, 1994). Second, in the case of G A B A A receptor activation, an efflux of 

bicarbonate ions occurs via G A B A A receptor-operated channels and, possibly, other ligand- and 

voltage-gated channels (e.g. Chen & Chesler, 1992a; Kaila et al, 1994; also see Bonnet et al, 
2+ 

1998). Third, the rise in [Ca ]j evoked by the activation of glutamate receptors may lead to the 

release of protons from shared internal binding sites (Chesler, 1990) and/or the activation of 
2+ + 

Ca / H exchange (Schwiening et al, 1993; Paalasmaa & Kaila, 1996; Trapp et al, 1996). 
2+ + 

Reversed Ca / H exchange has also been suggested to mediate the internal alkalinizations which 

are sometimes observed following the application of glutamate (reviewed by Takahashi & 
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Copenhagen, 1996; also see Paalasmaa & Kaila, 1996; Trapp et al, 1996). Furthermore, each of 

the aforementioned mechanisms may contribute to the concomitant changes in p H 0 observed 

during neuronal excitation, which were discussed above. 

As noted above, activation of either G A B A A or N M D A receptors leads to a fall in pHj 

attributable, respectively, to the efflux of H C 0 3 " ions or to a rise in [Ca2 +] ;. Recent evidence also 

indicates that other neurotransmitters and neuromodulators may evoke changes in neuronal p H b 

but in these cases the effects arise via specific alterations in the activities of neuronal pH, 

regulating mechanisms. Thus, noradrenaline and P-adrenoceptor agonists activate the acid-

extruding N a + / H + exchanger in rat hippocampal neurons and thereby raise SS pH; (Smith et al., 

1998). The modulation of the activities of pH, regulating mechanisms by receptor-linked 

intracellular signaling cascades has also been suggested to participate in glutamate-induced pHj 

responses (Amos & Richards, 1994). 

In summary, pHj is a physiological variable that can be modulated by multiple voltage-

and ligand-activated ion channels and by neurotransmitters and neuromodulators which act to 

alter the activities of membrane-bound ion transport mechanisms that function to regulate SS 

pH,. The subsequent changes in pHj may then ultimately modulate the neuronal events that 

initially caused them, thereby establishing a feedback mechanism. 

2.2 Modulation of neuronal function by changes in pHt 

Ultimately, the activities of all enzymes and transport proteins, which contain charged 

ionizable groups (e.g. histidine) and which are exposed to the cytosol, are sensitive to changes in 

pHi (Siesjo, 1985; Boron, 1989; Takahashi & Copenhagen, 1996). In fact, significant changes in 

neuronal activity can be attributed to relatively small perturbations in pHj (i.e. within the 

physiological range; Chesler, 1990). For example, the activities of the Na /Ca exchanger 
2+ 

(Koch & Barish, 1994) and the plasmalemmal Ca pump (Carafoli, 1987) are known to be 

highly dependent on pH; in neurons. Changes in pH; have also been shown to influence ionic 

currents in vertebrate neuronal preparations. For example, intracellular acidification inhibits rat 
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brain Na channels incorporated into bilayers (Daumas & Andersen, 1993), and an increase and a 
+ 2+ 

decrease in high-[K ]0-evoked [Ca ]; transients occurs in rat hippocampal neurons during 

intracellular alkalosis and acidosis, respectively (Mironov, 1995; Church et al, 1998). Similarly, 
2+ 

cytoplasmic alkalinization increases high voltage-activated Ca currents in chick dorsal root 

ganglion neurons (Mironov & Lux, 1991), whereas a decrease in pHj leads to a reduction in the 
2+ 2+ 

high voltage-activated, nifedipine- and Cd -sensitive Ca current in horizontal cells of fish 

retina (see Takahashi & Copenhagen, 1996). More recently, in rat hippocampal CA1 neurons, it 
2+ 

was demonstrated that the activities of high voltage-activated Ca channels (specifically, L - and 
2+ 

N-type Ca channels) were bidirectionally modulated by shifts in pHj, whereas low voltage-
2+ 

activated (T-type) Ca channels were relatively insensitive to changes in pHj (Tombaugh & 
2+ 

Somjen, 1997). Also in rat hippocampal CA1 pyramidal neurons, potentials mediated by Ca -

activated K + conductances appear sensitive to changes in pH, (Church, 1992 & 1998; Church et 

al, 1998). Voltage-gated K + channels and the inward rectifier K + current were also found to be 

modulated by changes in pHj in rat dorsal vagal motoneurons (Cowan & Martin, 1996) and 

catfish retinal horizontal cells (see Takahashi & Copenhagen, 1996), respectively. 

Given the pHrdependent nature of the activities of the aforementioned ionic 

conductances and transport mechanisms, changes in pH, will ultimately affect neuronal 

excitability although, in light of the wide range of processes affected by pH i 5 the net consequence 

of a change in pH, on neuronal function is not easy to predict. Nevertheless, it is apparent that 

changes in pHj (at a constant pH 0) do affect synaptic transmission; Lee et al. (1996), for 

example, reported that exposure to the weak base trimethylamine (which evokes an increase in 

" pHj) increased the slope of the field excitatory postsynaptic potential (fEPSP) in hippocampal 

slices by 50-70% whereas exposure to the weak acid propionate (which evokes a decrease in pHj) 

decreased the slope of the fEPSP by 40-60%. 

Changes in pHj may also lead to pathophysiological alterations in neuronal function. For 

example, gap-junctional conductances, which are enhanced by increases pHj, have been 

suggested to participate in the genesis of epileptiform activity under a variety of experimental 
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conditions (reviewed by Spray & Bennett, 1985; Dudek et al, 1986; also see Church & 

Baimbridge, 1991; Dixon et al, 1996; Pappas et al, 1996; Bevans & Harris, 1999). Similarly, it 

has been suggested that the inability of N a + / H + exchanger-deficient mutant mice to regulate pHj 

may be causally associated with a reduced threshold for the initiation and/or propagation of 

epileptic discharges (Cox et al, 1997). Changes in pH, are also known to accompany ischemic 

and/or anoxic insults in neurons, and both the reductions in pHj which occur during anoxia and 

the activation of N a + / H + exchange which occurs immediately upon the return to normoxia 

contribute to anoxia/ischemia-evoked neuronal death (Siesjo, 1985; Nedergaard et al, 1991; 

Tombaugh, 1994; Vornov et al, 1996; Chidekel et al, 1997; Diarra et al, in press; also see Shen 

etal, 1995). 

In summary, changes in pHj occur under both physiological and pathophysiological 

conditions in the mammalian central nervous system, and these changes in pH, in turn can act to 

modulate the events which initially caused them. Importantly, protons are not passively 

distributed across neuronal membranes and a variety of mechanisms serve to regulate SS pHj and 

to restore pHj to normal values after internal acid or alkali loads. Given the established role of 

pHj in modulating neuronal function, the mechanisms which act to regulate this variable, which 

include the N a + / H + exchanger, the Na+-dependent HC0 3 7Cr exchanger and the Na+-independent 

HC037C1" exchanger, assume considerable physiological importance. 

3. pHj regulation in rat hippocampal CA1 neurons 

The recovery from changes in pHj to resting levels does not occur simply by the passive 

diffusion of protons across the cellular membrane (Roos & Boron, 1981; Aickin, 1984). Many 

studies have been performed in invertebrate neurons and vertebrate non-neuronal cell types to 

identify the mechanisms responsible for the recovery of pHj to resting levels after internal acid 

and alkaline loads (e.g. Paradiso et al, 1986; Olsnes et al, 1987a; Boyarsky et al, 1988a & 

1988b; Frelin et al, 1988; Reinertsen et al, 1988; Ganz et al, 1989; Tonnessen et al, 1990a; 

Ou-yang et al, 1993; Aniksztejn et al, 1997). These, and many other, studies indicate that pHj 
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regulatory mechanisms differ considerably across phyla and amongst tissues (see Lee et al, 

1991; Wakabayashi et al, 1997a). Therefore, the present discussion will be limited to a 

description of only those mechanisms which have been shown to participate in pHj regulation in 

rat hippocampal neurons. 

Recent studies have identified two electroneutral mechanisms which contribute to acid 

extrusion from rat hippocampal neurons; an zmiloxi&Q-insensitive N a + / H + exchanger (NHE) and a 

Na+-dependent HC0 3 7CT (i.e. anion) exchanger (NDAE) (Raley-Susman et al, 1991; 

Schwiening & Boron, 1994, Baxter & Church, 1996; Bevensee et al, 1996; Smith et al, 1998). 

In addition, indirect evidence suggests the presence of an alkali extruding (i.e. acid-loading) Na + -

independent HC0 37C1" exchanger (NIAE) (Raley-Susman et al, 1993; Baxter & Church, 1996). 

Both HC03"-dependent pH ( regulating mechanisms are inhibited by stilbene derivatives such as 

4,4'-diisothiocyanatostilbene-2,2'-disulphonate (DIDS; Schwiening & Boron, 1994; Baxter & 

Church, 1996). A l l three mechanisms also exist in a variety of non-neuronal cell types, where 

their activities have been shown to be highly regulated by pH 0 , pHj and a variety of intracellular 

second messenger cascades. 

3.1 NHE 

Since the first characterization of a N H E by Murer et al. in 1976, 6 mammalian and the 

P-trout isoforms of the N H E have been cloned (reviewed by Orlowski & Grinstein, 1997; 

Wakabayashi et al, 1997a; also see Weinman et al, 1987; Wang et al, 1993; Borgese et al, 

1994; Klanke et al, 1995; Bookstein et al, 1996; Numata et al, 1998;). The N H E extrudes one 

hydrogen ion in exchange for the influx of a single sodium ion; exchange is driven by the 

transmembrane electrochemical gradients for N a + and H + , without an input of metabolic energy 

such as ATP hydrolysis (Roos & Boron, 1981; Aronson, 1985). The first N H E to be isolated, 

NHE-1, has been the focus of most structure-function relationship studies because it is believed 

to be expressed ubiquitously in most species and types of tissues (Yun et al, 1995; Bookstein et 

al, 1996). NHE-1 has been shown to form oligomers (Otsu et al, 1989; Fafournoux et al, 
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1994) and is thought to consist of twelve transmembrane segments (Bookstein et al., 1996; also 

see Shrode et al, 1998). 

The kinetics of NHE-1 are complex, and its activity can be regulated by both p H 0 and pHj 

(Aronson, 1985; Vaughan-Jones & Wu, 1990). With regard to regulation by pHj, the exchanger 

is quiescent at resting pHj levels but as pH, becomes more acidic, the exchanger becomes more 

active (reviewed by Grinstein & Rothstein, 1986; Wakabayashi et al., 1997a). The site at which 

the kinetics of NHE-1 can be modulated with respect to pHj has been identified as an internal H + 

binding site(s) on the cytosolic surface of the transmembrane portion of the NHE-1 molecule. 

This H + "modifier" site, which is distinct from the H + transport site on the exchanger, permits the 

allosteric activation of NHE-1 by internal H + (Wakabayashi et al., 1994; Yun et al., 1995). 

Further studies have identified two additional cytosolic sites on NHE-1 which appear to bind the 
2+ 

calcium-calmodulin complex (Ca -CaM; Bertrand et al., 1994; Wakabayashi et al., 1994 & 

1995; Ikeda et al, 1997); interestingly, from the perspective of the present study, Ca 2 + -CaM also 

binds to NHE-2, NHE-3 and NHE-4 (Wakabayashi et al, 1997b). Additional binding sites have 

also been suggested for NHE-3 (an N H E isoform predominantly expressed in the gut and kidney; 

see Orlowski & Grinstein, 1997) which interact with regulatory binding protein(s) (e.g. N H E 

regulatory factor, NHE-RF, and/or NHE-3 kinase A regulatory protein, E3KARP; Weinman et 

al, 1993b & 1995; Cabado et al, 1996; Robertson et al, 1997; Yun et al, 1997 & 1998; Hall et 

al, 1998; Lamprecht et al, 1998). Furthermore, phosphorylation consensus sequences for a 

variety of protein kinases (e.g. cAMP-dependent protein kinase; PKA) have also been identified 

on the trout p-NHE, NHE-1 and NHE-3 (Fliegel et al, 1992; Fliegel & Frochlich, 1993; Borgese 

etal, 1994; Bianchini et al, 1997; Zhao et al, 1999). 

A l l N H E isoforms cloned to date are sensitive, to a greater or lesser extent, to the diuretic 

compound amiloride, its 5-iV-substituted derivatives such as 5-(/V-ethyl, 7Y-isopropyl)-amiloride 

and 5-(A^-methyl, A^-guanidinocarbonylmethyl)-amiloride, and benzoyl guanidinium compounds 

(e.g. HOE694), which all compete with sodium for the external N a + transport site on the 

exchanger (Clark & Limbird, 1991; Orlowski & Kandasamy, 1996; Counillon et al, 1997; 
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Orlowski & Grinstein, 1997). In distinct contrast, the N H E isoform present in the hippocampal 

CA1 neurons to be employed in this study is insensitive to amiloride, amiloride analogs and 

benzoyl guanidinium compounds (Raley-Susman et al, 1991; Schwiening & Boron, 1994; 

Baxter & Church, 1996; Smith et al, 1998). It has been suggested that NHE-4 and NHE-5 may 

be involved in pH s regulation in the hippocampus. Thus, the former has been localized to the rat 

hippocampus and mRNA for the latter has been found within mammalian brain, with low levels 

in the hippocampus (Klanke et al, 1995; Bookstein et al, 1996; Attaphitaya et al, 1999; Baird 

et al, 1999). However, NHE-4 appears to be activated not by changes in pHj but by changes in 

osmolarity, suggesting that it acts predominantly as a cell volume, rather than p H i ; regulating 

mechanism. Furthermore, although both NHE-4 and NHE-5 are relatively insensitive to 

inhibition by amiloride and amiloride analogs (compared to NHE-1), they are both inhibited by 

micromolar concentrations of amiloride, in contrast to the hippocampal N H E which is 

completely (up to 1 mM) amiloride-insensitive. Although the N H E isoform present in rat 

hippocampal neurons has not, to date, been identified, and despite the fact that its 

pharmacological sensitivities differ from other N H E isoforms, it shares a number of properties 

with other NHEs, including the ability to transport L i + in place of N a + (Raley-Susman et al., 

1991). 

3.2 NDAE and NIAE 

Since the first descriptions of the N D A E (Boron & DeWeer, 1976) and the NIAE 

(Cabantchik et al, 1978), these HC03'-dependent transport mechanisms have been found in a 

wide variety of cell types (e.g. Roos & Boron, 1981; L'Allemain et al, 1985; Olsnes, 1987a; 

Cassel et al, 1988), although only the NIAE has been cloned. Thus, three isoforms of the NIAE 

have been identified (AE-1 to 3), and it has been suggested that the AE-3 isoform may be present 

in rat hippocampal neurons (Kopito et al, 1989; Raley-Susman et al, 1993). The N I A E acts as 

an acid loader by expelling one bicarbonate ion in exchange for the influx of a single chloride ion 

in a manner independent of external N a + (the energy requirement for the exchange process is 
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supplied by the electrochemical gradients for HC0 3 " and CI" alone; see Boyarsky et al, 1988b; 

Aronson, 1989; Boron & Knakal, 1989). Under extreme conditions, including low extracellular 

[Cl"]0 and/or low pHj (pHj <6.5), the NIAE may function in reverse mode (i.e. as an acid 

extruder). Indeed, only reverse-mode NIAE has ever been demonstrated in rat hippocampal 

neurons (Raley-Susman et al, 1993; Baxter & Church, 1996); no studies have examined 

forward-mode (i.e. alkali extruding) NIAE activity in this cell type. In contrast to the NIAE, the 

N D A E acts as an acid extruder by expelling one chloride ion in exchange for the influx of a 

single bicarbonate ion; the energy requirement for this process is supplied by the electrochemical 

N a + gradient via the influx of sodium ions through coupled or direct mechanism(s) (see Boron, 

1985; Aronson, 1989; Boron & Knakal, 1989). The N D A E present in rat hippocampal neurons 

appears to share the kinetic and pharmacological properties of NDAEs expressed in other cell 

types (see Schwiening & Boron, 1994). 

In peripheral cell types, the activities of both HC03~-dependent exchangers have been 

shown to function in concert in order to accurately maintain SS pH; at normal values (e.g. 

Boyarsky et al, 1988b; Cooper & Hunter, 1997). In Vero cells, for example, the N D A E is near 

quiescent at normal resting pHj levels and its activity increases with an acidic shift in pH^ in 

contrast, although the NIAE is also near quiescence at resting pHj levels, its activity increases 

with an alkaline shift in pHj (Tonnessen et al, 1987 & 1990a; Reinertsen et al, 1988). In a 

manner analogous to the control of the activity of the NHE, the activities of the N D A E and the 

NIAE can also be modulated by changes in pH 0 (Cohen et al, 1990b; Tonnessen et al, 1990a; 

Lin & Miller, 1994; Zhang et al, 1996). The pH ( dependence of the activity of the N I A E (AE-2) 

has been characterized in detail by Olsnes et al. (1987b) and Zhang et al. (1996), who reported 

not only that this mechanism is most active at high absolute values of pHj but also that the p H r 

dependence of its activity is mediated by a "pHrsensor" analogous to the H + "modifier" site on 

various N H E isoforms (also see Boyarsky et al, 1988b; Mugharbil et al, 1990; Sekler et al, 

1995). The structural basis for the pHj dependence of the N D A E has not been investigated. In 

addition, and in contrast to many N H E isoforms (see above), no information is available 
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concerning the structural features of NIAEs or NDAEs which might account for the known 

ability of intracellular second messengers to modulate their activities. 

4. pH,: a potential signal transduction mechanism 

4.1 Modulation of the activities ofpHt regulating mechanisms in non-neuronal cell types 

In non-neuronal cell types, the activities of the NHE, NIAE and N D A E have been shown 

to be highly controlled by a variety of intracellular second messenger systems. The latter 

include: (1) the c A M P / P K A pathway (Boron et al., 1978; Reuss & Petersen, 1985; Reuss & 

Stoddard, 1987; Vigne et al., 1988; Green et al., 1990; Helmle-Kolb et al., 1990; Casavola et al., 

1992; Green & Kleeman, 1992; Weinman et al., 1993a; Benedetti et al., 1994; Desilets et al., 

1994; Emmons & Stokes, 1994; Alvaro et al., 1995 & 1997; Azarani et al., 1996; Alpini et al., 

1997; Kurashima et al., 1997; Strazzabosco et al., 1997; Nyberg et al., 1998); (2) the 

calmodulin(CaM) /Ca2+-CaM-activated protein kinase II (CaMK-II) pathway (Little et al, 1988; 

Weinman et al, 1988; Emmer et al, 1989; Owen et al, 1989; Weissberg et al, 1989; Green & 

Kleeman, 1992; Chakraborty et al, 1994; Tanaka et al, 1994; Kawai et al, 1995; Yamada et al, 

1996; Cooper & Hunter, 1997; Koren et al, 1997; Le Prigent et al, 1997; Shrode et al, 1997; 

2+ 

Siczkowski et al, 1997; Robertson et al, 1997); (3) intracellular Ca (Piwnica-Worms et al, 

1985; Ober & Pardee, 1987; Green et al, 1990; Kikeri et al, 1990; Muallem & Loessberg, 

1990); (4) the phospholipase C/protein kinase C (PKC) pathway (Gaillard & Dupont, 1990; 

Tannessen et al, 1990b; Ludt et al, 1991; Casavola et al, 1992; Horie et al, 1992; Rajotte et 

al, 1992; Cooper & Hunter, 1997; Camilion de Hurtado et al, 1998); (5) receptor protein 

tyrosine kinases and the mitogen-activated protein kinase (MAPK) pathway (Matsuda et al, 

1995; Hooley et al, 1996; Bianchini et al, 1997); (6) protein phosphatases (Grinstein & 

Rothstein, 1986; Bianchini et al, 1997); and (7) pathways involving GTP-binding proteins 

(Barber & Ganz, 1992; Davis et al, 1992; Felder et al, 1993; Dhanasekaran et al, 1994; Voyno-

Yasenetskaya et al, 1994; Lin & Barber, 1996). 
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However, the effects of these intracellular messengers on pH; regulating mechanisms vary 

and are highly dependent not only on the particular isoform of the exchange protein being 

studied but also on the cell type or cell line in which the isoform is expressed. For example, 

increased levels of [cAMPJj in rabbit kidney brush-border membranes (Weinman et al, 1987), 

rat brain synaptosomes (Sanchez-Armass et al, 1994) and epithelial cells (Casavola et al, 1992) 

cause the activity of the N H E to decrease, remain the same and increase, respectively. Similarly, 

increasing [cAMP]j in aortic smooth muscle cells (Vigne et al, 1988), rat cardiomyocytes 

(Desilets et al, 1994) and Vero cells (Tjannessen et al., 1990b) respectively decreases, increases 

and fails to affect the activity of the NIAE. Stimulation of the CaM/CaMK-II pathway in 

isolated rabbit proximal tubules (Yamada et al, 1996) and rat astrocytes (Shrode et al, 1995) 

causes the activity of the N H E to decrease and increase, respectively. Furthermore, the effects of 

the various signal transduction pathways on the activities of pHj regulating mechanisms are not 

mutually exclusive. In cardiac Purkinje fibers, for example, increasing [cAMP], evokes a 

decrease in the activity of the NHE, not by a direct effect involving P K A but via a pathway 

2+ 

which involves changes in [Ca ]; and stimulation of the CaM/CaMK-II pathway (Wu & 

Vaughan-Jones, 1994). 

The complexity of the regulation of the activities of pH, regulating mechanisms by 

second messengers is further underscored by the fact that the regulation of N H E activity by 

second messengers is often different from the regulation of the activities of HC0 3 7Cr 

exchangers in the same cell type (e.g. Green & Kleeman, 1992). In addition, concomitant 

regulation of the N H E , NIAE and N D A E by a given intracellular second messenger system 

varies between cell types. In cultured human intrahepatic bile duct cells, for example, elevation 

of [cAMP], increases the activities of the N D A E and the NIAE (Strazzabosco et al, 1997); in 

contrast, increasing [cAMP]i inhibits both the N H E and the NIAE in Necturus gallbladder 

epithelial cells (Reuss, 1987; Reuss & Stoddard, 1987). 

In summary, the activities of the NHE, NIAE and N D A E in non-neuronal cell types are 

highly regulated by intracellular signaling systems. This second messenger regulation, however, 
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is: (1) highly variable between cell types and exchanger isoforms; (2) may or may not be 

mutually exclusive; and (3) may have different effects on different exchangers in the same cell 

type. In distinct contrast to non-neuronal cell types, the regulation of the activities of pHj 

regulating mechanisms in central neurons by intracellular second messenger systems has not 

been rigorously investigated. This is surprising, given the importance of changes in pHj for 

neuronal function under both physiological and pathophysiological conditions and the 

dependence of pHj on the activities of pHj regulating mechanisms. Furthermore, given the 

diversity of second messengers which control the activities of pHj regulating mechanisms in non-

neuronal cell types, it is impossible to predict which second messenger systems might control the 

activities of the pH, regulating mechanisms present in a given type of neuron. 

4.2 Cellular functions affected by second messenger-evoked changes in the activities of pHi 

regulating mechanisms 

It has been suggested previously (e.g. Frelin et al., 1988) that pHj is an important second 

messenger in various cell types. This possibility stems from the facts that: (1) the activities of 

pHj regulating mechanisms are highly controlled by surface receptor-linked intracellular 

signaling cascades; and (2) subsequent exchanger-mediated changes in pHj can modulate a host 
2+ 

of cellular functions. For example, stimulation of Ca -linked second messengers such as P K C 

and CaM and/or tyrosine kinases by growth factors and hormones leads to changes in pHj 

regulation which, in turn, regulate growth/ proliferation (Moolenaar et al., 1983; Moolenaar, 

1986; Frelin et al., 1988; Grinstein et al., 1989; Wakabayashi et al., 1992; Pappas et al., 1994), 

D N A synthesis (Pouyssegur et al., 1985), cellular metabolism (Roos & Boron, 1981; Busa & 

Nuccitelli, 1984; Bazaes & Kemp, 1990) and/or cytoskeletal reorganization (Grinstein et al., 

1993; Murthy et al., 1998; also see Regula et al, 1981). In addition, pH, regulating mechanisms 

participate not only in the control of [H+] and [HC03"] but also in the regulation of [Na+] and 

[Cf], features of their activities which are involved in the regulation of cell volume (Grinstein et 

al., 1992; Demaurex & Grinstein, 1994; Shrode et al., 1997) and which may be particularly 
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important in neurons. Finally, second messenger-evoked changes in the activities of pHj 

regulating mechanisms have been causally linked to apoptosis (Rajotte et al., 1992; L i & 

Eastman, 1995; Chen et al., 1997) and anoxia/ischemia-evoked cellular injury (Ikeda et al., 1988; 

Yasutake & Avkiran, 1995). 

Changes in the activities of pHj regulating mechanisms by second messengers can also 

act to modulate G-protein coupled receptor desensitization/resensitization (Krueger et al., 1997) 

and the activities of proteins associated with signal transduction cascades, including CaM, 

inositol triphosphate (IP3), adenylyl cyclases, phosphodiesterases and calcineurin (Hjemdahl & 

Fredholm, 1977; Tkachuk & Men'shikov, 1981; Wilson & Gillette, 1985; Huang & Cheung, 

1994; Speake & Elliot, 1998). These facts suggest the possibility that changes in pHj consequent 

upon second messenger-evoked changes in the activities of pHj regulating mechanisms may 

participate in a feedback mechanism which might act to alter the activities of the signal 

transduction cascades which initially caused them. 

Despite the large number of studies which have been conducted in non-neuronal cell 

types, the possibility that changes in the activities of neuronal pH ; regulating mechanisms might 

represent a novel and physiologically-relevant means of regulating function in mammalian 

central neurons has not been explored. The present investigation of the second messenger 

control of the activities of pH, regulating mechanisms in rat hippocampal neurons will lay the 

foundation from which to explore this possibility. 

5. Overview 

In mammalian central neurons, normal activity and pathological states (such as epilepsy 

and ischemia) are known to lead to changes in pHj. In turn, these shifts in pHj can modulate the 

events which initially caused them, and may ultimately participate in determining neuronal 

excitability and survival. In mammalian hippocampal neurons, the acid-extruding mechanisms 

that participate in pHj regulation have been characterized; however, alkali extrusion has not been 

demonstrated. In non-neuronal cell types, second messenger systems alter pHj by modulating the 
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activities of acid and alkali extrusion mechanisms; in turn, the changes in pHj mediate 

widespread changes in cellular function. However, the possibility that intracellular second 

messenger systems might affect pH ; regulation in mammalian central neurons has not, to date, 

been rigorously explored. 

In the first part of the present study, alkali extrusion by the NIAE was demonstrated in 

isolated adult rat hippocampal CA1 neurons. Next, the effects of modulating the activity of the 

c A M P / P K A second messenger system on SS pHj and on the activities of the alkali-extruding 

N I A E and the acid-extruding N H E and N D A E were investigated. Finally, the effects of 

modulating the activity of the CaM/CaMK-II second messenger system on SS pH; and the 

activity of the acid-extruding N H E were characterized, and the potential role of 'cross-talk' 

between the cAMP/PKA. and CaM/CaMK-II was examined. The dual-excitation ratio method 

was used to measure pHj employing the fluorescent hydrogen ion indicator 2',7'-bis-(2-

carboxyethyl)-5(6)-carboxyfluorescein. 
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METHODS AND MATERIALS 

1. Cell Preparation 

1.1 Acutely dissociated adult rat hippocampal CA1 neurons 

Experiments in this study utilized acutely dissociated adult rat hippocampal CA1 

neurons. Already well-established in our laboratory (see Smith et al., 1998), the neurons were 

isolated using a modified version of the procedure described by Kohr & Mody (1991). Male 

Wistar rats (approximately 40 days old; 180 - 200g) were obtained from the Animal Care Center 

(University of British Columbia, Vancouver, BC) and housed under conditions of controlled 

lighting (lights on 0600 - 1800 h) and temperature (20 - 22°C). Water and food (Lab Diet, PMI 

Feeds Inc., St. Louis, MO) were available ad libitum. On the day of an experiment, an animal 

was anesthetized with 3% halothane in air and decapitated. The brain was rapidly removed, 

placed in ice-cold (4 - 8°C) HC0 37C0 2-buffered saline (Table 3, solution 11) and one of the 

hippocampi was removed from the surrounding brain tissue, as outlined by Tyler (1980). Nine to 

twelve transverse hippocampal slices, 450 urn thick, were obtained with a Mcllwain tissue 

chopper and collected in ice-cold HC0 37C0 2-buffered saline. The slices then were placed in an 

incubation chamber containing HC0 37C0 2-buffered saline (32°C), and were allowed to recover 

for at least one hour. For a given experiment, three hippocampal slices were removed from the 

incubation chamber and enzymatically digested for 30 minutes in 2.0 ml of HC0 37C0 2-buffered 

saline (32°C) containing 1.5 mg ml"1 of pronase (protease type XIV bacterial from Streptomyces 

griseus; Sigma-Aldrich Canada Ltd., Oakville, ON). The CA1 regions of each slice were then 

microdissected with a dissecting chisel and triturated with fire-polished Pasteur pipettes of 

diminishing tip diameters (~ 0.8, 0.6, 0.4, and 0.2 mm) in 0.5 ml of HEPES-buffered saline 

(Table 1, solution 1), pH 7.35 at room temperature (RT; 20-22°C). The tissue suspension was 

then deposited onto a 18 mm glass coverslip coated with poly-D-lysine (50 u,g ml" 1; Sigma-

Aldrich Canada Ltd.). The neurons were allowed to adhere to the substrate for 30 minutes at RT 

while exposed to a 100% 0 2 atmosphere, during which time they were loaded with either 
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BCECF or Fura-2 (see Section 2). Although each trituration produced - 1 0 - 3 0 viable 

hippocampal CA1 neurons free from cellular debris, pHj or [Ca 2 +], recordings could be made 

from only one to four neurons simultaneously in any given experiment. Based on morphological 

criteria established by Schwiening & Boron (1994) and Bevensee et al. (1996), a given freshly 

isolated hippocampal CA1 pyramidal neuron was chosen for study (see Fig. 1) i f it had: (1) a 

smooth, non-granular appearance; (2) a soma which was triangular in shape; (3) a single major 

process (presumably an apical dendrite) projecting from one pole of the soma which was at least 

three times the length of the diameter of the cell body; and (4) the presence of two or more 

smaller processes (presumably basal dendrites) at the opposite pole. 

1.2 Cultured postnatal rat hippocampal neurons 

Calibration experiments (see Section 6.1) were performed using cultured neurons which 

were prepared and maintained by Ms. S. Atmadja (Department of Physiology, U.B.C.). As 

described in Sidky & Baimbridge (1997), primary cultures of postnatal hippocampal neurons 

were prepared from 4 to 5 day old Wistar rat pups. Cultures were maintained in serum-free, N2-

supplemented Dulbecco's modified Eagle's medium (Life Technologies, Burlington, ON) at 

36°C in 5% C02:balance air and were treated with 5-fluorodeoxyuridine to arrest glial cell 

proliferation. A l l other experiments employed acutely dissociated adult rat hippocampal CA1 

neurons. Calibration experiments were performed in both types of neuronal preparation, and no 

significant differences between the results were observed (data not shown). 

2. Neuron loading with BCECF and Fura-2 
2+ 

The microspectrofluorimetric technique was used to measure pHj or [Ca ]j with the 

intracellular fluorescent hydrogen or calcium ion indicators, 2',7'-bis(2-carboxyethyl)-5(6)-

carboxyfluorescein (BCECF; Rink et al., 1982) or Fura-2 (Grynkiewicz et al., 1985; Kao, 1994), 

respectively. The membrane permeant acetoxymethyl esters of either fluorescent probe 

( B C E C F - A M or Fura-2-AM; Molecular Probes Inc., Eugene, OR) were prepared initially as 1.0 
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m M or 1.2 m M stock solutions, respectively, in anhydrous dimethylsulphoxide (DMSO) and 

stored at -60°C. The acetoxymethyl ester form of the dyes is hydrophobic and uncharged; thus, 

it can pass easily through the plasma membrane and, upon entry into the neurons, is hydrolyzed 

by intracellular esterases to produce the polyanionic, hydrophilic free acid form of the dyes 

which is trapped within the neurons. 

For the experimental recording of pH,, 1.0 ul of 1.0 m M B C E C F - A M stock solution was 

pipetted gently onto the plated neurons (which were contained in 0.5 ml of HEPES-buffered 

saline; Table 1, solution 1). The neurons were then allowed to load with 2.0 u M B C E C F - A M for 

15 minutes at RT in a 100% 0 2 atmosphere. For the experimental recording of [Ca ] b 3.0 ul of 

1.2 m M Fura-2-AM stock solution was pipetted onto the plated neurons and the neurons were 

allowed to load with 7.2 u M Fura-2-AM for 30 minutes at 37°C in a 100% 0 2 atmosphere. 

After the loading procedure was completed, the prepared chamber (containing neurons 

loaded with BCECF or Fura-2) was placed onto the stage of the microscope (see Section 3). The 

neurons were then superfused continuously with the initial experimental solution at a rate of 2.4 

ml min"1 for 15 min at the appropriate temperature prior to the start of each experiment. The 

temperature-controlled perfusion chamber (shown in Fig. 2A) allowed for the relatively 

uninterrupted and rapid exchange of experimental perfusion solutions. When perfusing with 

HC0 37C0 2-buffered media, the atmosphere in the perfusion chamber contained 5% (or 10%) 

C 0 2 in balance air. 

3. Experimental setup and the ratiometric method 
2+ 

The dual-excitation ratio method for estimating pHj or [Ca ]j with BCECF or Fura-2 is 

based upon the relationship between the ratio of emitted fluorescence intensities at alternating 

wavelengths of excitation at 488 and 452 nm, or 334 and 380 nm, respectively. For BCECF, 

fluorescence emission during excitation at 488 nm is pH sensitive whereas emission during 

excitation at 452 nm is relatively pH insensitive. In contrast, for Fura-2, fluorescence emissions 
2+ 

during excitation at both 334 and 380 nm are sensitive to changes in [Ca ]j. In either case, the 
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emitted fluorescence intensities at both excitation wavelengths are from the. same cell volume; 

thus, the ratio of fluorescence intensities emitted at two different excitation wavelengths will , in 

principle, not be susceptible to artifacts caused by variation in optical path length, local probe 

concentrations, illumination intensity and photobleaching (Bright et al., 1987; Bright et al., 

1989; Silver era/., 1992). 

Throughout experiments using BCECF, the viability of the neurons was assessed by 

monitoring the stability of the fluorescence emission during excitation at 452 nm (J452, pHj -

insensitive; see Bevensee et al., 1995). According to Bevensee et al. (1995), experimental 

recordings from neurons showing rapid declines > 2% min"1 in I452 indicated degradation of 

neuronal viability. Hence, in the present study, any experimental recordings failing to meet this 

criterion were discarded prior to further analysis. 

The experimental apparatus, shown in Fig. 2B, consisted of an Attofluor Digital 

Fluorescence Ratio Imaging System (Atto Instruments Inc., Rockville, MD) used in conjunction 

with a Zeiss Axiovert 10 microscope (Carl Zeiss Canada Ltd., Don Mills, ON). Ultra violet light 

from a 100 W mercury arc lamp was alternately passed though one of two 10 nm interference 

filters centered at 488 and 452 nm, or 334 and 380 nm, depending on the dye used (see Section 

2). Each wavelength of filtered light was then reflected by a dichroic beam-splitting mirror (FT 

> 495 nm for BCECF, 395 nm for Fura-2) into the objective lens (Zeiss L D Achroplan n.a. 0.60, 

40x) for excitation of the fluorescent indicator loaded in the neurons. Fluorescence emitted by 

the neurons was passed back through the objective, the dichroic mirror, and a long band-pass 

barrier filter (k > 520 nm for BCECF, 510 nm for Fura-2) to an intensified charge-coupled 

device camera which measured the intensity of light emitted. The camera gain was set by 

maximizing the image intensity while minimizing the possibility of camera saturation, and was 

held constant throughout an experiment. The camera output was digitized to a 512 x 480 pixel 

frame size with 8 bit resolution and emission intensity measurements were obtained from 

multiple neuronal somata simultaneously, with each soma delineated as a region of interest 

(ROI). A mean fluorescence intensity value for each ROI was calculated from fluorescence 
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intensity values (0 - 255) derived from each pixel within a given ROI (~ 20 x 20 pixels in size). 

Paired mean fluorescence intensity values (e.g. I488 and I452 for BCECF, and I334 and Im for 

Fura-2) for each ROI were obtained every 3 - 10 s during the course of an experiment. Resulting 

experimental recordings of fluorescence intensity values were then further analyzed (providing 
9-4-

the inclusion criterion was met; see above) to ultimately estimate pHj or [Ca \ (see Section 6). 

In order to prevent UV-induced damage to the neurons and photobleaching of the dye: (1) 

neutral density filters were placed in the U V light path to reduce the intensity of incident light; 

(2) neuronal exposure to U V light was limited to image acquisition periods by a computer 

activated high speed shutter; and (3) the intensity of the 100 W mercury arc lamp was reduced by 

50% using a variable intensity lamp control unit (Attoarc, Carl Zeiss Canada Ltd.). 

4. Solutions and chemicals 

The HEPES-buffered media employed in experiments and in the preparation of acutely 

dissociated neurons are listed in Tables 1 and 2. A l l HEPES-buffered solutions were prepared at 

RT and titrated to appropriate pH values using a Corning 240 pH meter (calibrated daily). Most 

HEPES-buffered solutions to be utilized at RT were titrated to pH 7.34 - 7.36, and most 

experimental HEPES-buffered solutions to be utilized at 37°C were titrated to pH 7.47 - 7.49 (at 

RT) in order for the media to be pH 7.34 - 7.36 at 37°C. For the latter solutions, the pH value to 

which the HEPES-buffered media were titrated (at RT) was determined by the equation: 

p H 3 7 o C = 0.1809 + (0.9573 x pH R T ) , (Equation 1) 

where p H 3 7 o C denotes the pH of the HEPES-buffered medium at 37°C and p H R T represents the 

titrated pH of HEPES-buffered medium at RT (Baxter, 1995). A l l HEPES-buffered solutions 

were titrated with 10 M NaOH except for the high-K + calibration medium (Table 1, solution 5), 

the Na+-free solutions substituted with N M D G + (Tables 1 and 2; solutions 2, 7 and 8) or L i + 

(Table 2, solution 10), and the Na+-free, Cf-free solution (Table 2, solution 9), which were 

titrated with 10 M K O H (or 10 M HC1), 10 M HC1, 2.0 M L i O H , and 0.5 M gluconic acid, 

respectively. 
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The HC0 37C0 2-buffered solutions employed in experiments and in the preparation of 

acutely dissociated neurons are listed in Tables 3 and 4. To alter the pH of HC0 37C0 2-buffered 

media, the concentration of N a H C 0 3 was adjusted (at a constant PCo2) according to the 

equations: 

p H 3 7 o C = 6.017 + (1.036 x log [HC0 3"]), and (Equation 2) 

p H R T = 5.833 + (1.039 x log [HC0 3"]), (Equation 3) 

where p H 3 7 o C or p H R T represents the pH of a HC0 37C0 2-buffered solution at 37°C or RT, 

respectively, following equilibration with 5% C 0 2 in balance air (Baxter, 1995). Solutions 

equilibrated with 10% C 0 2 contained twice the [HC03~] as calculated from Equation 2. Changes 

in [NaHC0 3] were balanced by equimolar changes in [NaCI]. 

The stock solutions of the pharmacological agents employed are listed in Table 5. These 

were prepared in advance except for 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS), 

which was prepared on the day of the experiment. Stock solutions were further diluted to the 

appropriate test concentration using experimental media on the day of the experiment. The final 

concentration of DMSO in the test solutions did not exceed 0.4%. Appropriate control 

experiments have been performed with DMSO and the results indicate that this agent evokes no 

significant changes in either SS pHj or on the rate of pHj recovery from imposed intracellular 

acid load loads (see Smith, 1996). 

5. Experimental paradigms 

Most experiments performed in this study involved examining the effects of a 
2+ 

pharmacological agent and/or the addition or removal of a specific ion (e.g. CI" or Ca ) on SS 

pH,. It has been shown in mesangial cells that the addition of arginine vasopressin elicits similar 

changes in the activities of opposing (i.e. acid loading and acid extruding) pHj regulating 

mechanisms such that SS pHj was affected minimally despite the fact that the activities of pHj 

regulating mechanisms were altered (see Boyarsky et al., 1988a; Ganz et al., 1989). Therefore, 

the effects of a test treatment on pHj recovery from acute internal acid loads or (if appropriate) 
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acute internal alkaline loads were also examined to directly assess changes in the activities of pHj 

regulating mechanisms, regardless of whether a change in SS pHj was observed or not. These SS 

pHj and pHj recovery experiments were performed under various conditions in order to examine 

the effect of a test treatment on the activity of either the NHE, NIAE or the N D A E in isolation. 

5.1 Na+/H+ exchange 

To examine the effects of a given treatment on N a + / H + exchange independent of HC0 3 ~ 

/ C f exchange, experiments were performed under nominally HC0 37C0 2-free, HEPES-buffered 

conditions. When a change in SS pHj was observed, the potential involvement of the N H E was 

initially assessed by removing [Na +] 0 (iso-osmotically replaced with Af-methyl-D-glucamine, 

N M D G + ; Table 1, solution 2) to inhibit Na+/H+-exchange, as a pharmacological blocker of N H E 

in rat hippocampal neurons has not been identified (Raley-Susman et al., 1991; Schwiening & 

Boron, 1994; Baxter & Church, 1996; Bevensee et al., 1996). The effect of a test treatment on 

SS pHj under 0 [Na+]0/NMDG+-substituted conditions was then compared to observations made 

during perfusion with 0 [Na+]/Li+-substituted medium (Table 2, solution 10; in contrast to 

N M D G + , L i + can act as a substrate for the NHE; Aronson et al., 1983; Wakabayashi et al., 

1997a). Also, acid load recovery experiments were performed to quantitatively assess possible 

treatment-induced changes in the activity of the NHE. 

Acid load recovery: Intracellular acidification was induced (without changing pH 0) by the 

N H 4

+ prepulse technique (Boron & De Weer, 1976; Boron, 1977; Boron, 1989) which involves 

acute exposure and subsequent removal of a medium containing the weak base, N H 4

+ (Table 1, 

solution 4; Table 3, solution 14; Table 4, solution 19). As illustrated in Fig. 3A: (1) Upon 

exposure to N H 4

+ , the initial SS pH; alkalinizes due to entry of N H 3 which forms N H 4

+ within the 

neuron; (2) In the continued presence of N H 4

+ , a gradual acidification occurs because N H 4

+ 

follows its electrochemical gradient into the neuron causing the formation of N H 3 / H + and/or 

acid-loading mechanisms are activated; (3) Upon the removal of external N H 4

+ , pHj rapidly 

acidifies to a pHj value which undershoots the initial SS value because N H 3 rapidly exits the 



23 

neuron leaving H behind; (4) After the maximum point of acidification is reached, pHj recovers 

to initial SS levels due to the activities of acid-extruding pHj regulating mechanisms (e.g. 

Na+/H+-exchange and/or Na+-dependent HC037Cr-exchange, depending on experimental 

conditions; Roos & Boron, 1981; Boyarsky et al, 1988a & 1988b; Boron, 1989; Schwiening & 

Boron, 1994; Baxter & Church, 1996; Smith et al, 1998). This final recovery phase was 

employed to calculate rates of pH ; recovery, which provide estimates of the activities of acid-

extruding pHj regulating mechanisms (see Section 6.3). 

5.2 HC03'/CI'-exchange 

A l l experiments employed to examine the activities of HC03"-dependent mechanisms 

were performed under HC0 37C0 2-buffered conditions. Initially, the effect of a test treatment on 

SS pHj was examined. Any treatment-induced changes in SS pH; were then compared to results 

observed in the presence of DIDS (an inhibitor of anion exchangers; Boyarsky et al., 1988b; 

Schwiening & Boron, 1994), the absence of H C 0 3 " 0 (see Section 5.1), and/or the absence of N a +

0 

(choline-substituted; Table 3, solution 12), in order to determine i f the activities of the NIAE 

and/or N D A E contribute to the SS pHj response. 

5.2.1 Na+-independent HC03'/CI-exchange. The activity of the NIAE, an alkali extrusion 

mechanism, was assessed in two different ways: Firstly, the acute (~3 min) removal of 

extracellular CI" (Table 3, solutions 13 and 15) was used to reverse the activity of the NIAE, thus 

causing the NIAE to act as an acid extruder (see Boyarsky et al., 1988b; Kramhoft et al., 1994). 

Paired 0 Cl" 0 experiments were performed in the presence and absence of a test treatment and the 

changes in SS pHj observed in the absence of Cl" 0 under each condition were compared to assess 

the effect of the test treatment on the activity of the NIAE. Secondly, alkaline load experiments 

(under both Na+

0-containing and -free conditions) were performed to quantitatively assess the 

effects of a test treatment on the activity of the NIAE (Ganz et al., 1989). The results from both 

experimental series were compared to parallel results obtained in the presence of DIDS. 
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Alkaline load recovery. Intracellular alkalization was induced (without changing pH 0) by 

the acute exposure and subsequent removal of a medium containing high concentrations of 

H C 0 3 " and C 0 2 (Table 4, solutions 16 and 17; see Ganz et al, 1989; Mellergard et al, 1993). As 

illustrated in Fig. 3B: (1) Upon exposure to high [HC0 3 7C0 2 ] 0 , the initial SS pHj acidifies 

slightly due rapid C 0 2 entry into the neuron; (2) In the continued presence of an elevated 

[HCO 3 7CO 2 ] 0 , a sustained alkalinization is observed because C 0 2 continues to enter the neuron 

(thus increasing [HC03"]i) and HC0 3 " influx occurs via membrane transport mechanisms; (3) 

Upon the removal of the high [HC0 3 7C0 2 ] medium, pHj rapidly alkalinizes to a pHj value which 

overshoots the SS value observed in the presence of an elevated [ H C 0 3 7 C 0 2 ] 0 because C 0 2 

rapidly exits the neuron leaving behind elevated [HC03"]i; (4) After the maximum point of 

alkalinization is reached, pHj recovers to initial SS levels due to the activities of alkali-extruding 

pHj regulating mechanisms (e.g. the NIAE; Ganz et al, 1989; Raley-Susman et al, 1993). This 

final recovery phase was further analyzed to assess the activity of the NIAE (see Section 6.5). 

5.2.2 Na+-dependent HC03'/CI-exchange. Assessment of N D A E activity was accomplished 

by using two procedures: (1) Acid load recovery experiments (see Section 5.1) were performed 

in the presence of a test treatment at 37°C and RT (see Table 4, solutions 18 and 19). Room 

temperature is a condition under which the activity of the N H E is reduced and the N D A E is the 

dominant contributor to the recovery of pHj from imposed internal acid loads (Baxter & Church, 

1996). Results obtained under these conditions were compared to those observed in the presence 

of DIDS or the absence of HC0 3 " ; any differences between the rates of pHj recovery were 

assumed to be caused by changes in the activity of the N D A E (Raley-Susman et al, 1991; 

Schwiening & Boron, 1994; Baxter & Church, 1996; Smith et al, 1998). (2) At RT, [Cl"] r 

depletion experiments were performed by repetitively exposing neurons (3 to 4 times), initially 

perfused with a Cl"-free, HEPES-buffered solution (Table 2, solution 6; used at RT), to H C 0 3 " 

/C02-buffered medium also devoid of external CI" (Table 4, solution 20). As described by 

Schwiening & Boron (1994) and Bevensee et al. (1997), repeated stimulation of Na+-dependent 

HC0 37C1" exchange with addition of H C 0 3 7 C 0 2 leads to a decrease in [Cl"]j after each 
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successive application until [CI"]; is low enough to subsequently inhibit Na+-dependent anion 

exchange (which has an absolute requirement for Cl'{). Parallel experiments were performed in 

the presence of a test treatment and any changes in the pH, response to Cl" rdepletion were 

interpreted as being caused by changes in the activity of the N D A E (see Boyarsky et al, 1988b; 

Mellergard et al, 1993; Schwiening & Boron, 1994; Bevensee et al., 1997). As the activities of 

both the N H E and the N D A E are dependent on N a +

0 , and as a specific inhibitor for the N D A E is 

not available, the Na+

0-dependence of any effect due to the activity of the N D A E was not tested. 

6. Data analysis 

6.1 Calculation of pHt 

Initially, background-corrected ratio values (BI488/BI452) were calculated for each ROI by 

subtracting the respective background fluorescence intensity values (measured in a region devoid 

of cellular elements) from the recorded fluorescence intensity values at each excitation 

wavelength using Visual Basic macros running in Microsoft Excel v.5.0 (Microsoft Corp., 

Redmond, WA.). A normalizing ratio corresponding to pH, 7.00 was then calculated for each 

ROI by averaging the background-corrected ratios of emitted intensities recorded during a 

calibration period. This one point calibration was performed at the end of each experiment by 

exposing the neuron(s) to a high-K+, HEPES-buffered calibration solution (pH 7.00; Table 1, 

solution 5) containing 10 u M nigericin (Thomas et al, 1979) for 5-10 minutes (e.g. Fig. 3A) at 

the appropriate experimental temperature. Nigericin, a K + / H + ionophore, balances the ionic 

concentrations of cytoplasmic and extracellular K + and, in doing so, equilibrates p H 0 to pHj 

(Chaillet and Boron, 1985). 

Normalized ratio values were then calculated by dividing the experimentally-derived 

background-corrected ratio value (BI488/BI452) by the normalizing ratio values corresponding to 

pH 7.00. These resulting normalized ratio values were then converted to corresponding pHj 

values using equation 4, which is based on the Henderson-Hasselbalch equation for the 

dissociation of a weak acid: 
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pHj = log [(Rn - R n ( m i n ) / ( R n ( m a x ) - R n)] + pKa, (Equation 4) 

where R n represents the normalized ratio value being converted to pH i 5 R n ( m i n ) and R n ( m a x ) 

represent the minimum and maximum obtainable values for the normalized ratio, and pKa 

represents the -log of the dissociation constant of BCECF (see Baxter, 1995). In situ calibration 

experiments were performed to derive values for R n ( m a x ) , Rn(min) a n d P^a- Such experiments 

involved exposing neurons to a series of high-K+, HEPES-buffered solutions (each containing 10 

u M nigericin) titrated to ~pH 5.5 to 8.5 in -0.5 pH unit increments (Fig. 4A). Normalized ratio 

values were calculated (see above) and a pH titration curve was produced (Fig. 4B). The lower 

and upper asymptotes of the resulting curve represent the R n ( m i n ) and R n ( m a x ) , respectively, and the 

pHj value corresponding to the point of inflection of the curve represents the pKa of BCECF. 

The calibration parameters were not affected by temperature and were reassessed whenever the 

optical setup of the microscope was altered (e.g. replacement of the mercury arc lamp). Fourteen 

full calibration experiments were performed during this study and the average values for R n ( m i n ) , 

Rn(max) and pKa (mean ± S.E.M.) were 0.43 ± 0.02, 1.89 ± 0.04 and 7.19 ± 0.02, respectively. 

6.2 Estimation of [Ca2+Ji 

6.2.1 Presentation of Fura-2 data. When using Fura-2, background-corrected ratio values 

(BI334 /BI380) were calculated by subtracting the respective background intensity values from 

recorded fluorescence intensity values at each excitation wavelength using Visual Basic macros 

running in Microsoft Excel. For most experiments, transformation of the BI334/BI380 ratio values 
2+ 

was not attempted, due to the facts that the affinity of Fura-2 for Ca is dependent upon pH and 

that pH, was often changing continuously during a given experiment (see Martinez-Zaguilan et 
2+ 

al., 1991; Church et a\., 1998). Therefore relative changes in [Ca \ are presented as changes in 

BI334/BI380 ratio values. 
6.2.2 Estimation of [Ca ]t. Under some experimental conditions (e.g. treatment with W-7, an 

2+ 
inhibitor of calmodulin) where changes in both pHj and [Ca ], were observed, the inter-

2+ 2+ 
relationship between pHj and [Ca \ was further examined, and, thus, estimation of [Ca ]; was 
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required. As the dissociation constant (Kd) of Fura-2 for Ca is sensitive to pH (see above), 

mean observed SS pHj levels were used to estimate the KA of Fura-2 for Ca and, thus, allowed 
2+ 

calculation of associated mean [Ca ]j values obtained from parallel experiments. With the 

application of pH-dependent corrections for the Kd of Fura-2 for Ca (see Church et al., 1998), 
2+ 2+ 

BI334 /BI380 intensity ratio values representing [Ca ]j were converted to [Ca ]j values (at 

estimated pHj values), using the equation: 

[Ca2+]j = p x KA (R - R m i n ) / ( R m a x - R), (Equation 5) 

where R represents' the ratio value (BI334 /BI380) being converted to [Ca 2 +] i 5 R m i n and R m a x 

represent the minimum and maximum obtainable values for the ratio, and p is a proportionality 

coefficient representing the ratio of BI380(min) to BI380(max) (Grynkiewicz et al., 1985). Under all 

experimental conditions, the values for R m i n , R m a x , and p were estimated to be 0.15, 8, and 20, 

respectively (Martinez-Zaguilan et al., 1991; Church et al., 1998). However, depending on the 

experimental condition (and its effect on pHj), the value for Kd was adjusted appropriately, e.g. at 

pHj = 7.35, KA = 132.2 (Abdel-Hamid, 1994). 

6.3 The recovery of pH, from imposed intracellular acid loads 

Initially, the recovery portion of a given acid load experiment was fitted (using the least 

squares method; SigmaPlot v.3.0, Jandel Scientific, San Rafael, C A ; see Fig. 5A) to a single 

exponential function of time having the form: 

pH, = a + b(l - e'ct), (Equation 6) 

where a represents the pHj at the point of maximum acidification (pHj t = 0 ) , b is the pH, range of 

the recovery (pH, m a x - pHj t = 0 ) and c is the time constant. The first derivative of Equation 6 

yields the rate of change in pHj at any given time: 

dpHj = be e"ct, (Equation 7) 
~dT 

from which the instantaneous rates of pH; recovery (dpH/dr) were calculated at 0.05 pH unit 

intervals from pHj t = 0 to -75% of pHj m a x (i.e. 75% of pHj recovery; Baxter, 1995). 
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A l l internal acid loads were performed in paired experiments; the first intracellular acid 

load was performed under control conditions and the second was performed in the presence of a 

test treatment. In this way, control rates of pHj recovery could be compared to the rates of pHj 

recovery in the presence of a test treatment within a single given neuron. Rates of pHj recovery 

under control and test conditions were compared at the same absolute pHj values as it has been 

shown that the activities of pH f regulating mechanisms are dependent on pH, (see Introduction). 

For each experiment in which paired internal acid loads were imposed, percentage difference 

values were calculated between the control and treatment rates of pHj recovery at each absolute 

value of pHj (in 0.05 pH unit increments). The average of the resultant percentage difference 

values was then calculated and used to describe the overall effect of a given treatment on rates of 

pHj recovery. 

It has previously been reported that, under HEPES-buffered conditions at 37°C, acutely 

dissociated adult rat hippocampal CA1 neurons can be classified into those which have low 

resting pHj values (and which recover slowly from imposed internal acid loads) and those which 

have high resting pHj values (and which recover more quickly from imposed internal acid loads; 

see Bevensee et al., 1996). A similar classification was used in the present study because resting 

pHj values for 517 neurons measured under HC0 37C0 2-free, HEPES-buffered conditions were 

best fitted with the sum of two Gaussian distributions with means (± S.E.M.) at pHj = 6.90 ± 0.02 

and pHj = 7.37 ± 0.01 (see Results, Section 1, Fig. 7B). In addition, 'low' and 'high' resting pHj 

neurons exhibit markedly different rates of pHj recovery from imposed acid loads (e.g. Fig. 5B). 

Thus, rates of pHj recovery were analyzed separately in neurons with initial resting pH, values of 

< 7.3 or > 7.35 under HEPES-buffered conditions at 37°C. However, under all other 

experimental conditions, rates of pHj recovery were pooled in a single group because: (1) 

Although a similar bimodal distribution of resting pH; values was observed in neurons perfused 

with HEPES-buffered medium at RT (mean ± S.E.M. values centered at pHj = 6.90 ± 0.02 and 

7.23 ± 0.03; n = 33; Results, Section 1, Fig. 7D), rates of recovery of pHj from acid loads 

imposed on all neurons were similar (e.g. Results, Section 2). (2) Neurons perfused with HC0 3 ~ 
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/C02-buffered media at either 37°C or at RT had resting pH, values that were best represented by 

single Gaussian distributions (means ± S.E.M.s at pHj = 7.20 ± 0.01, n = 370 and pHj = 7.14 ± 

0.06, n = 17, respectively; see Results, Section 1, Fig. 7A and C, respectively) and all neurons 

exposed to acute acid loads showed similar control rates of pHj recovery at a given temperature 

(e.g. Results, Section 2). 

In order to assess the intrinsic differences between rates of pHj recoveries following two 

consecutive internal acid loads, rates of pH, recovery were calculated for 20 control paired acid 

load recovery experiments where both acid loads were performed in the absence of any form of 

treatment under HEPES-buffered conditions at 37°C (see Fig. 3A). The neurons were classified 

into 'high' and 'low' resting pHj groups and, for each group, the average rates of pH f recovery at 

corresponding absolute pHj values were then calculated separately for each acid load recovery 

(see Fig. 5B). Percentage difference values were calculated between the averaged first and 

second control rates of pHj recovery at each absolute value of pHj and the means (± S.D.) of the 

resultant percentage differences were -1 ± 29 % (n = 3) and 22 ± 16 % (n = 17) for the 'high' and 

'low' resting pH, groups, respectively. These mean percentage difference values were then 

utilized to establish criteria which determined whether a neuron did or did not respond to a given 

treatment (see Smith, 1996; Smith et al, 1998). For neurons with high resting pHj values, the 

mean percentage difference between the control and treatment rates of pHj recovery had to be > 

57% or > -59% (mean ± 2 S.D.) in order for a neuron to be classified as a 'responder'. For 

neurons with low resting pH, values, the mean percentage difference between the control and 

treatment rates of pHj recovery had to be > 54% or > -10% (mean ± 2 S.D.) in order for a neuron 

to be classified as a 'responder'. If the test treatment failed to cause a 'response' in all neurons 

examined, then data from all of these neurons underwent further analysis. However, i f the test 

treatment succeeded in causing a 'response' in some neurons examined, then only data from 

'responding' neurons underwent further analysis. 

After sorting, where appropriate, neurons into low or high resting pHj groups and after 

determining which neurons would undergo further analysis (see above), average rates of pHj 
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recovery were calculated at each absolute value of pHj (in 0.05 pH unit increments) for both the 

control and treatment acid load recoveries. At this point, 3 additional procedures were 

performed: (1) Percentage difference values were calculated between the averaged control and 

treatment rates of pH; recovery at each absolute value of pIL; the mean of the resultant 

percentage difference values was employed to describe the overall effect of a test treatment on 

rates of pHj recovery; (2) The average rates of pHj recovery in the absence and presence of a test 

treatment were plotted against corresponding absolute values of pH i 5 and linear regression plots 

were fit to each data set using SigmaPlot 3.0 (e.g. Fig. 5B). The resulting linear plots were 

employed to estimate treatment-induced changes in both exchange activity (represented by a 

change in slope) and the pHj set-point of the exchange mechanism (represented by a change in 

the x-intercept; see Paris & Pouyssegur, 1984; Aronson, 1985; Grinstein et al, 1986; Grinstein et 

al, 1989; Levine et al, 1993; Copper & Hunter, 1994; Wakabayashi et al, 1997a); and (3) The 

statistical difference between control and treatment rates of pHj recovery was assessed at each 

absolute pHj value using paired two-tailed Student's Mests. In order for a test treatment to have 

had a significant effect on the rate of pHj recovery at a given pHj value, the calculated P value 

had to be < 0.05. 

6.4 Estimation of Fluxes 

In experiments in which internal acid loads were imposed under HC0 37C0 2-free, 

HEPES-buffered conditions at 37°C, rates of pHj recovery were converted to net acid-equivalent 

(or H ) fluxes (see Roos & Boron, 1981; Boyarsky et al, 1988a; Boron, 1989) using the 

equation: 

•Ttotai = dpHj /dt x Pi, (Equation 8) 

where 7 t 0 t a l represents the net flux of H + , dpH/d? is the rate of pHj recovery from an acid load at a 

given pHj value and Pi represents the intrinsic intracellular buffering power at that pHj value. 

Bevensee et al. (1996) reported previously that in acutely dissociated rat hippocampal CA1 

neurons under HEPES-buffered conditions at 37°C, PJ varies with pHj according to the equation: 
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Pi = 94.45 - (pH; x 11.28), (Equation 9) 

Fluxes were calculated only for experiments performed under HEPES-buffered conditions at 

37°C (see Fig. 5C), as estimates of the pHrdependence of PJ are not available for acutely 

dissociated rat hippocampal CA1 neurons at RT or under HC0 37C0 2-buffered conditions. 

6.5 The recovery ofpHjfrom imposed intracellular alkaline loads 

Using a similar procedure as that used for acid load recovery data (see Section 6.3), the 

recovery portion of a given alkaline load experiment was fitted (using the least squares method; 

see Fig. 6A) to a single exponential decay function of time having the form: 

pHj = a + b( 10"ct), (Equation 10) 

where a represents the pHj at the point of maximum alkalization (pHj t = 0 ) , b is the pHj range of 

the recovery (pHijt=o - pHj m i n ) and c is the time (or decay) constant. A variety of exponential 

decay functions were fitted to the data and the function shown as equation 10 provided the most 

accurate fit to the experimental data (n = 26, r = 0.98 ± 0.02 (mean ± S.E.M.); see Fig. 6B for 

residuals). The first derivative of Equation 10 yields equation 7 from which the instantaneous 

rates of pH; recovery (dpH/d/) were calculated at 0.05 pH unit intervals from pHj to -75% of 

pHj m i n (i.e. 75% of pHj recovery). Analysis was then identical to the procedures used to analyze 

acid load recovery experiments (see Section 6.3; also see T0nnessen et al., 1990a; Ludt et al., 

1993; Zhang et al., 1996). Only paired alkaline load experiments were performed and only 

HC0 3/C0 2-buffered media (at 37°C) were used. Thirteen control paired alkaline load recovery 

experiments (see Fig. 3B) were used to derive the criterion for the identification of neurons 

'responding' to a given treatment. Neurons (under Na+

0-containing or Na+

0-free conditions) were 

classified as 'responders' i f the mean percentage difference between the control and treatment 

rates of pHj recovery was > 21% or > -19% (= mean intrinsic percentage difference between 

control rates of pHj recovery ± 2 S.D.; n = 13). Although the recovery of pHj from alkaline loads 

is driven by acid loading mechanisms, whereas acid load recovery is driven by acid extruding 

mechanisms, rates of pHj recovery from an alkaline loads were reported as positive values (rather 
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than negative; see Fig. 6C). This form of presentation was chosen because it better represents the 

activity of the NIAE (i.e. an increase in the rate of pHj recovery = an increased NIAE activity). 

6.6 Statistics 

A l l statistical comparisons were made using two-tailed Student's t tests (paired or 

unpaired, as appropriate). If the resulting P value was < 0.05, then the 2 groups under 

investigation were considered significantly different. Errors are expressed as S.E.M., except 

where noted, and all reported linear regression lines have r values > 0.75. A l l reported n values 

represent the number of neurons from which data were obtained. On average, each rat sacrificed 

yielded three to four neurons from which data were obtained; of these, -50% were not formally 

analyzed in light of the exclusion criteria outlined above. 

7. Data presentation 

Each pHj or BI334 /BI380 vs. time trace illustrated represents data obtained from a single 

neuron. In order to minimize variations in emission intensity ratio values (and, subsequently, 

pHj) caused by brief fluctuations in the intensity of the U V light output from the 100 W mercury 

arc burner, moving averages (period = 5) were applied to all pHj or BI334 /BI380 vs. time traces 

shown (see Boyarsky et al., 1988a; Baxter and Church, 1996; Smith et al., 1998). 
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Table 1. Composition of HEPES-buffered experimental solutions 
(all concentrations are in mM): 

Solution 

1 
Standard 

2 
Na+-free (NMDG + ) 

3 
Ca2+-free* 

4 
NH 4C1 

5 
High K + 

NaCl 136.5 - 136.5 96.5 -
KC1 3.0 3.0 3.0 3.0 -

CaCl 2 2.0 2.0 - 2.0 2.0 
NaH 2 P0 4 1.5 - 1.5 1.5 1.5 
M g S 0 4 1.5 1.5 3.5 1.5 1.5 
Na Glu - - - - 10.0 
K G l u - - - - 129.5 

72Ca Glu - - - - -
D-glucose 17.5 17.5 17.5 17.5 17.5 
N M D G + - 138.0 - - -
NH 4C1 - - - 40.0 -
HEPES 10.0 10.0 10.0 10.0 10.0 

L i C l - - - - -
Titrated 

with: 
1 0 M 

NaOH 
1 0 M 
HC1 

10 M 
NaOH 

1 0 M 
NaOH 

1 0 M K O H 
or 10MHC1 

* Ca -free medium also contained 200 u M ethylene glycol-bis(P-aminoethyl ether) N, N, N' N-
tetraacetic acid (EGTA). 

A l l solutions were titrated at RT to the appropriate experimental pH (see Section 4). Solutions 2 
and 3 were exclusively used at 37°C. 

Abbreviations: Na Glu, sodium gluconate; K Glu, potassium gluconate; 72Ca Glu, hemi-calcium 
gluconate; N M D G + , 7Y-methyl-D-glucamine; HEPES, 7V-[2-hydroxyethyl]piperazine-/Y-[2-
ethanesulfonic acid]. 
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Table 2. Composition of HEPES-buffered experimental solutions 
(all concentrations are in mM): 

Solution 

6 7 5 9 10 
Cf-free Na + , K+-free Na + , Mg2 +-free Na + , Cl"-free Na+-free (Li +) 

NaCl - - - - -
KC1 - - 3.0 - 3.0 

CaCl 2 - 2.0 2.0 - 2.0 
NaH 2 P0 4 1.5 - - - -
M g S 0 4 1.5 1.5 - 1.5 1.5 
Na Glu 136.5 - - - -
K G l u 3.0 - - 3.0 -

72Ca Glu 4.0 - - 4.0 -
D-glucose 17.5 17.5 17.5 17.5 17.5 
N M D G + - 141.0 139.5 138.0 -
NH 4C1 - - - - -
HEPES 10.0 10.0 10.0 10.0 10.0 

L i C l - - - - 138.0 
Titrated 1 0 M 1 0 M 10 M 0.5 M 2 M 

with: NaOH HC1 HC1 Glu acid L i O H 

A l l solutions were titrated at RT to the appropriate experimental pH (see Section 4). Solution 6 
was exclusively used at RT; solutions 7-10 were exclusively used at 37°C. 

Abbreviations: Na Glu, sodium gluconate; K Glu, potassium gluconate; 72Ca Glu, hemi-calcium 
gluconate; N M D G + , jV-methyl-D-glucamine; Glu acid, gluconic acid; HEPES, N-[2-
hydroxyethyl]piperazine-A^-[2-ethanesulfonic acid]. 
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Table 3. Composition of HC0 37C0 2-buffered experimental solutions 
(all concentrations are in mM): 

Solution 

11 12 13 14 15 
Standard Na+-free Cl"-free NH 4C1 Na + , Cf-free 

NaCl 126.5 - - 86.5 -
N a H C 0 3 20.0 - 20.0 20.0 -

KC1 3.0 3.0 - 3.0 -
CaCl 2 2.0 2.0 - 2.0 -

NaH 2 P0 4 1.5 - 1.5 1.5 -
M g S 0 4 1.5 1.5 1.5 1.5 1.5 

D-glucose 17.5 17.5 17.5 17.5 17.5 
Na Glu - - 126.5 - -
K G l u - - 3.0 - 3.0 

72Ca Glu - - 4.0 - 4.0 
NH 4C1 - - - 40.0 -

Choi H C 0 3 - 20.0 - - 20.0 
Choi CI - 126.5 - - -

Choi base - - - - 126.5 
Glu acid - - - - 126.5 

A l l HC03"-containing solutions were equilibrated with 5% C 0 2 in balance air. The final pH of 
the experimental media was 7.35 at 37°C. 

Abbreviations: Na Glu, sodium gluconate; K Glu, potassium gluconate; 72Ca Glu, hemi-calcium 
gluconate; Choi H C 0 3 , choline bicarbonate; Choi CI, choline chloride; Choi base, choline free-
base; Glu acid, gluconic acid. 
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Table 4. Composition of HC0 37C0 2-buffered experimental solutions 
(all concentrations are in mM): 

Solution 

16 17 18 19 20 
t HCO3"* THCCV, Standard NH 4C1 Cf-free 

Na -free* @ RT @ R T @ R T 
NaCl 106.5 - 117.5 77.5 -

NaHCC-3 40.0 - 29.0 29.0 29.0 
KC1 3.0 3.0 3.0 3.0 -

CaCl 2 2.0 2.0 2.0 2.0 -
NaH 2 P0 4 1.5 - 1.5 1.5 1.5 
M g S 0 4 1.5 1.5 1.5 1.5 1.5 

D-glucose 17.5 17.5 17.5 17.5 17.5 
Na Glu - - - - 117.5 
K G l u - - - - 3.0 

72Ca Glu - - - - 4.0 
NH 4C1 - - - 40.0 -

Choi H C 0 3 - 40.0 - - -
Choi CI - 106.5 - - -

Choi base - - - - -
Glu acid - - - - -

A l l HC03'-containing solutions were equilibrated with 5% C 0 2 in balance air, with exception of 
T HCO3" media (*) which were equilibrated with 10% C 0 2 in balance air. The final pH of 
solutions 16 and 17 was 7.35 at 37°C; the final pH of solutions 18-20 was 7.35 at RT. 

Abbreviations: Na Glu, sodium gluconate; K Glu, potassium gluconate; 7 2Ca Glu, hemi-calcium 
gluconate; Choi H C 0 3 , choline bicarbonate; Choi CI, choline chloride; Choi base, choline free-
base; Glu acid, gluconic acid; @ RT, at room temperature. 
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Table 5. Compounds employed in this study: 

Agent [Stock] 
m M 

Solvent Storage 
Temp. (°C) 

Supplier 

Nigericin 10 ethanol -60 Sigma-Aldrich Canada Ltd. 
(Oakville, ON) 

DIDS 100 DMSO ~ Sigma-Aldrich Canada Ltd. 
(Oakville, ON) 

Forskolin 50 DMSO -60 Research Biochemicals International 
(Natick, M A ) 

I B M X 50 DMSO -60 Research Biochemicals International 
(Natick, M A ) 

DDF 50 DMSO -60 Research Biochemicals International 
(Natick, M A ) 

D D A 50 DMSO -60 Biomol Research Laboratories Inc. 
(Plymouth Meeting, PA) 

Sp-cAMPS 25 water* -20 Biolog Life Science Institute 
(La Jolla, CA) 

Rp-cAMPS 50 water* -20 Biolog Life Science Institute 
(La Jolla, CA) 

Okadaic Acid 1 water* -60 Research Biochemicals International 
(Natick, M A ) 

* Ultrapure distilled water (Milli-Q UF Plus, Millipore Ltd., Mississauga, ON). 

Abbreviations: DIDS, 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid; I B M X , 3'-isobutyl-l-
methylxanthine; DDF, l',9'-dideoxyforskolin; DDA, 2',5'-dideoxyadenosine; Sp-cAMPS, Sp-
adenosine-3',5'-cyclic phosphorothioate; Rp-cAMPS, i?p-adenosine-3',5'-cyclic 
phosphorothioate. 
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Table 5 (continued). Compounds employed in this study: 

Agent [Stock] 
(mM) 

Solvent Storage 
Temp. (°C) 

Supplier 

W-7 50 ethanol: water* 
(1:1, v/v) 

-60 Biomol Research Laboratories Inc. 
(Plymouth Meeting, PA) 

TFP 50 water* -60 Biomol Research Laboratories Inc. 
(Plymouth Meeting, PA) 

FK-506 5 DMSO -60 Calbiochem-Novabiochem Corp. 
(La Jolla, CA) 

KN-62 10 DMSO -60 Biomol Research Laboratories Inc. 
(Plymouth Meeting, PA) 

KN-93 10 DMSO -60 Research Biochemicals 
International (Natick, M A ) 

KN-92 10 DMSO 4 Research Biochemicals 
International (Natick, M A ) 

4Br-A23187 1 DMSO -60 Molecular Probes Inc. 
(Eugene, OR) 

* Ultrapure distilled water (Milli-Q UF Plus, Millipore Ltd., Mississauga, ON). 

Abbreviations: W-7, A^-(6-aminohexyl)-5-chloro-l-naphthalenesulfonamide; TFP, trifluoperazine 
; FK-506, tacrolimus; KN-62, 4-[2-[(5-isoquinolinyl-sulfonyl)methylamino]-3-oxo-3-(4-phenyl-
1-piperazinyl)-propyl]phenyl ester; KN-93,7Y-[2-[[[3-(4'-chlorophenyl)-2-
propenyl]methylamino]methyl]phenyl]-7V-(2-hydroxyethyl)-4'-methoxy-benzenesulfonamide 
phosphate; KN-92, 2-[A^-(4'-methoxybenzenesulfonyl)]amino-A^-(4'-chlorophenyl)-2-propenyl-A^-
methylbenzylamine phosphate; 4Br-A23187, l-(4,5-dimethoxy-2-nitrophenyl)ethyl ester. 
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Figure 1. Examples of acutely dissociated adult rat hippocampal CA1 neurons. 

Neurons were isolated according to procedures outlined in Section 1.1 and were chosen for study 
based on morphological criteria established by Schwiening & Boron (1994) and Bevensee et al. 
(1996). Note the smooth appearance, triangular-shaped soma, single major process projecting 
from one pole (= three times the length of the diameter of the soma) and multiple smaller 
projections projecting from the opposite pole. 
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Figure 2. The experimental apparatus. 

A The temperature-controlled perfusion chamber. B The experimental apparatus consisting of an 
Attofluor Digital Fluorescence Ratio Imaging System used with a Zeiss Axiovert 10 microscope. 
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Figure 3. Examples of control internal acid and alkaline loads recovery experiments. 

A When the neuron was exposed to N H 4

+ under HEPES-buffered conditions (pH 0 = 7.35), pHj 
initially increased and, in the continued presence of N H 4

+ , pH, fell slowly. Removal of N H 4

+ 

caused pH s to fall rapidly below the initial SS level and after reaching a point of maximum 
acidification, it recovered to the initial resting value. This process was then repeated. Finally, at 
the end of the experiment, a single point calibration was performed during which the neuron was 
exposed to a high K + , HEPES-buffered solution (containing 10 u M nigericin) in order to equate 
p H 0 to pHj (= 7.00). This procedure was performed in all subsequent experiments which 
employed B C E C F , but is only illustrated here. The formal analyses of the pH; recoveries 
illustrated here are presented in Fig. 5. B Upon exposure to a high [HC0 3"] medium 
(equilibrated with 10% C 0 2 balance air) under HC0 37C0 2-buffered conditions, pH, initially fell 
and then quickly increased to a level -0.20 pH units above the resting value. Removal of the 
high [HC03~] medium caused pHj to increase further and, after reaching a peak alkalinization, it 
recovered to the initial SS level. The alkaline load procedure was repeated and no significant 
differences were observed between the first and second pHj recovery portions of this experiment. 
External pH was 7.35 throughout. The formal analyses of the pHj recoveries illustrated here are 
presented in Fig. 6. 
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Figure 4. Sample full calibration experiment and calibration curve for BCECF. 

A 26 cultured postnatal rat hippocampal neurons (on a single coverslip) were exposed to high 
K + , HEPES-buffered media titrated to pH values within the range of 5.54 to 8.48 in ~0.5 pH unit 
intervals. A l l solutions contained 10 u M nigericin to equilibrate p H 0 to pHj. This trace 
represents the average background-subtracted ratio values (BI488/BI452) obtained over time (from 
all neurons). B Data from 3 experiments of the type shown in A were compiled and the average 
normalized ratios were plotted against the pHj values at which they were obtained. This resulting 
calibration curve was used to convert BI488/BI452 ratio values to pHj values. 
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Figure 5. Analysis of control internal acid load recovery experiments performed under 
HEPES-buffered conditions at 37°C. 

A The first acid load recovery portion of the experiment shown in Fig. 3 A (O) was fit to a single 
exponential function of time (solid line) for further analysis. B Rates of pHj recovery were 
calculated at each absolute value of pHj (in 0.05 pH unit increments) from the curve fitted data 
representing each recovery portion of the pHj trace from 20 experiments of the type shown in 
Fig. 3A. The mean rates of pHj recovery from the first (filled symbols) and second (open 
symbols) acid loads were plotted against absolute values of pHj and least square regression lines 
were fitted to the data points. Data obtained from neurons with low and high resting pHj values 
are shown as circles and squares, respectively. No significant differences in rates of pHj recovery 
between the first and second control acid loads were observed. C Net acid effluxes were 
calculated from rates of pH; recovery shown in B. 
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Figure 6. Analysis of control internal alkaline load recovery experiments performed under 
HC037C02-buffered conditions. 

A The pHj recovery from the first alkaline load of the experiment shown in Fig. 3B (O) was fit to 
a single exponential decay function of time (solid line) for further analysis. B Mean residual 
values (•) were plotted against time from 26 single exponential decay functions of time fitted to 
pHj recovery data obtained from 13 control alkaline load experiments performed under HC0 3 ~ 
/C02-buffered conditions. C Plotted are the mean rates of pHj recovery from control alkaline 
loads against absolute pHj values taken from 13 experiments of the type shown in Fig. 3B. The 
data points were fitted to least squares regression lines. The overall rate of pHj recovery from the 
second alkaline load (O) was 1 ± 10% (mean ± S.D.) faster than the overall rate of pHj recovery 
from the first alkaline load (•). 
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RESULTS 

Although it is clear that N a + / H + exchange and Na+-dependent HCO3VCI" exchange are 

involved in acid extrusion from rat hippocampal CA1 neurons (Raley-Susman et al, 1991; 

Schwiening & Boron, 1994; Baxter & Church, 1996; Bevensee et al, 1996; Smith et al, 1998) 

and that a Na+-independent C17HC0 3" exchange mechanism exists in this cell type (Kopito et al, 

1989; Raley-Susman et al, 1993; Baxter & Church, 1996), the specific contributions of the 

HC03~-dependent mechanisms to the maintenance of SS pHj have not been established. Thus, 

the first part of the present study examined the role of both the N D A E and NIAE in the 

maintenance SS pHj. The second part of the study examined the effects of modulating the 

activity of the c A M P / P K A second messenger system on the activities of: (1) the N H E ; and (2) 

the NIAE and N D A E . Although it has already been established that noradrenaline, acting via G-

protein coupled P-adrenoceptors, modulates the activity of the N H E in adult rat hippocampal 

CA1 neurons (Smith, 1996), this study did not examine the effects of modulating the 

c A M P / P K A pathway on the activity of the N H E (in isolation), nor did this study specifically 

examine the effects of the c A M P / P K A pathway on the activities of HC03"-dependent pH, 

regulating mechanisms. In addition, the CaM/CaMK-II second messenger system is known to 

alter the activities of various N H E isoforms in peripheral cell types (Owen & Villereal, 1982; 

Little et al, 1988; Weinman et al, 1988; Bertrand et al, 1994; Le Prigent et al, 1997; 

Wakabayashi et al, 1997a) but the effects of this intracellular pathway on SS pHj and the 

activities of pHj regulating mechanisms have not been examined in mammalian central neurons. 

As the components of this intracellular pathway are present (Scholz et al, 1988) and play a 

functional role in hippocampal CA1 neurons (e.g. Shirke & Malinow, 1997; see Discussion), the 

final part of the study examined the role of the CaM/CaMK-II intracellular pathway in 

modulating the activity of the N H E in adult rat hippocampal CA1 neurons. 
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1. Contribution of HC03~-dependent pHi regulating mechanisms to SSpHt 

The resting values of pHj from neurons perfused with HC0 37C0 2-buffered media at 37°C 

exhibited a mean at pHj = 7.20 ± 0.01 (n = 370) and were best fit to a single Gaussian 

distribution (Fig. 7A). In contrast, resting pHj values in neurons perfused with nominally HC0 3 ~-

free, HEPES-buffered solutions were best fit by the sum of two Gaussian distributions with mean 

pHi values at 6.90 ± 0.02 and 7.37 ± 0.01 (n = 517, Fig. 7B). Similar results were obtained at RT 

(Figs. 7C and 7D). At 37°C, the ranges of resting pH, values obtained under H C 0 3 7 C 0 2 - and 

HEPES-buffered conditions were 6.60 - 7.84 and 6.20 - 7.89, respectively. The shift from a 

unimodal distribution to a bimodal distribution of resting pHj values with significantly lower and 

higher mean values (P < 0.00001 for the differences to the mean pHj value observed in the 

presence of H C 0 3 " in each case) upon the removal of H C 0 3 7 C 0 2 from the perfusion medium has 

been reported previously (see Bevensee et ah, 1996; Smith et al., 1998) and suggests that 

external H C 0 3 " plays a role in the maintenance of SS pH, in acutely dissociated adult rat 

hippocampal CA1 neurons. 

A role for HC03"-dependent mechanisms in the maintenance of SS pHj was also 

suggested by the finding of Smith et al. (1998) that shifts in SS pHj occur with the addition of 

H C 0 3 7 C 0 2 to neurons initially perfused with HEPES-buffered medium at p H 0 = 7.35 and 37°C 

(also see Schwiening & Boron, 1994). In the study by Smith et al. (1998), addition of H C 0 3 " 

/ C 0 2 elicited a rise in SS pHj in neurons with resting pHj values (in HEPES-buffered medium) < 

-7.3 (n = 13, Fig. 8A) and a fall in SS pH; in neurons with resting pHj values > -7.3 (n = 7, Fig. 

8B). The changes in SS pHj elicited by the addition of H C 0 3 7 C 0 2 were plotted against resting 

pHj values obtained under HEPES-buffered conditions and a regression line that has a negative 

slope and an x-intercept at pHj = -7.3 was fitted to the data points (Fig. 8C). It was suggested 

that changes in the activities of HC03"-dependent pH, regulating mechanisms or Pi may be 

responsible for these HC03"-induced changes in SS pH, (see Smith et al., 1998). To further 

investigate these possibilities, in the present study the effect of 200 u M DIDS on SS pHj was 
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examined in neurons perfused with HC0 37C0 2-buffered medium (pH 0 = 7.35 at 37°C). 

Interestingly, the changes in SS pHj evoked by DIDS were opposite to those reported by Smith et 

al. (1998; see above) with the addition of H C 0 3 7 C 0 2 to the perfusion medium. Thus, the 

addition of DIDS elicited a fall in SS pHj in neurons with resting pHj values < ~ 7.3 (n = 12/26, 

Fig. 9A) and a rise in SS pH; in neurons with resting pHj values > -7.3 (n = 10/26, Fig. 9B). The 

SS pHj of four neurons with resting pHj values at -7.25 was not affected by DIDS. The DIDS-

evoked changes in SS pHj were plotted against resting pH; values observed prior to the addition 

of the drug and a least squares regression line was fitted to the data points (Fig. 9C). This line 

had a similar x-intercept (pH, = -7.3) as the line representing data obtained upon the addition of 

H C 0 3 " 0 reported by Smith et al. (1998; see Fig. 9C) but an opposite slope. Taken together, the 

results of Smith et al. (1998) and the present study suggest that the activities of HC03"-dependent 

pH, regulating mechanisms maintain the SS pHj at a value near p H 0 (= 7.35) in adult rat 

hippocampal CA1 neurons. 

Two known pHj regulating mechanisms that are HC03"-dependent and DIDS sensitive 

have been identified in adult rat hippocampal CA1 neurons (see Introduction): the NIAE (an acid 

loader) and the N D A E (an acid extruder). In peripheral cell types, the latter is most active at low 

pHj values and, when active, causes an internal alkalinization, whereas the former is most active 

at high pHi values and, when active, causes internal acidification (see Introduction). As both 

internal acidifications and alkalinizations were observed with the addition of H C 0 3 " 0 (or DIDS), 

depending on the resting pH; prior to the test maneuver, it was of interest to assess the possible 

contribution of the NIAE and N D A E to the maintenance of SS pHj. Initially, experiments were 

performed in the absence of N a +

0 , under which condition neurons were perfused with HEPES-

buffered medium and then exposed to HC0 3 " 0 . Under these conditions, the activity of the N D A E 

(and the NHE) is blocked and any changes in SS pH s evoked by addition of H C 0 3 7 C 0 2 reflect 

activation of the NIAE and/or changes in PJ. Addition of H C 0 3 7 C 0 2 in the absence of N a +

0 

elicited a rise in SS pH, in neurons with resting pHj values (in HEPES-buffered medium) < -7.5 

{n = 13/17, Fig. 10A) and a fall in SS pHj in neurons with resting pHj values > -7.5 (n = 2/17, 
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Fig. 10B). The SS pHj of two neurons with resting pH, values at 7.38 and 7.48 was not affected 

by the addition of H C 0 3 7 C 0 2 to the perfusion medium. These results suggest the possibility that 

the NIAE contributes to the maintenance of SS pHj in rat hippocampal CA1 neurons. Changes in 

SS pH; evoked by the addition of H C 0 3 7 C 0 2 under external Na+-free conditions were plotted 

against resting pHj values and the data were fitted to a regression line (Fig. IOC). Interestingly, 

the x-intercept of this regression line (pHj = -7.5) was more alkaline than that reported in the 

presence of N a +

0 (pHj = -7.3; see Fig. IOC). In addition, five neurons with resting pHi values > 

-7.3 showed increases in SS pH; with the addition of H C 0 3 7 C 0 2 in the absence of N a +

0 , 

compared to none in the presence of N a +

0 (compare Fig. IOC with Fig. 8C). Thus, there was a 

difference in the effect on SS pH ( of adding external H C 0 3 " under external Na+-containing and 

external Na+-free conditions. These results suggest the possibility that the N D A E also 

contributes to the maintenance of SS pHj. Nevertheless, as noted above, it remains possible that 

changes in pj consequent upon the addition of H C 0 3 " may also contribute to the SS pHj changes 

observed under both Na+

0-containing and Na+

0-free conditions. 

Therefore, in the next series of experiments, neurons initially perfused with HEPES-

buffered medium were exposed to H C 0 3 7 C 0 2 in the continued absence of N a +

0 and presence of 

200 u M DIDS to inhibit the NIAE (pH 0 = 7.35 at 37°C). Under these conditions, in which all 

known pHj regulating mechanisms are blocked, the addition of H C 0 3 7 C 0 2 evoked a 0.21 ± 0.03 

pH unit increase in SS pH, in neurons with resting pH; values in HEPES-buffered medium < -7.5 

(n = 9, Fig. 11 A). No neurons with resting pH; values > -7.5 were observed. The SS pH, 

response to H C 0 3 7 C 0 2 in the presence of DIDS and absence of N a +

0 likely reflects a change in 

Pi consequent upon the addition of H C 0 3 7 C 0 2 , as the activities of all known pHj regulating 

mechanisms in these neurons are inoperative under these experimental conditions. Changes in 

SS pHj evoked by the addition of H C 0 3 7 C 0 2 under Na+

0-free, DIDS-containing conditions were 

plotted against resting pHj values and the data points were fitted to a regression line (Fig. 1 IB). 

Importantly, the equation representing this line (ApH s = 5.93 - 0.78(pHj)) had a greater slope than 

the linear equation representing the data obtained in the absence of DIDS (ApHj = 2.79 -
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0.37(pHi); see Fig. 11B). Thus, at a given value of pH i 3 the addition of H C 0 3 7 C 0 2 evoked a 

significantly smaller internal alkalinization in the absence than in the presence of DIDS under 

N a +

0 -free conditions, suggesting that a DIDS-sensitive, HC03"-dependent, acid-loading 

mechanism, most likely the NIAE, also contributes to the maintenance of SS pHj. 

In summary, the activities of the NIAE and N D A E , and the H C 0 3 / C 0 2 open buffering 

system, act to maintain pH; near p H 0 (= 7.35) in adult rat hippocampal CA1 neurons under 

normal HC0 37C0 2-buffered conditions at 37°C. 
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Figure 7. Distributions of resting pHj values for all neurons under HC0 3 7C0 2 - and 
HEPES-buffered conditions at 37°C and RT. 

A Distribution of resting pHj values from 370 neurons perfused with HC0 37C0 2-buffered 
medium (pH 0 7.35) at 37°C (bin width = 0.05 pH units). The data were fitted to a single 
Gaussian distribution with a mean at pHj = 7.18 and a range of pHj = 6.60 to 7.84. B 
Distribution of resting pHj values from 517 neurons perfused with HEPES-buffered medium 
(pH 0 7.35) at 37°C (bin width = 0.05 pH units). The data were fitted to the sum of two Gaussian 
distributions with means at pH ( = 6.90 and 7.35 and a range of pHj = 6.20 to 7.89. C Distribution 
of resting pH; values from 15 neurons perfused with HC0 37C0 2-buffered medium (pH 0 7.35) at 
RT (bin width = 0.05 pH units). The data were fitted to a single Gaussian distribution with a 
mean at pHj = 6.99 and a range of pHj = 6.70 to 7.49. D Distribution of resting pHj values from 
33 neurons perfused with HEPES-buffered medium (pH 0 7.35) at RT (bin width = 0.05 pH 
units). The data were fitted to the sum of two Gaussian distributions with means at pHj = 6.89 
and 7.22 and a range of pH; = 6.75 to 7.49. 
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Figure 8. Examples of the effect of the addition of HC0 3 7C0 2 on SS pHj under HEPES-
buffered conditions. 

These results were previously reported by Smith et al. (1998). A A neuron perfused with 
HEPES-buffered medium (pH 7.35) had a resting pHj at -6.85. Upon perfusion with H C 0 3 " 
/C02-buffered medium (also pH 7.35), pHj initially fell to -6.75 and then alkalinized to a new SS 
level at -7.15. B A different neuron was initially perfused with HEPES-buffered medium and 
had a resting pHj at -7.60. Perfusion with HC0 37C0 2-buffered medium at a constant p H 0 (= 
7.35) caused pHj to fall and then stabilize at a new SS level of pH, -7.38. C Plotted against 
resting pHj values observed under HEPES-buffered conditions are the changes in SS pHj elicited 
by the addition of H C 0 3 7 C 0 2 at a constant pH 0 (7.35; n = 20). A least squares regression-line 
was fitted to the data points and had a negative slope and an x-intercept at pHj = -7.3. 
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Figure 9. Effect of DIDS on SS pIL under HC037CO rbuffered conditions. 

A Under HC0 37C0 2-buffered conditions (pH 0 = 7.35), a neuron that had a resting pHj of -7.00 
was exposed to 200 uM DIDS causing pHj to decrease to a new SS level at -6.75. B A different 
neuron perfused with HC0 37C0 2-buffered medium (pH 0 = 7.35) had a resting pHj at - 7.52. 
Upon exposure to 200 u M DIDS, pHj increased to a new SS level near 7.60. C Changes in SS 
pHj elicited by 200 u M DIDS under HC0 37C0 2-buffered conditions were plotted against resting 
pH, values (n = 26). The solid line represents a least squares regression line which was fitted to 
the data points. Also shown is the regression line representing the SS pHj response to H C 0 3 " 
/ C 0 2 application in the absence of DIDS (dashed line; see Fig. 8C). The regression lines had 
similar, but opposite, slopes and a common x-intercept (pHj = -7.3). 



61 



62 

Figure 10. Effect of the addition of HC0 3 7C0 2 on SS pHj under Na+

0-free, HEPES-
buffered conditions. 

A A neuron perfused with Na+

0-free, HEPES-buffered medium had a resting pHj at -6.90. 
Perfusion with HC0 37C0 2-buffered medium, in the continued absence of N a +

0 , caused pH, to 
transiently fall ~ 0.10 pH units and then alkalinize to a new SS level at -7.15. B A different 
neuron that had a resting pHj at -7.55 under Na+

0-free, HEPES-buffered conditions was exposed 
to a HC0 37C0 2-buffered medium. In the continued absence of Na + , H C 0 3 7 C 0 2 caused pHj to 
increase to a new SS level at -7.48. In both A and B, p H 0 was maintained at 7.35 throughout 
each experiment. Compare with Fig. 8A and B; similar experiments performed in the presence 
of external Na + . C Plotted against resting pHj values observed under HEPES-buffered conditions 
are the changes in SS pHj elicited by the addition of H C 0 3 7 C 0 2 in the absence of N a +

0 (n = 17). 
The data points were fitted to a regression line (solid line) which had a negative slope and an x-
intercept at pHj = - 7.50. This regression line is compared to the regression line representing the 
SS pHj response to H C 0 3 7 C 0 2 observed in the presence of N a +

0 (dashed line; see Fig. 8C). The 
regression line observed under Na+

0-free conditions had a more alkaline x-intercept. 
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Figure 11. Effect of DIDS on the SS prL response to the addition of HC0 3 7C0 2 under Na +

0-
free, HEPES-buffered conditions. 

A A neuron perfused with Na+

0-free, HEPES-buffered medium and pretreated with 200 juM 
DIDS had a resting pHj at -7.19. Perfusion with HC0 37C0 2-buffered medium, in the continued 
presence of DIDS and absence of N a +

0 , caused pHj to transiently fall - 0.07 pH units and then to 
alkalinize to a new SS level at -7.46. p H 0 remained constant (at 7.35) throughout the 
experiment. B Plotted against resting pH, values observed under 0 N a +

0 , HEPES-buffered 
conditions are the changes in SS pHj elicited by the addition of H C 0 3 7 C 0 2 in the presence of 
DIDS (n = 9). The data points were fitted with a regression line (solid line) which had a negative 
slope and an x-intercept at pHj = -7.55. This regression line is compared to the regression line 
representing the SS pH; response to H C 0 3 7 C 0 2 observed in the absence of DIDS (and absence 
of N a +

0 ; dashed line; see Fig. 10C); the regression line observed in the presence of DIDS had a 
greater slope. 
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2. Modulation of the activities of pHt regulating mechanisms by the cAMP/PKA second 

messenger system 

2.1 Na+/flt exchange 

In order to isolate the activity of the N H E from HC03"-dependent pHj regulating 

mechanisms, all experiments in this section were performed using nominally HC03"-free, 

HEPES-buffered solutions (see Method and Materials, Section 5.1). 

2.1.1 The roleofcAMPt. 

Increasing [cAMPJi levels. Increases in [cAMP]; were evoked using two approaches: (1) 

the activities of endogenous adenylyl cyclases were increased with forskolin (see Daley et al., 

1982); and (2) the activities of phosphodiesterases were decreased with I B M X (Smellie et al, 

1979; Wu et al, 1982). The addition of 25 u M forskolin evoked a 0.27 ± 0.03 pH unit increase 

in SS pH; (n = 24/28, Fig. 12A). The remaining 4 neurons showed no change in SS pHj with the 

addition of forskolin. Of the 28 neurons examined, six were subjected to the subsequent removal 

of forskolin from the perfusion medium; none of these six neurons showed recovery of SS pHj to 

resting levels (e.g. Fig. 12A), suggesting that the effects of forskolin on SS pHj may be relatively 

prolonged. When neurons were exposed to 200 u.M I B M X , an increase in SS pHj of 0.30 + 0.03 

pH units was observed (n = 19, Fig. 12B). Therefore, increasing [cAMP], with either forskolin 

or I B M X caused an increase in SS pH s in the absence of HC0 3 " , suggesting that the activity of a 

HC03'-independent pH; regulating mechanism, most likely the NHE, may contribute to this SS 

pHj response. 

To examine the effect of increasing [cAMP]j on the activity of the N H E , acid load 

recovery experiments were performed with forskolin and I B M X . The overall rates of pHj 

recovery from internal acid loads imposed in the presence of 25 u M forskolin were 138 ± 23% 

(n = 6/10) and 110 ± 16% (n = 6/7) faster than control rates of pHi recovery in neurons with low 

and high resting pHj values, respectively (Fig. 13A; the remaining 5 neurons did not respond to 
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forskolin treatment). As shown in Fig. 13B, the rates of pHj recovery (from both populations of 

neurons) were converted to net acid flux values and plotted against absolute values of pHj in the 

absence and presence of 25 u M forskolin; regression lines then were fitted to the data points. 

The addition of forskolin significantly increased net acid efflux (P < 0.05 at each absolute value 

of pHj for both populations of neurons) and caused the pHj dependence of net acid efflux to shift 

-0.2 and -0.05 pH units in the alkaline direction in neurons with low and high resting pH; 

values, respectively. Similarly, the presence of 200'uM I B M X evoked a 116 ± 9% (n = 8/11) 

and 180 ± 17% (n = 2/3) increase in the overall rates of pHj recovery from imposed acid loads in 

neurons with low and high resting pHj values, respectively (Fig. 13C). The remaining 4 neurons 

did not respond to treatment with I B M X . Calculated net acid flux values were plotted against 

absolute values of pHj in the absence and presence of 200 u M I B M X (Fig. 13D) and regression 

lines then were fitted to the data points. The addition of IBMX: (1) significantly increased net 

acid efflux (P < 0.05 at each absolute value of pHj for both populations of neurons); and (2) 

caused the pHi dependence of net acid efflux to shift 0.05 - 0.1 pH units in the alkaline direction 

in both populations of neurons. These results suggest that increasing [cAMP]i with forskolin and 

I B M X elicits an increase in the activity of a HC03"-independent acid-extruding mechanism, most 

likely the N H E , which in turn accounts for the subsequent increase in SS pHj. 

Control SS pHj and acid load recovery experiments were performed for forskolin with its 

inactive analogue, l',9'-dideoxyforskolin. The addition of 25 u M l',9'-dideoxyforskolin did not 

change SS pHj (n = 6, Fig. 14A) and failed to significantly affect net acid efflux following 

imposed internal acid loads (n = 4, Fig. 14B and C). 

Inhibition of adenylyl cyclase activity. 2',5'-dideoxyadenosine (DDA) was used to non-

selectively decrease the activities of endogenous adenylyl cyclases (Chijiwa et al., 1990; Johnson 

& Shoshani, 1990 & 1994). In neurons with low resting pH, values (i.e. < -7.4), the addition of 

100 u M D D A evoked little or no change in SS pHj (n = 20; see Fig. 53A) in the absence of 

HC0 3 " . Although DDA, when applied alone, failed to affect SS pH i ; it has previously been 

reported that this adenylyl cyclase inhibitor is able to inhibit markedly the ability of 
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noradrenaline to increase both SS pH, and rates of pHj recovery from acid loads in adult rat 

hippocampal CA1 neurons (Smith et al., 1998). 

Taken together, the results detailed above indicate that cAMP is involved in the control of 

the activity of the N H E in rat hippocampal neurons, and that the increase in SS pHj observed 

upon the application of forskolin or I B M X reflects an increase in the activity of the NHE. 

2.1.2 The role of PKA 

Stimulating PKA activity. Increases in P K A activity were elicited with Sp-cAMPS, a 

specific activator of P K A (Van Haastert et al., 1984; Audesirk et al., 1997). As illustrated in Fig. 

15A, increasing concentrations of 5, 10, 25 or 40 u M Sp-cAMPS evoked 0.10 ± 0.01 (n = 6/8), 

0.15 ± 0.01 (n = 11/13), 0.22 ± 0.03 (n = 7/8; all neurons had resting pHj values below 7.4) and 

0.20 ± 0.02 in = 2/2) pH unit increases in SS pH i ; respectively. The remaining neurons did not 

show changes in SS pHj with Sp-cAMPS treatment. As these experiments were performed in the 

absence of HC0 3 " , a change in the activity of the N H E was most likely responsible for the 

increase in SS pHj evoked by stimulation of P K A activity. Also, because a maximal SS pHj 

response was obtained with the addition of 25 uM Sp-cAMPS, this concentration was employed 

in most subsequent experiments. 

To assess the effect of stimulation of P K A activity on the activity of the N H E , paired acid 

load recovery experiments were performed with Sp-cAMPS. When compared to control rates of 

pH, recovery, the overall rates pHj of recovery from acid loads imposed in the presence of 25 u M 

Sp-cAMPS were 168 ± 16% (n = 5/7) and 82 ± 15% (n = 2/3) faster in neurons with low and 

high resting pHj values, respectively (Fig. 15B). The 3 remaining neurons did not respond to 

treatment with Sp-cAMPS. The rates of pHj recovery were converted to net flux values and 

plotted against absolute values of pHj in the absence and presence of Sp-cAMPS; regression lines 

were then fitted to the data points (Fig. 15C). The addition of Sp-cAMPS significantly increased 

net acid efflux (P < 0.05 at each absolute value of pHj) and caused the pHj dependence of net 

acid efflux to shift -0.2 and -0.05 pH units in the alkaline direction in neurons with low and high 



69 

resting pHj values, respectively. These results suggest that stimulation of P K A activity elicits an 

increase in the activity of a HC03"-independent acid-extruding mechanism, most likely the NHE, 

which causes a subsequent increase in SS pHj. 

To confirm the involvement of the N H E in the SS pHi response to Sp-cAMPS, 

experiments were performed under N a +

0 -free, NMDG+-substituted conditions to block the 

activity of the NHE. Under these conditions, the addition of 25 u M Sp-cAMPS failed to change 

SS pHj (n = 4, Fig. 16A), suggesting that the SS pHj response to stimulated P K A activity was 

dependent on N a +

0 . Similar experiments were then performed under N a +

0 -free, Li+-substituted 

conditions. Addition of 25 u M Sp-cAMPS evoked a 0.18 ± 0.03 (n = 5, Fig. 16B) pH unit 

increase in SS pH i 5 an internal alkalinization which was similar to that observed in the presence 

of Na 0 (P = 0.30). As the SS pH; response to Sp-cAMPS was re-established with the 

replacement of N M D G + by L i + in the continued absence of N a +

0 , these results confirm that Na + / 

H + exchange is involved in the SS pHj response to Sp-cAMPS. 

Inhibition of PKA activity. The activity of P K A was inhibited with Rp-cAMPS, a cAMP 

analogue which specifically and irreversibly inhibits P K A (see Botelho et al., 1988). Addition of 

50 u M Rp-cAMPS evoked little or no change in SS pHj in the absence of H C 0 3 " (n = 22; Fig. 

17). This result was similar to the effect of D D A (an inhibitor of adenylyl cyclase activity) on 

SS pHj (see Section 2.1.1). Although Rp-cAMPS was unable to alter SS pHj when applied alone, 

it has previously been reported that Rp-cAMPS is able to inhibit markedly the ability of 

noradrenaline to increase both SS pHj and rates of pHj recovery from intracellular acid loads 

(Smith ef al., 1998). 

Taken together, the results obtained with Sp- and Rp-cAMPS indicate that P K A is 

involved in the control of the activity of the N H E in adult rat hippocampal CA1 neurons. 

2.1.3 The relationship between cAMP and PKA 

The rise in SS pHj evoked by 25 u M Sp-cAMPS was similar in magnitude to that evoked 

by 25 u M forskolin (P = 0.40) and 200 u M I B M X (P = 0.12). In addition, the extent to which 
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N H E activity (as assessed in acid load recovery experiments) was stimulated by 25 u M Sp-

cAMPS was similar to that observed with 25 u M forskolin (P = 0.95) and 200 u M I B M X (P = 

0.26). These results suggest the possibility that the responses evoked by increasing [cAMP]j 

were mediated by stimulation of P K A activity. To examine this possibility, experiments were 

performed in which neurons were pretreated with 50 u M Rp-cAMPS and then exposed to 25 u M 

forskolin. Under these conditions, the addition of forskolin either failed to change SS pH, (n = 6) 

or evoked a 0.06 ± 0.04 pH unit increase in SS pHj (n = 4, Fig. 17), a rise which was 

significantly smaller than the forskolin-evoked alkalinization observed in the absence of Rp-

cAMPS (P < 0.005). Thus, inhibition of P K A activity attenuated the SS pHj response to 

increasing [cAMP] i 5 confirming that the effects of cAMP on SS p H are mediated, in large part, 

by P K A . 

Nevertheless, in some cell types (e.g. cardiac Purkinje fibres; Wu & Vaughan-Jones, 

1994), changes in [cAMP]i can modulate N H E activity, not via P K A but via a pathway which 
2+ 

involves changes in [Ca ] r In order to examine whether altering the activity of the c A M P / P K A 
2+ 

pathway affects [Ca ],, which in turn may affect N H E activity, experiments were performed to 

monitor [Ca2+]j in the presence of either Sp-cAMPS or Rp-cAMPS. In 3 neurons with a mean 

resting BI334/BI3S0 value at 1.20 ± 0.15, the addition of 25 u M Sp-cAMPS failed to significantly 

alter the Bl334 /BI3S0 ratio values (Fig. 18A). Similarly, in 3 neurons with a mean resting BI334 

/BI3S0 value at 1.16 ± 0.26, the addition of 50 u M Rp-cAMPS did not change BI334 /BI380 ratio 

values (Fig. 18B). These results suggest that altering the activity of P K A affects SS pH, and the 
2+ 

activity of the N H E independent of changes in [Ca Further evidence of this possibility was 

obtained from experiments performed to monitor pHj in the absence of external Ca . Under 

these conditions, the addition of 25 uM forskolin and 25 u M Sp-cAMPS evoked a 0.25 ± 0 . 1 0 

(n = 3/4, Fig. 18C) and 0.23 ± 0.03 (n = 3/4, Fig. 18D) pH unit increases in SS pH i 5 respectively. 

The remaining 2 neurons did not respond to forskolin or Sp-cAMPS treatment. These results 

were not significantly different (P = 0.47 and P = 0.68, respectively) to the observed changes in 
2+ 

SS pHj evoked by either agent in the presence of external Ca , further suggesting that the SS pHj 
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response to stimulation of the c A M P / P K A pathway was independent of changes in intracellular 

[Ca 2 +]. 

Finally, experiments were performed with okadaic acid (OA; Cohen et al, 1990a), a 

relatively non-specific inhibitor of serine/threonine protein phosphatase 1 and 2A activity, to 

assess whether a phosphorylation event may be involved in the observed SS pHj response to 

stimulation of P K A activity. As shown in Fig. 19, the addition of 10 u M OA caused a 0.18 ± 

0.05 (n = 4) pH unit increase in SS pHj. The subsequent addition of 10 u M Sp-cAMPS (a sub-

maximal [Sp-cAMPS]; see above) in the continued presence of OA evoked a 0.36 ± 0.10 (n = 4) 

pH unit increase in SS pH i 5 which significantly greater (P < 0.0001) than the alkalinization 

evoked by 10 u M Sp-cAMPS in the absence of OA. Thus, OA enhanced the SS pHj response to 

Sp-cAMPS, suggesting that a phosphorylation event is involved in the SS pHj response to 

stimulation of P K A activity. 

2.1.4 Summary of the effects of altering the activity of the cAMP/PKA pathway on the activity of 

the NHE 

Increasing [cAMP]j or P K A activity evokes an increase in SS pH; which reflects an 

increase in the activity of the NHE. The effect of cAMP on SS pHj (and the activity of the NHE) 

was mediated by P K A in a manner that was independent of changes in intracellular [Ca 2 +], but 

which may involve a serine/threonine protein phosphorylation event. Thus, the c A M P / P K A 

second messenger system participates in the control of the activity of the N H E in adult rat 

hippocampal CA1 neurons. 

2.2 Na-independent and Na+-dependent HCOj/Cl exchange 

The results presented above (Section 2.1) indicate that stimulating the c A M P / P K A 

second messenger system increases the activity of the NHE. In peripheral cell types, the 

activities of HC03'-dependent pHj regulating mechanisms can also be modulated by the 

c A M P / P K A pathway (e.g. Vigne et al., 1988; Harada et al., 1991; also see Introduction). As it 
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has been established that the activities of HC03~-dependent mechanisms contribute to the 

regulation of SS pH, in adult rat hippocampal CA1 neurons (Section 1), in the next series of 

experiments I examined the effects of modulating the activity of the c A M P / P K A pathway on the 

activities of both the N D A E and NIAE. A l l experiments were performed using H C 0 3 7 C 0 2 -

buffered media, unless otherwise noted. 

2.2.1 The role of cAMPi 

Increasing [cAMPJj levels. Addition of 25 uM forskolin or 200 u M I B M X under H C 0 3 -

containing conditions elicited a 0.21 ± 0.01 (n - 11/13, Fig. 20A; the remaining two neurons did 

not respond to forskolin treatment) and 0.37 ± 0.07 in = 7, Fig. 20B) pH unit increases in SS 

pH i 3 respectively. These changes in SS pH, were similar to those observed under HC03"-free 

conditions (P > 0.25, in each case). Of the thirteen neurons that were exposed to forskolin, three 

were subjected to the subsequent removal of forskolin from the perfusion medium; none of these 

neurons showed recovery of SS pHj to resting levels (e.g. Fig. 20A). Furthermore, the addition 

of 25 u M forskolin in the presence of 200 u M DIDS evoked a 0.18 ± 0.03 pH unit increase in 

SS pHj (n = 6/7, Fig. 20C; the remaining neuron did not respond), a rise which was not 

significantly different to the forskolin-induced alkalinization observed in the absence of DIDS (P 

= 0.53). Taken together, the similar results obtained under HEPES-buffered and H C 0 3 7 C 0 2 -

buffered (in the presence and absence of DIDS) conditions suggest that the SS pHj response to 

increasing [cAMPJj is mediated, in large part, by an increase in N H E activity. 

To confirm this suggestion, acid load recovery experiments were performed with 25 u M 

forskolin and 200 u M I B M X under HC0 37C0 2-buffered conditions. The overall rates of pHj 

recovery from acid loads were 160 ± 20% (n = 13/17, Fig. 21A) and 164 ± 10% (n = 10/14, Fig. 

2IB) faster in the presence than in the absence of forskolin and I B M X , respectively. The 

remaining eight neurons did not respond to treatment with forskolin or I B M X . The rates of pHj 

recovery were plotted against absolute values of pHj in the absence and presence of forskolin 

(Fig. 21C) or I B M X (Fig. 2ID) and regression lines were fitted to the data points. The addition 



73 

of forskolin and I B M X significantly increased rates of pHj recovery (P < 0.05 at each absolute 

value of pHj) and caused the pHj dependence of pHj recovery to shift -0.2 and -0.1 pH units in 

the alkaline direction, respectively. The overall increases in rates of pHj recovery from imposed 

acid loads elicited by each drug under HC03"-buffered conditions were not significantly different 

(P > 0.20) to the overall increases in rates of pHj recovery observed under HC03"-free conditions. 

Furthermore, 200 u M DIDS failed to affect the increase in the rate of pHj recovery from imposed 

acid loads evoked by 25 u M forskolin under HC0 37C0 2-buffered conditions. Thus, the overall 

rate of pHj recovery from acid loads was increased by 147 ± 4% (n = 7/8, Fig. 22A; the 

remaining neuron did not respond to treatment) in the presence of 25 u M forskolin and 200 u M 

DIDS. The rates of pH s recovery under both control conditions and in the presence of forskolin 

and DIDS were plotted against absolute values of pHj and regression lines were fitted to the data 

points (Fig. 22B). The addition of forskolin and DIDS: (1) significantly increased rates of pHj 

recovery (P < 0.05 at each absolute value of pHj); and (2) caused the pHj dependence of pHj 

recovery to shift -0.3 pH units in the alkaline direction. The effects of forskolin on rates of pHj 

recovery elicited in the presence of DIDS under HC03"-containing conditions were not 

significantly different to those evoked by forskolin in the absence of DIDS (P > 0.39) and were 

similar to the effects of forskolin observed under HEPES-buffered conditions (P > 0.15; when 

compared to neurons with low resting pHj values). These results further suggest that increasing 

[cAMPJj acts to increase the rate of pHj recovery from acid loads imposed under HC0 3 " -

containing conditions by increasing the activity of the NHE. 

Control SS pHj and acid load recovery experiments for forskolin were performed with its 

inactive analogue, l',9'-dideoxyforskolin. The addition of 25 u M l',9'-dideoxyforskolin under 

HC0 37C0 2-buffered conditions did not change SS pH s (n = 6, Fig. 23 A) or rates of pHj recovery 

from intracellular acid loads (n = 5, Fig. 23B and C). 

Inhibition of adenylyl cyclase activity. The results presented above suggest that the 

changes in SS pHj and rates of pH, recovery from acid loads imposed under HC0 37C0 2-buffered 

conditions evoked by forskolin and I B M X (agents which act to increase [cAMP];) can be 
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accounted for by changes in the activity of the N H E rather than the activities of H C 0 3 -

dependent pHj regulating mechanisms. In addition, under HEPES-buffered conditions, 

application of the adenylyl cyclase inhibitor, DDA, failed to alter SS pHj (see Section 2.1.1). 

Therefore, it was of interest that, when applied under HC0 37C0 2-buffered conditions, D D A 

elicited a 0.23 ± 0.08 (n = 8/9; the remaining neuron did not respond to D D A treatment) pH unit 

rise in SS pH; in neurons with resting pHj values < -7.4 (Fig. 24A). No neurons with resting pHj 

values > 7.4 were observed. When the changes in SS pHj evoked by D D A in the presence of 

H C 0 3 " were plotted against values of resting pHj (Fig. 24B) and a regression line was fitted to 

the data, it was found that the SS pHj response to D D A was dependent on the resting pHj of a 

neuron. These results indicate that D D A was increasing SS pHj in HC03'-dependent manner 

suggesting the possibility that inhibiting adenylyl cyclase activity may affect the activities of 

HC03"-dependent pHj regulating mechanisms in neurons with resting pHj values < ~7.4. 

In summary, under HC0 37C0 2-buffered conditions, increasing [cAMPJj (with forskolin 

or IBMX) evokes an increase in SS pHj which most likely reflects an increase in the activity of 

the NHE. In contrast, inhibition of adenylyl cyclase activity (with DDA) causes SS pHj to 

increase in neurons with resting pHj values < -7.4, an effect which may reflect changes in the 

activities of HC03'-dependent pHj regulating mechanisms (such as the NIAE and NDAE) . 

2.2.2 The role of PKA 

Inhibition of PKA activity. As detailed above, inhibition of adenylyl cyclase activity 

caused SS pHj to change only when H C 0 3 " was present in the perfusion medium. As it has also 

been shown that the effects of changing [cAMPJj on SS pHj under HEPES-buffered conditions 

are mediated by changes in P K A activity (see Section 2.1.3), experiments were performed with 

Rp-cAMPS under HC0 37C0 2-buffered conditions to investigate whether inhibition of P K A 

activity would also change SS pHj in a HC03"dependent manner. In contrast to the failure of Rp-

cAMPS to change SS pHj under nominally HC03"-free, HEPES-buffered conditions (see Section 

2.1.2), the addition of 50 u M Rp-cAMPS under HC0 37C0 2-buffered conditions elicited changes 
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in SS pHj which varied depending on the resting pHj of the neuron. Thus, Rp-cAMPS elicited a 

rise in SS pH t in neurons with resting pHj values < -7.4 (n = 12; Fig. 25A; compare with the 

results obtained with DDA, Fig. 24A) and a fall in SS pHj in neurons with resting pH, values > 

-7.4 (n = 3; Fig. 25B). In an additional neuron with a resting pHj value at -7.4, Rp-cAMPS 

failed to evoke a change in SS pHj. When the Rp-cAMPS-elicited changes in SS pHj were 

plotted against values of resting pHj measured prior to the application of the compound and a 

regression line was fitted to the data points (Fig. 25C), the regression line had a similar profile 

and x-intercept as the lines representing both the effect of D D A on SS pHj in the presence of 

H C 0 3 " (Fig. 24B) and data obtained upon the addition of H C 0 3 " to HEPES-buffered medium (a 

maneuver which leads to the activation of HC03'-dependent pHj regulating mechanisms; see Fig. 

8C). Furthermore, the changes in SS pH, evoked by Rp-cAMPS in the presence of H C 0 3 " were 

abolished by 200 u M DIDS (n = 11, Fig. 26). Thus, Rp-cAMPS alters SS pH; in a HC0 3 "-

dependent, DIDS-sensitive manner which is dependent on the resting pHj value of a neuron and 

which mimics the effect of H C 0 3 7 C 0 2 addition on SS pHj. Taken together, these results suggest 

that inhibiting P K A activity may change SS pHj by changing the activities of HC03"-dependent 

pHj regulating mechanisms. 

Stimulation of PKA activity. As shown in Section 2.1.2, under HEPES-buffered 

conditions, the addition of 25 u M Sp-cAMPS evoked a 0.22 ± 0.03 pH unit (n = 7/8; see Fig. 

27A) increase in SS pHj in neurons with resting pHj values < -7.4; this change in SS pHj was 

attributed to stimulation of the activity of the NHE. Because the effects of inhibiting the activity 

of P K A on SS pHj are HC03'-dependent (see above), it was of interest to determine i f stimulation 

of P K A activity also had any HC03"-dependent effects on SS pHj. Thus, under H C 0 3 7 C 0 2 -

buffered conditions, addition of 25 uM Sp-cAMPS elicited a 0.14 ± 0.02 (n = 6/8, Fig. 27A; the 

remaining two neurons did not respond to Sp-cAMPS treatment) pH unit increase in SS pHj in 

neurons with resting pHj values < -7.4. This alkalinization was significantly smaller than that 

observed under HEPES-buffered conditions (P < 0.05), when considering that the mean resting 

pHj values of the neurons examined under both HC03"-containing and HC03"-free conditions 
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were not significantly different (P = 0.76; pHj = 7.25 ± 0.09 and 7.22 ± 0.05 under HEPES- and 

HC0 37C0 2-buffered conditions, respectively). Thus, the presence of H C 0 3 " caused a reduction 

in the magnitude of the rise in SS pH s evoked by Sp-cAMPS, compared to the rise observed 

under HEPES-buffered conditions, suggesting the possibility that, under HC0 37C0 2-buffered 

conditions, the Sp-cAMPS-evoked increase in the activity of the N H E may be opposed by 

changes in the activities of HC03"-dependent pHj regulating mechanisms. Notably, the effects of 

Sp-cAMPS on SS pHj in neurons with resting pHj values < -7.4 under HC0 37C0 2-buffered 

conditions are opposite to those of Rp-cAMPS (see above). 

Inhibiting protein phosphatase activity. I have shown previously that a protein 

phosphorylation event may be involved in the regulation of N H E activity (see Section 2.1.3). 

Given the fact that modulation of P K A activity affects SS pHj in a HC03'-dependent manner, I 

performed preliminary experiments to assess whether inhibition of protein phosphatase activity 

(with OA) might also affect the activities of HC03"-dependent pHj regulating mechanisms. 

Under HEPES-buffered conditions, the addition of 10 u M OA elicited a 0.23 + 0.03 (n = 9, see 

Fig. 27B) pH unit increase in SS pHj in neurons with resting pH ; values < ~7.4. However, under 

HC0 37C0 2-buffered conditions, the addition of 10 u M OA elicited a 0.15 ± 0.03 (n = 6; Fig. 

27B) pH unit increase in SS pHj, a rise in pHj which was significantly smaller than the 

alkalinization observed under HEPES-buffered conditions (P < 0.05) when considering that the 

mean resting pH, values of the neurons examined under both HEPES- and HC0 37C0 2-buffered 

conditions were not significantly different (P = 0.67; pHj = 7.26 ±0 .11 and 7.32 ± 0.02 under 

HEPES- and HC0 37C0 2-buffered conditions, respectively). Thus, similar to the results obtained 

with Sp-cAMPS (see above), the presence of H C 0 3 " caused a reduction in the magnitude of the 

internal alkalinization evoked by OA, compared to the rise in pHj observed under HEPES-

buffered conditions, suggesting that the OA-evoked increase in the activity of the N H E 

(responsible for the increase in SS pHj) is opposed by a HC03"-dependent acidification which 

most likely reflects changes in the activities of HC03"-dependent pHj regulating mechanisms. 
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This result suggests the possibility that protein phosphorylation may also modulate the activities 

of HC03"-dependent p r i regulating mechanisms. 

2.2.3 Summary of the HC03 -dependent SS pH, changes evoked by changing the activity of the 

cAMP/PKA pathway 

The studies detailed above suggest the possibility that the c A M P / P K A pathway may 

participate in the control of the activities of HC03"-dependent pHj regulating mechanisms (i.e. 

the N D A E and NIAE) in adult rat hippocampal CA1 neurons. In this regard, four different 

possibilities may account for the data presented in Sections 2.2.1 and 2.2.2: (1) In neurons with 

low resting SS pHj values (< -7.4), Rp-cAMPS may inhibit the activity of the NIAE and/or 

stimulate the activity of the N D A E , resulting in the observed increase in SS pH s (see Fig. 25 A); 

(2) In neurons with high resting SS pHj values (> -7.4), Rp-cAMPS may stimulate the activity of 

the NIAE and/or inhibit the activity of the N D A E , resulting in the observed decrease in SS pHj 

(see Fig. 25B); (3) In neurons with low resting SS pH, values (< -7.4), Sp-cAMPS may increase 

the activity of the NIAE and/or decrease the activity of the N D A E , resulting in the observed 

reduction in the magnitude of the rise in SS pHj evoked by Sp-cAMPS under H C 0 3 7 C 0 2 - , 

compared to HEPES-, buffered conditions (see Section 2.2.2 and Fig. 27A); and (4) Although no 

neurons with high resting SS pH; values (> -7.4) were observed when the effects of Sp-cAMPS 

were examined on SS pH; under HC0 37C0 2-buffered conditions, in light of the previous three 

possibilities presented it is possible that, in neurons with high resting pHj values (> -7.4), Sp-

cAMPS may decrease the activity of the NIAE and/or increase the activity of the N D A E , 

resulting in an increase in SS pHj which would be greater than the increase in pHj evoked in high 

pHj neurons by Sp-cAMPS under HEPES-buffered conditions 

To test the validity of each of these four possibilities, experiments were performed to 

assess the effects of modulating the activity of the c A M P / P K A pathway on the activities of both 

the acid-loading NIAE and the acid-extruding N D A E . As described in Methods and Materials 

(Section 5.2), Na+-independent anion exchange was examined using alkali load recovery, acute 
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Cro-removal and Na 0 -free experiments, whereas Na -dependent anion exchange was assessed 

using acid load recovery and Cr rdepletion experiments. Rp-cAMPS and Sp-cAMPS were used 

to inhibit and stimulate the activity of the c A M P / P K A pathway, respectively. 

2.2.4 Effect of changing PKA activity on the activity of HCO i-dependent pHt regulating 

mechanisms. 

2.2.4.1 The NIAE 

Alkaline load recovery. Initially, to establish whether Na+-independent HC0 3 7Cr 

exchange contributes to pHj recovery from alkaline loads in adult rat hippocampal CA1 neurons: 

(1) Paired alkaline load recovery experiments were performed in the presence and absence of 

DIDS; addition of 200 u M DIDS almost completely abolished recovery of pHj from imposed 

internal alkaline loads (n - 6, Fig. 28); and (2) Alkaline load experiments were performed in the 

absence of N a +

0 (a condition which isolates the activity of the NIAE, as the activities of the 

N D A E and N H E are blocked). Under these conditions, pHj continued to recover from imposed 

alkaline loads (n = 5; see Fig. 29C). Thus, taken together, these data suggest that the activity of a 

DIDS-sensitive, Na+-independent acid loading mechanism, most likely the NIAE, is, at least in 

part, responsible for the pH, recovery from imposed internal alkaline loads in adult rat 

hippocampal CA1 neurons. 

Next, in order to assess the effect of inhibiting P K A activity on the activity of the NIAE, 

paired alkaline load experiments were performed in the presence and absence of Rp-cAMPS. In 

neurons with resting pHj values < -7.4, the overall rate of pHj recovery from alkaline loads was 

78 ± 1% in - 14, Fig. 29A) slower in the presence than in the absence of 50 u M Rp-cAMPS. No 

neurons with resting pH, values > -7.4 were encountered in these experiments. When the rates 

of pH, recovery from alkaline loads imposed in the presence and absence of Rp-cAMPS were 

plotted against absolute values of pHj and regression lines were fitted to the data points (Fig. 

29B), significantly reduced rates of pHj recovery were observed in the presence than in the 

absence of Rp-cAMPS (P < 0.05 at all absolute values of pHi). In addition, Rp-cAMPS caused 
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the pH, dependence of pH; recovery from alkaline loads to shift -0 .1 pH units in the alkaline 

direction. Similar results, also in neurons with resting pHj values < -7.4, were obtained in 

parallel experiments performed in the absence of N a +

0 (n = 5, Fig. 29C and D), thereby 

confirming the Na+

0-independence of the effects of Rp-cAMPS on pHj recovery from alkaline 

loads. Taken together, these data suggest that inhibition of P K A decreases the activity of the 

NIAE in neurons with resting pHj values < 7.4. 

In order to assess the effect of stimulating P K A activity on the activity of the NIAE, 

paired alkaline load experiments were performed in the absence and presence of Sp-cAMPS. In 

neurons with resting pHj values < -7.4, the overall rates of pHj recovery following alkaline loads 

were 14 ± 17% (n = 9, Fig. 30A) slower in the presence than in the absence of 25 u M Sp-

cAMPS. No neurons with resting pHj values > -7.4 were encountered. However, when the rates 

of pHj recovery from alkaline loads imposed in the presence and absence of Sp-cAMPS were 

plotted against absolute values of pHj and regression lines were fitted to the data points (Fig. 

3 OB), it was found that the percentage change value representing the difference between overall 

rates of pHj recovery in the absence and presence of Sp-cAMPS (14 ± 1 7 %) did not accurately 

reflect the actual changes in the rates of pH ; recovery evoked by Sp-cAMPS. Thus, the line 

representing data obtained in the presence of Sp-cAMPS had a greater slope than the line 

representing control data and rates of pH; recovery from alkaline loads imposed in the presence 

of Sp-cAMPS were significantly faster than control rates of pH ; recovery at absolute values of 

pHj > 7.40. The latter finding appears to reflect the - 0.3 pH unit alkaline shift in the p H r 

dependence of pHj recovery from alkaline loads evoked by Sp-cAMPS (see Fig. 30B), a shift that 

can be accounted for by the (net) increase in SS pHj also evoked by Sp-cAMPS in neurons with 

resting pHi values < -7.4 (see Section 2.2.2). When all of the aforementioned factors are taken 

into account, the results suggest that stimulation of P K A activity increases rates of pH, recovery 

from imposed alkaline loads, suggesting, in turn, that stimulation of P K A activity increases the 

activity of the NIAE in neurons with resting pH; values < -7.4. 
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When considering the SS pHj changes evoked by alterations in P K A activity under 

HC0 37C0 2-buffered conditions (see Section 2.2.3), these results from alkaline load recovery 

experiments confirm that: (1) The increase in SS pHj evoked by Rp-cAMPS in neurons with 

resting pHj values < -7.4 reflects, at least in part, a reduction in the activity of the NIAE; and (2) 

the HC03"-dependent decrease in SS pH s evoked by Sp-cAMPS in neurons with resting pHj 

values < 7.4 reflects, at least in part, an increase in the activity of the NIAE. 

Removal of external CI. To further examine the effect of P K A on the activity of the 

NIAE, in the next series of experiments, neurons were acutely exposed to solutions devoid of 

[CT] (a condition which leads to the reversal of the NIAE; see Ganz et al., 1989; Kikeri et al., 

1990; Ludt et al, 1991; Jiang et al, 1994; Lin & Miller, 1994). Acute (3 - 5 min) exposure to 

Cl"-free medium in the absence of any treatment elicited a sustained 0.13 ± 0.01 (n = 31; see Fig. 

31 A) pH unit rise in SS pH, and, upon reintroduction of Cl" 0 , pHj recovered to the resting level. 

This 0 Cl'0-evoked rise in SS pHj was blocked by 200 u M DIDS (n = 8; see Fig. 31C). When 

neurons were exposed to acute Cl" 0 removal in the presence of 50 u M Rp-cAMPS or 25 u M Sp-

cAMPS, 0.07 ± 0.01 (n = 4, Fig. 31 A) and 0.42 ± 0.07 (n = 5, Fig. 3IB) pH unit increases in SS 

pHj were observed, respectively. The 0 Cl"0-evoked internal 0 Cro-evoked alkalinizations 

observed in the presence of Rp-cAMPS and Sp-cAMPS were 30 ± 5% smaller and 304 ± 9 1 % 

larger than the control alkalinizations observed in the same neurons, respectively (P < 0.05 in 

each case). In addition, the large 0 Cl"-induced rise in SS pH, observed in the presence of Sp-

cAMPS was abolished by 200 u M DIDS (n = 4, Fig. 31C). Taken together, these results suggest 

that stimulating P K A activity increases the activity of the NIAE and that inhibiting P K A activity 

decreases the activity of the NIAE (see Fig. 3 ID). As all neurons examined in this experimental 

series had resting pH; values < -7.4, these results are entirely consistent with the results obtained 

from alkaline load recovery experiments and, thus, further suggest the involvement of changes in 

N I A E activity in the HC03"-dependent SS pH, responses evoked by modulating P K A activity 

(see above). 
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SS pHt in the absence of Na 0. The final series of experiments used to examine the effect 

of altering P K A activity on the activity of the NIAE involved monitoring SS pH; under Na+

0-free 

conditions (under which conditions both the N H E and N D A E are blocked). Addition of 25 u M 

Sp-cAMPS under these conditions elicited a 0.12 ± 0.03 pH unit rise in SS pHj in neurons with 

resting pHj values > -7.4 (n = 4, Fig. 32). As this rise in SS pHj evoked by Sp-cAMPS can not 

be accounted for by stimulation of N H E activity (or changes in the activity of the NDAE) , this 

result suggests (in accordance with the forth possibility presented in Section 2.2.3) that a 

decrease in the activity of the NIAE is, at least in part, responsible for the increase in SS pHj 

evoked by Sp-cAMPS in neurons with resting pHj values > -7.4. Although no neurons with 

resting pH; values < -7.4 were observed under Na+

0-free conditions, it was previously shown that 

Sp-cAMPS stimulates the activity of the NIAE in these low pHj neurons as indicated by results 

obtained from alkaline load recovery and acute CT 0 removal experiments (see above). 

Similar experiments were performed in the presence of 50 u M Rp-cAMPS and in the 

absence of N a +

0 . As observed in the presence of N a +

0 (see Fig. 25), Rp-cAMPS elicited a rise in 

SS pHj in neurons with resting pHj values < -7.45 (n = 9, Fig. 33A) and a fall in SS pHj in 

neurons with resting pH, values > 7.45 (n = 3, Fig. 33B). Changes in SS pH, elicited by Rp-

cAMPS in the absence of N a +

0 were plotted against resting pHj values and a regression line was 

fitted to the data points (Fig. 33C). This line had a similar profile and x-intercept as the line 

representing data obtained in the presence Rp-cAMPS and N a +

0 (see Fig. 33C). In addition, this 

Na+-independent SS pHj response to Rp-cAMPS was abolished in the presence of 200 u M DIDS 

(n = 4, Fig. 34; in neurons with both low and high resting pHj values). Thus, these results 

confirm suggestions made previously (see Section 2.2.3) that, in neurons with resting pH; values 

< 7.4, inhibition of P K A activity evokes a rise in SS pHj by inhibiting the activity of the NIAE. 

Furthermore, in neurons with resting pHj values > 7.4, the fall in SS pHj evoked by inhibition of 

P K A activity most likely reflects an increase in the activity of the NIAE. 

Summary. The results from the three experimental series detailed above confirm the 

involvement of the activity of the NIAE in all of the SS pHj responses evoked by modulating the 
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activity of P K A and discussed in Section 2.2.3: In neurons with resting pHj values > 7.4, 

stimulation of P K A with Sp-cAMPS evokes a rise in SS pHj, at least in part by decreasing the 

activity of the NIAE, whereas inhibition of P K A with Rp-cAMPS evokes a fall in SS pHj, at 

least in part by increasing the activity of the NIAE. Conversely, in neurons with resting pH, 

values < 7.4, stimulation of P K A with Sp-cAMPS evokes a HC03"-dependent acidification, at 

least in part by increasing the activity of the NIAE, whereas inhibition of P K A with Rp-cAMPS 

evokes a rise in SS pH,, at least in part by decreasing the activity of the NIAE. 

2.2.4.2 The NDAE 

Acid Load Recovery. In order to assess the effect of modulating P K A activity on the 

activity of the N D A E , a series of acid load recovery experiments involving the exposure of 

neurons to Rp-cAMPS and Sp-cAMPS was performed. It must be noted that under normal 

experimental conditions (i.e. 37°C), the effects of modulating the activity of P K A on rates of pHi 

recovery from imposed acid loads will reflect not only potential changes in the activity of the 

N D A E but also (as detailed in Section 2.1) changes in the activity of the NHE. In acid load 

recovery experiments conducted on neurons with resting pHj values < 7.4 under H C 0 3 7 C 0 2 -

buffered conditions, the presence of 25 u M Sp-cAMPS elicited a 70 ± 3% (n = 8/14, Fig. 35; the 

remaining 6 neurons did not respond to Sp-cAMPS treatment) increase in the overall rate of pHj 

recovery when compared to overall control rate of pH; recovery. This mean percentage increase 

value for rates of pH, recovery observed in the presence Sp-cAMPS was smaller in the presence 

than in the absence of H C 0 3 " (a 168 ± 16 % increase in neurons with resting pHj < 7.4 under 

HEPES-buffered conditions, P = 0.08; see Section 2.1.2). Thus, the presence of H C 0 3 " reduced 

the effect of Sp-cAMPS to increase rates of pHj recovery from acid loads compared to the 

increase observed under HEPES-buffered conditions. In concert with the reduced SS pHj 

increase evoked by Sp-cAMPS in neurons with resting pHj values < -7.4 under H C 0 3 7 C 0 2 -

buffered, compared to HEPES-buffered conditions (see Section 2.2.2), the results suggest that the 

activation of P K A inhibits the activity of the N D A E . This effect of P K A activation might act to 

counteract the concomitant increase in the activity of the N H E also evoked by Sp-cAMPS. 
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In order to further assess the effect of stimulating P K A activity on the activity of the 

N D A E , additional acid load recovery experiments were performed at RT. Under these 

conditions of reduced temperature, N H E activity is markedly reduced and the relative 

contribution of Na+-dependent HC0 3 7CT exchange to acid extrusion following internal acid 

loads in greatly increased (Baxter & Church, 1996). At RT, and in neurons with resting pH, 

values < -7.4, addition of 25 u M Sp-cAMPS caused a 50 ± 3 % (n = 5, Fig. 36A) decrease in the 

overall rate of pH, recovery when compared to control rates of pHj recovery. When these rates of 

pHj recovery from acid loads imposed in the absence and presence of Sp-cAMPS were plotted 

against absolute values of pHj and regression lines were fitted to the data points (Fig. 36B), it 

was found that the rates of pHj recovery were significantly reduced in the presence compared to 

the absence of Sp-cAMPS (P < 0.05 at absolute pHj values of 7.15 and 7.20). Similar paired acid 

load recovery experiments were performed in the absence of H C 0 3 " at RT and, under these 

conditions, 25 u M Sp-cAMPS failed to evoke a significant change in the rates of pH; recovery in 

neurons with resting pHj values < -7.4 (an overall 2 ± 10 % decrease; n = 9; Fig. 36C and D), 

indicating that the Sp-cAMPS-induced decreases in rates of pH; recovery from acid loads at RT 

were HC03"-dependent. These results therefore also suggest that, in neurons with resting pHj 

values < 7.4, stimulation of P K A activity decreases the activity of the N D A E . 

It should also be noted that although the control rates of pH, recovery under both HC0 3 " -

free and HC03"-containing conditions were nearly the same (compare Fig. 36B and D). 

However, because intracellular buffering power is greater in the presence than in the absence of 

H C 0 3 " (see Baxter & Church, 1996), there is a greater rate of acid extrusion in the presence than 

in the absence of H C 0 3 " which reflects the additional contribution of the N D A E under HC0 3 ~-

containing conditions (also see Boyarsky et al., 1988b). In addition, the overall control rate of 

pHi recovery under HEPES-buffered conditions at RT (see Fig. 36D) was -33% slower than that 

observed at 37°C (see Methods and Materials, Fig. 5B; e.g. in neurons with low resting pHj 

values (< -7.4), the rates of pH ( recovery at an absolute pHj value of 7.10 were -0.0008 and 

-0.0024 pH units s"1 at RT and 37°C, respectively). Hence, the low rate of net acid extrusion 
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observed at RT and the inability of Sp-cAMPS to evoke increases in rates of pHj recovery from 

acid loads performed under HEPES-buffered conditions at RT confirm the findings of Baxter & 

Church (1996) in cultured foetal rat hippocampal neurons that the activity of the N H E is greatly 

reduced at RT and that the N D A E is the major contributor to pHj recovery from acid loads at RT. 

Next, the effect of inhibiting P K A activity on the activity of the N D A E was assessed by 

performing paired acid load recovery experiments in the absence and presence Rp-cAMPS at RT 

and 37°C. In contrast to Sp-cAMPS, the addition of 50 u M Rp-cAMPS caused 170 ± 33% (n = 

11, Fig. 37A) and 239 ± 49% (n = 4/5, Fig. 37B; the remaining neuron did not respond to Rp-

cAMPS treatment) increases in the overall rates of pHj recovery from acid loads imposed at RT 

and 37°C, respectively, when compared to control rates of pHj recovery. A l l neurons examined 

had resting pHj values < -7.4. The mean rates of pHj recovery observed in the absence and 

presence of Rp-cAMPS were plotted against absolute values of pHj and regression lines were 

fitted to the data points. The addition of Rp-cAMPS significantly increased rates of pHj recovery 

(P < 0.05 for all absolute values of pHj) at both RT (Fig. 37C) and 37°C (Fig. 37D). In addition, 

Rp-cAMPS caused the pH; dependence of pHj recovery to shift by -0.20 pH units in the alkaline 

direction at both RT and 37°C. Similar experiments were performed in the presence of 200 u M 

DIDS at 37°C (n = 4, Fig. 38A and B) and in the absence of H C 0 3 " at RT (n = 10; Fig. 38C and 

D) and, in neurons with resting pH ( values < 7.4, the addition of Rp-cAMPS failed to 

significantly change rates of pH s recovery under either condition. Thus, Rp-cAMPS increased 

rates of pHj recovery in a HC03"-dependent and DIDS-sensitive manner, suggesting that, in 

neurons with resting pHj values < -7.4, inhibition of P K A with Rp-cAMPS increases the activity 

of the N D A E . 

The NDAE is dependent upon internal CT. In the second series of experiments designed 

to examine the effects of altering P K A activity on the activity of the N D A E , neurons were 

depleted of internal CI" using a protocol described by Schwiening & Boron (1994; also see 

Bevensee et al, 1997). In these experiments, neurons were initially perfused with a Cf-free, 

HEPES-buffered medium and then exposed repeatedly to a Cl"-free, HC0 37C0 2-buffered 
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medium (see Fig. 39A). In this protocol, repeated activation of the N D A E (evoked by the 

addition of H C 0 3 7 C 0 2 ) depletes [CT]i from within the neuron. 

Under CT0-free, control conditions (n = 7, Fig. 39A), an initial (~ 7 min) exposure to 

H C 0 3 7 C 0 2 elicited an initial acidification (due to C 0 2 entry) followed by a sustained 0.09 ± 0.02 

pH unit increase in SS pH i 5 likely reflecting activation of the N D A E (see above), which returned 

to the initial SS value upon the removal of external HC0 3 " . Subsequent second, third and fourth 

exposures to H C 0 3 7 C 0 2 caused 0.07 ± 0.02, 0.06 ± 0.02 and 0.05 ± 0.02 pH unit increases in SS 

pHj, respectively, in neurons with resting pHj values < -7.4. Using the same protocol as that 

employed for analysis of pHj recovery from acid loads (see Methods and Materials, Section 6.3), 

instantaneous rates of change in SS pHj (indicating N D A E activity) during each exposure to 

H C 0 3 7 C 0 2 were calculated at an absolute value of pHj = 7.10 and were then normalized to the 

mean rate of change in SS pHj observed during the first addition of H C 0 3 7 C 0 2 ; during the first, 

second, third and fourth exposures, the normalized dpH/d? values were 100 ± 1 5 , 77 ± 1 3 , 44 ± 2 

and 55 ± 4 %, respectively (see Fig. 40C). The progressive decline in the normalized rates of 

alkalinization evoked by repeated H C 0 3 7 C 0 2 applications suggests that the activity of the 

N D A E is progressively declining due to depletion of [CT]j (see Schwiening & Boron, 1994). 

This result was in concert with the results from similar experiments performed in the presence of 

DIDS (to inhibit the activity of the NDAE). In the presence of 200 u M DIDS, 0.26 ± 0.05, 0.24 

+ 0.06 and 0.25 ± 0.05 pH unit increases in SS pHj were observed during the first, second and 

third exposures to HC0 3 7C0 2 " , respectively (n = 3; Fig. 39B) in neurons with resting pHj values 

< -7.4. The instantaneous rates of change in SS pHj were calculated at an absolute value of pHj 

= 7.10 (same as control) during each exposure to H C 0 3 7 C 0 2 in the presence of DIDS and were 

then normalized using the mean rate of alkalinization observed during the first application of 

H C 0 3 7 C 0 2 ; during the first, second and third exposures to H C 0 3 7 C 0 2 , the normalized dpH/d? 

values were 100 ± 18, 92 ± 15 and 98 ± 18 %, respectively (see Fig. 40C). As the normalized 

rates of alkalinization observed during each addition of H C 0 3 7 C 0 2 were similar (and not 

reduced with each subsequent H C 0 3 7 C 0 2 application, as observed under control conditions), the 
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results suggest that Cl"j was not depleted because the activity of the N D A E was not stimulated by 

the addition of H C 0 3 7 C 0 2 in the presence of DIDS. 

Next, similar experiments were performed in the continued presence of 50 u M Rp-

cAMPS and 0.21 ± 0.05, 0.11 ± 0.05 and 0.11 ± 0.01 pH unit increases in SS pH; were observed 

during the first, second and third exposures to H C 0 3 7 C 0 2 , respectively (n = 3, Fig. 40A), in 

neurons that had resting pHj values < -7.4. The normalized rates of change in SS pH, were 

calculated at an absolute value of pHj — 7.10 during each exposure to H C 0 3 7 C 0 2 in the presence 

of Rp-cAMPS; during the first, second and third exposures to H C 0 3 7 C 0 2 , the normalized 

dpHjAk values were 100 ± 16, 59 ± 9 and 53 ± 8 %, respectively (see Fig. 40C). Thus, in the 

presence of Rp-cAMPS, the normalized rate of alkalinization was significantly decreased during 

the second exposure to H C 0 3 7 C 0 2 " whereas, under control conditions, the rate of alkalinization 

became significantly decreased only upon the third exposure to H C 0 3 7 C 0 2 (see Fig. 40C). 

These results indicate that internal CI" was depleted faster in the presence than in the absence of 

Rp-cAMPS, suggesting that the inhibition of P K A increases the activity of the N D A E in neurons 

with resting pH, values < -7.4. 

In contrast to the results obtained in the presence of Rp-cAMPS, when similar 

experiments were performed in the continued presence of 25 u M Sp-cAMPS, 0.12 ± 0.06, 0.16 + 

0.06, 0.20 ± 0.03 and 0.27 ± 0.02 pH unit increases in SS pHj were observed during the first, 

second, third and fourth applications of H C 0 3 7 C 0 2 respectively (n = 3, Fig. 40B), in neurons 

with resting pHj values < -7.4. Normalized rates of change in SS pHj were calculated at an 

absolute value of pHj = 7.10 during each exposure to H C 0 3 7 C 0 2 in the presence of Sp-cAMPS; 

during the first, second, third and fourth exposures, the normalized dpHJdt values were 100 ± 17, 

51+7, 106 ± 12 and 120 ± 15 %, respectively. As shown in Fig. 40C, the normalized rates of 

alkalinization observed in the presence of Sp-cAMPS during the third and fourth applications of 

H C 0 3 7 C 0 2 were similar to the rate of alkalinization observed during the first application of 

H C 0 3 7 C 0 2 , a pattern of response which was also observed in the absence of Sp-cAMPS but in 

the presence of DIDS. This result contrasts with the results obtained in the presence of Rp-
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cAMPS and suggests that internal CI" is not sequentially reduced with each subsequent addition 

of H C 0 3 7 C 0 2 because the stimulation of P K A activity decreases the activity of the N D A E in 

neurons with resting pH, values < -7.4. 

Summary. The results described above confirm the involvement of the N D A E in the SS 

pHj response evoked by modulating the activity of P K A in neurons with resting pHj values < 

-7.4 under HC0 37C0 2-buffered conditions (see Section 2.2.3). Thus, in neurons with resting 

pHj values < -7.4, stimulation of P K A with Sp-cAMPS evokes a HC03"-dependent acidification, 

at least in part, by decreasing the activity of the N D A E . Conversely, inhibition of P K A with Rp-

cAMPS evokes a rise in SS pH i ; at least in part, by increasing the activity of the N D A E . 

Unfortunately, neurons with resting pHj values > -7.4 were not encountered in these series of 

experiments. Thus, it remains unclear whether PKA-evoked changes in SS pHj in neurons with 

resting pHj values > -7.4 might reflect alterations in the activity of the N D A E in addition to the 

observed changes in the activity of the NIAE (see Section 2.2.4.1). 

2.3 Summary of the effects of modulating the activity of the cAMP/PKA pathway on the 

activities of the NHE, NIAE and NDAE 

Initially, experiments performed in the absence of H C 0 3 " (described in Section 2.1) 

indicated that either increasing [cAMP]j or stimulating P K A activity causes an increase in SS pHj 

which reflects stimulation of the activity of the NHE. Conversely, inhibition of the activities of 

adenylyl cyclases or P K A fails to change SS pHj under HC03"-free conditions Further 

examination of the effects of activating the c A M P / P K A pathway on SS pHj under HEPES-

buffered conditions showed that: (1) The effect of increasing [cAMPJj on the activity of the N H E 

is mediated by P K A ; (2) Stimulation of N H E activity by activation of the c A M P / P K A pathway 

2+ 

is not mediated by changes in intracellular [Ca ]; and (3) A serine/threonine protein 

phosphorylation event may be involved in the stimulation of the activity of the N H E by P K A . 

When experiments were performed in the presence of H C 0 3 7 C 0 2 (described in Section 

2.2), increasing [cAMPJj evoked no HC03"-dependent effects on SS pHj. In contrast, inhibition 
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of adenylyl cyclase activities caused SS pHj to change in HC03"-dependent and pHrdependent 

manners, suggesting that modulation of activity of the c A M P / P K A pathway may change the 

activities of HC03"-dependent pHj regulating mechanisms. Further experimental examination of 

this HC03"-dependent effect showed that: (1) In neurons with resting pH, values < -7.4, 

stimulation of P K A activity evokes a HC03"-dependent acidification by increasing the activity of 

the NIAE and inhibiting the activity of the N D A E whereas inhibition of P K A activity evokes a 

rise in SS pHj by decreasing the activity of the NIAE and stimulating the activity of the N D A E ; 

(2) In neurons with resting pHj values > -7.4, stimulation of P K A activity evokes a rise in SS 

pHj, at least in part, by decreasing the activity of the NIAE whereas inhibition of P K A activity 

evokes a fall in SS pH i 5 at least in part, by increasing the activity of the NIAE. However, in 

neurons with resting pHj values > -7.4, it remains unclear whether PKA-evoked changes SS pHj 

might also reflect changes in the activity of the N D A E . 

Thus, when considering the activities of all three pHj regulating mechanisms present in 

adult rat hippocampal CA1 neurons, stimulation of the c A M P / P K A pathway has the overall 

effect of increasing SS pHj above the prevailing p H 0 value (see Fig. 27A). This reflects not only 

modulation of the activities of the NIAE and N D A E , but also activation of the NHE. In contrast, 

inhibition of the c A M P / P K A pathway has the overall effect of clamping SS pHj at the prevailing 

p H 0 value (see Fig. 25). 
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Figure 12. Effects of forskolin and IBMX on SS pHj under HEPES-buffered conditions. 

A With a resting pH ; at -7.22 under HEPES-buffered conditions, a neuron exposed to 25 u M 
forskolin showed a -0.30 pH unit alkalinization. Upon subsequent removal of forskolin, SS pHj 
remained elevated for the remainder of the experiment. B A neuron with a resting pHj at -7.00 
was exposed to 200 u M I B M X under HEPES-buffered conditions. I B M X caused pHj to increase 
to a new SS level at -7.35 after an -9 minute delay. Data in A and B were obtained from 
different neurons. 
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Figure 13. Effects of forskolin and IBMX on pH ( recovery from imposed internal acid loads 
under HEPES-buffered conditions. 

A A neuron with a resting pHj at -7.10 was initially exposed to an internal acid load under 
HEPES-buffered conditions. After pHj recovered to the initial SS level, a second acid load was 
performed in the presence of 25 u M forskolin. pHj recovered faster in the presence than in the 
absence of forskolin. B Plotted are the mean calculated net acid fluxes against absolute values of 
pHj from 12 experiments of the type shown in A. The circles and squares represent the data 
obtained from neurons with low (n = 6) or high (n = 6) resting pHj values, respectively. In both 
groups of neurons, the net acid flux values observed in the presence of forskolin (open symbols) 
were significantly faster than those observed in its absence (filled symbols), at all absolute values 
of pHj. When least squares linear regressions were fitted to the data points, it was found that the 
slopes of the lines were greater and the x-intercepts were more alkaline in the presence than in 
the absence of forskolin. C A neuron with a resting pHj of -7.50 was initially exposed to an acid 
load under HEPES-buffered conditions. After pHj recovered to the initial SS level, a second acid 
load was performed in the presence of 200 u M IBMX. pH; recovered faster in the presence than 
in the absence of I B M X . D Plotted are the mean calculated net acid fluxes against absolute 
values of pH; from experiments of the type shown in C. The circles or squares represent the data 
obtained from neurons with low (n = 8) or high (n = 2) resting pH, values, respectively. In both 
groups of neurons, the net acid flux values observed in the presence of I B M X (open symbols) 
were significantly faster than those observed in its absence (filled symbols). When regression 
lines were fitted to the data points, it was found that the slopes of the lines were greater and the 
x-intercepts were more alkaline in the presence than in the absence of I B M X . 
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Figure 14. Effects of 1', 9'-dideoxyforskolin on SS pHj and pH f recovery from internal acid 
loads under HEPES-buffered conditions. 

A Addition of 25 uM l',9'-dideoxyforskolin had no effect on SS pHj in a neuron that had a 
resting pHj at -7.13 under HEPES-buffered conditions. B In a different neuron with a resting 
pHj value at -7.46 under HEPES-buffered conditions, pHj was allowed to recover after an initial 
acid load. A second acid load was performed in the presence of 25 u M 1', 9'-dideoxyforskolin 
after which pHj recovered to initial SS levels at a similar rate to that observed under control 
conditions. C Mean calculated net acid fluxes were plotted against absolute values of pHj from 4 
experiments of the type shown in B. Circles and squares represent the data obtained from 
neurons with low (n = 2) and high (n = 2) resting pH; values, respectively. The net acid flux 
values observed in the presence of 1', 9'-dideoxyforskolin (open symbols) were not significantly 
different from control net acid flux values (closed symbols; P > 0.05 at each absolute value of 
pHj). Regression lines that were fitted to the data points from neurons with low (circles) or high 
(squares) resting pHj values had x-intercepts at pHj -7.1 and -7.5, respectively. 
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Figure 15. Effects of Sp-cAMPS on SS pH ( and pHj recovery from internal acid loads under 
HEPES-buffered conditions. 

A Under HEPES-buffered conditions, 4 different neurons (all with resting pHj values at -7.25) 
were exposed to increasing concentrations of Sp-cAMPS. Addition of 5 u M Sp-cAMPS (•) 
elicited a -0.1 pH unit rise in SS pH s and addition of 10 u M Sp-cAMPS (O) elicited a -0.15 pH 
units rise. Addition of 25 u M Sp-cAMPS ( • ) caused SS pHj to reach - 7.45 within - 11 min. 
40 u M Sp-cAMPS (V) elicited a similar change in SS pHj as 25 u M Sp-cAMPS but the new SS 
level was reached in only - 5 min. B A sample paired acid load recovery experiment performed 
under HEPES-buffered conditions in which the first acid load recovery was performed under 
control conditions and the second was performed in the presence of 25 u M Sp-cAMPS. pHj 
recovery from the second acid load was faster than recovery from the first. C From 7 
experiments of the type shown in B, mean calculated net acid fluxes were plotted against 
absolute values of pHj and least squares regression lines were fitted to each set of data. The net 
acid flux values were significantly faster at each absolute value of pH; in the presence (open 
symbols) than in the absence (closed symbols) of 25 u M Sp-cAMPS. The lines representing data 
from neurons with both low (circles) and high (squares) resting pHj values had greater slopes and 
more alkaline x-intercepts in the presence than in the absence of Sp-cAMPS. 
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Figure 16. Effect of Sp-cAMPS on SS pHj under Na+

0-free, HEPES-buffered conditions. 

A In a neuron with a resting pHj at -7.25, removal of N a +

0 (replaced with N M D G + ) caused SS 
pH; to fall. After pHj recovered to the initial SS level, the neuron was exposed to 25 u M Sp-
cAMPS which had no effect on SS pHj. B A different neuron with a resting pH, at -7.30 was 
exposed to a Na+-free medium containing L i + , which caused SS pHj to initially fall. After pHj 
recovered to the initial SS level, 25 u M Sp-cAMPS was added to the perfusion medium causing 
pHj to increase to a new elevated SS level at -7.48. Both experiments were performed under 
HEPES-buffered conditions, p H 0 = 7.35 throughout. 
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Figure 17. Effect of Rp-cAMPS on forskolin-induced changes in SS pHj under H E P E S -
buffered conditions. 

Under HEPES-buffered conditions, a neuron with a resting pHj at -7.20 was exposed to 50 u M 
Rp-cAMPS which did not alter SS pHj. In the continued presence of Rp-cAMPS, the subsequent 
addition of 25 u M forskolin caused SS pH, to increase -0.08 pH units. 
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Figure 18. Effects of Sp-cAMPS and Rp-cAMPS on [Caz ]j and the effect of Ca -̂removal 
on forskolin- and Sp-cAMPS-evoked changes in SS pHj under HEPES-buffered conditions. 

A The addition of 25 u M Sp-cAMPS elicited no change in the background-subtracted intensity 
ratios representing [Ca ], in this neuron loaded with Fura-2 under HEPES-buffered conditions. 
B A neuron loaded with Fura-2 showed no change in BI334/BI380 values when 50 u M Rp-cAMPS 
was applied under HEPES-buffered conditions. C Perfusion with a HEPES-buffered medium 

2+ 

devoid of Ca caused SS pHj to increase in a neuron loaded with BCECF. Subsequent addition 
of 25 u M forskolin caused SS pHj to increase a further -0.25 pH units. D In a neuron loaded 

2+ 
with BCECF, resting pHj was at -6.78. Removal of external Ca caused an increase in SS pHj. 

2+ 

In the continued absence of Ca 0 , addition of 25 u M Sp-cAMPS caused a further - 0.20 pH unit 
increase in SS pHj. Each trace shown was obtained from a different neuron. 
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Figure 19. Effect of okadaic acid on Sp-cAMPS-evoked changes in SS pHj under HEPES-
buffered conditions. 

A neuron with a resting pHj at -6.90 was perfused with a HEPES-buffered medium containing 
10 u M okadaic acid which elicited an increase in SS pH,. Subsequently, 10 u M Sp-cAMPS was 
added to the perfusion medium causing a further -0.35 pH unit increase in SS pHj. 
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Figure 20. Effects of forskolin (in the presence and absence of DIDS) and IBMX on SS pH; 
under HC037C02-buffered conditions. 

A A neuron that had a resting pHj at -7.27 was exposed to 25 u M forskolin which caused SS pHj 
to increase under HC0 37C0 2-buffered conditions. Upon subsequent removal of forskolin, SS 
pH, remained elevated for the remainder of the experiment (-20 min). B Under H C 0 3 7 C 0 2 -
buffered conditions, a different neuron with a resting pHj at -7.05 was exposed to 200 u M I B M X 
which caused a -0.35 pH unit increase in SS pHj. C The SS pHj of a different neuron, initially at 
-7.07, decreased upon exposure to 200 u M DIDS under HC0 37C0 2-buffered conditions. The 
subsequent addition of 25 u M forskolin caused a - 0.25 pH unit rise in SS pHj. 
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Figure 21. Effects of forskolin and IBMX on pHj recovery from internal acid loads imposed 
under HC037C02-buffered conditions. 

A A neuron with a resting pH s at -7.17 was administered a control acid load under H C 0 3 7 C 0 2 -
buffered conditions. Upon pHj recovery to the resting level, a second acid load was performed in 
the presence of 25 u M forskolin, after which pHj recovered to a new SS level at pH, = -7.32. B 
After pHj was allowed to recover from an acid load performed under control H C 0 3 7 C 0 2 -
buffered conditions, the different neuron was exposed to 200 u M I B M X and a second acid load 
was performed. pH, recovery from the second acid load was faster when compared to the pHj 
recovery from the first. C Plotted are mean rates of pH f recovery against absolute values of pHj 
from acid loads performed in the absence (•) and presence (O) of 25 u M forskolin (n = 13). The 
rates of pHj recovery observed were significantly faster in the presence than in the absence of 
forskolin at all absolute values of pHj. The data points were fitted by regression lines and the 
line representing the data obtained in the presence of forskolin had a greater slope and more 
alkaline x-intercept than the line representing the control data. D Plotted are mean rates of pHj 
recovery against absolute values of pHj from acid load experiments performed in the absence (•) 
and presence (O) of 200 u M I B M X (n = 10). The rates of pH, recovery observed were 
significantly faster in the presence than in the absence of I B M X at all absolute values of pHj. 
Regression lines were fitted to the data points and the line representing the data obtained in the 
presence of I B M X had a larger slope and more alkaline x-intercept than the line representing the 
control data. 
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Figure 22. Effect of DIDS on the changes in rates of pHj recovery from imposed internal 
acid loads evoked by forskolin under HC037C02-buffered conditions. 

A pHj was allowed to fully recover after an initial acid load under control HC0 37C0 2-buffered 
conditions. The neuron then was exposed to 200 uM DIDS and 25 u M forskolin which initially 
caused SS pHj to fall. A subsequent acid load was then performed in the presence of these 2 
agents, after which pH; recovered to a new SS level at -7.33. The rates of pHj recovery were 
significantly faster in the presence than in the absence of forskolin and DIDS. B The mean rates 
of pHj recovery obtained in the absence (•) and presence (O) of 200 u M DIDS and 25 u M 
forskolin were plotted against absolute values of pHj (n = 7). Rates of pHj recovery were 
significantly faster in the presence than in the absence of the 2 agents at all absolute values of 
pHj. Linear regressions were fitted to the data points and the line representing the data obtained 
in the presence of forskolin and DIDS had a more alkaline x-intercept than the line representing 
the control data. Compare with Fig. 21C (the effect of 25 u M forskolin on rates of pH, recovery 
from internal acid loads imposed under HC0 37C0 2-buffered in the absence of DIDS). 
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Figure 23. Effects of 1', 9'-dideoxyforskolin on SS pHj and pHj recovery from internal acid 
loads under HC037C02-buffered conditions. 

A Addition of 25 u M 1', 9'-dideoxyforskolin had no effect on SS pHj in a neuron that had a 
resting pH; at -7.03 under HC0 37C0 2-buffered conditions. B In a different neuron with a 
resting pH, at -7.15 under HC0 37C0 2-buffered conditions, pHj was allowed to recover after 
imposing an initial acid load. A second acid load was performed in the presence of 25 u M 1', 9'-
dideoxyforskolin after which pH; recovered to the resting SS level at a similar rate to that 
observed under control conditions. C From 5 experiments of the type shown in 6, mean rates of 
pH, recovery were plotted against absolute values of pHj and regression lines were fitted to the 
data points. No significant differences were found between rates of pHj recovery observed in the 
absence (•) and presence (O) of 25 u M 1', 9'-dideoxyforskolin, at all absolute values of pHj. 



112 

B 

7.3 

7.2 J 

7.1 

7.0 

6.9 

6.8 

25 \M 1',9'-Dideoxyforskolin 

8 12 

Time (min) 

16 

x 
Q. 

20 

25 uM 1',9'-Dideoxyforskolin 

X 
Q _ 

T 3 



113 

Figure 24. Effect of 2', 5'-dideoxyadenosine on SS pHj under HC037C02-buffered 
conditions. 

A A neuron that had a resting pHj at -7.29 was exposed to 100 u M 2', 5'-dideoxyadenosine 
which caused SS pHj to increase under HC0 37C0 2-buffered conditions. B From 9 experiments 
of the type shown in A, the changes in SS pHj elicited by 100 u M 2', 5'-dideoxyadenosine were 
plotted against resting values of pHj observed prior to the addition of D D A and a regression line 
was fitted to the data points. This regression line had a negative slope and an x-intercept at pHj = 
-7.45. 
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Figure 25. Effect of Rp-cAMPS on SS pFL under HC037C02-buffered conditions. 

A A rise in SS pH s was observed with the addition of 50 u M Rp-cAMPS in a neuron that had a 
resting pH; at -7.04 under HC0 37C0 2-buffered conditions. B A different neuron with a resting 
pHj at -7.79 showed a decrease in SS pHj when 50 u M Rp-cAMPS was added to the H C 0 3 " 
/C02-buffered perfusion medium. C From 16 experiments of the types shown in A and B, the 
changes in SS pH, elicited by 50 u M Rp-cAMPS were plotted against resting values of pHi and 
these data points were fitted to a least squares regression line. This line had a negative slope and 
an x-intercept at pHj = -7.4. Compare with Fig. 8C (the effect on SS pHj of adding H C 0 3 7 C 0 2 

to neurons perfused initially with HEPES-buffered medium). 
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Figure 26. Effect of DIDS on the changes in SS pHj evoked by Rp-cAMPS under H C 0 3 

/C02-buffered conditions. 

The resting pHj of this neuron was ~7.05 prior to the addition of 200 u M DIDS to the HC0 3 ~ 
/C02-buffered perfusion medium. DIDS evoked a fall in SS pHj and the subsequent addition of 
50 u M Rp-cAMPS failed to alter SS pH; (compare with Fig. 25 A; the effect of Rp-cAMPS on SS 
pHj in a neuron with a low resting pHj under HC0 37C0 2-buffered conditions in the absence of 
DIDS). 
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Figure 27. Effects of Sp-cAMPS and okadaic acid on SS pH; under HC0 37CO rbuffered 
conditions. 

A A neuron that had a resting pHj at -7.26 under HC0 37C0 2-buffered conditions (solid line) was 
exposed to 25 u M Sp-cAMPS which, after a relatively long delay (~ 8 min), caused SS pH, to 
increase by -0.12 pH units. Also shown is a similar experiment performed on a different neuron 
under nominally HC03"-free, HEPES-buffered conditions (O); under these conditions there was a 
larger increase in SS pHj which reached a maximum value after a significantly shorter delay. B 
A neuron that had a resting pHj at -7.25 under HC0 37C0 2-buffered conditions (solid line) was 
exposed to 10 u M okadaic acid which caused SS pH s to increase by -0.15 pH units. Also shown 
is a similar experiment performed on a different neuron under nominally HC03"-free, HEPES-
buffered conditions (O); under these conditions, okadaic acid evoked a greater increase in SS 
p H , 
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Figure 28. Effect of DIDS on pH ( recovery from internal alkaline loads imposed under 
HC037C02-buffered conditions. 

A neuron that had a resting pH, at ~7.12 was exposed to an alkaline load under H C 0 3 7 C 0 2 -
buffered conditions. pH; was allowed to recover to the resting SS level and, subsequently, the 
addition of 200 u M DIDS caused SS pHj to decrease. A second alkaline load was administered 
in the continued presence of DIDS, after which the pHj recovery towards the initial SS level was 
greatly diminished. 
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Figure 29. Effects of Rp-cAMPS on pH; recovery from internal alkaline loads under HC0 3~ 
/C02-buffered conditions in the presence and absence of external Na+. 

A A neuron with a resting pHj at -7.24 was exposed to an alkaline load and after pHj recovered 
to the resting SS level, 50 u M Rp-cAMPS was added to the perfusion medium. This caused an 
alkalinization, during which a second alkaline load was performed. The rate of pHj recovery 
from the second alkaline load was slower than the rate of pHj recovery from the first. B Mean 
rates of pHj recovery obtained in the absence (•) and presence (O) of 50 u M Rp-cAMPS were 
plotted against absolute values of pHj and it was found that the rates of pH, recovery were 
significantly reduced in the presence than in the absence of Rp-cAMPS at all absolute values of 
pH, (n = 14). Regression lines were fitted to the data points and the line representing the data 
obtained in the presence of Rp-cAMPS had a reduced slope and a more alkaline x-intercept than 
the line representing control data. C Under Na+

0-free, HC0 37C0 2-buffered conditions, a 
different neuron with a resting pHj at -7.15 was exposed to an alkaline load and after pH; 
recovered to the resting SS level, 50 u M Rp-cAMPS was added to the perfusion medium. This 
caused an alkalinization, during which a second alkaline load was performed. The rate of pHj 
recovery from the second alkaline load was slower than the rate of pH, recovery from the first. D 
In the absence of N a +

0 , mean rates of pHj recovery obtained in the absence (•) and presence (O) 
of 50 u M Rp-cAMPS were plotted against absolute values of pH, and it was found that the rates 
of pH, recovery were reduced in the presence of Rp-cAMPS (n = 5). Regression lines were fitted 
to the data points and the line representing the data obtained in the presence of Rp-cAMPS had a 
reduced slope and a more alkaline x-intercept than the line representing control data. 
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Figure 30. Effect of Sp-cAMPS on pHj recovery from imposed alkaline loads under HC0 3" 
/C02-buffered conditions. 

A In a neuron with a resting pH; at -7.10, pHj recovered after an alkaline load performed under 
control conditions. Subsequently, the addition of 25 u,M Sp-cAMPS caused SS pHj to increase. 
A second alkali load was then performed and pHj recovered to the new SS level in the continued 
presence of Sp-cAMPS. The rate of pHj recovery from the second alkaline load was faster than 
the rate of pHj recovery from the first. B From 9 experiments of the type shown in A, mean rates 
of pH, recovery obtained in the absence (•) and presence (O) of 25 u M Sp-cAMPS were plotted 
against absolute values of pHj. For absolute pHj values < 7.20, rates of pH, recovery were 
significantly smaller, and for absolute pHj values > 7.40, rates of pHj recovery were significantly 
greater, in the presence than in the absence of Sp-cAMPS. Regression lines were fitted to the 
data points, the line representing data obtained in the presence of Sp-cAMPS had a greater slope 
with a more alkaline x-intercept than the line representing control data. 
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Figure 31. Effects of Rp-cAMPS and Sp-cAMPS on 0 Cl0-evoked changes in SS pHj under 
HC037C02-buffered conditions. 

A The removal of CI" from the HC0 37C0 2-buffered perfusion medium caused the SS pH} of this 
neuron to increase from -7.13 to -7.29. Subsequent reintroduction of Cl" 0 allowed pHj to 
recover to the resting value, after which an increase in SS pHj was observed with the addition of 
50 u M Rp-cAMPS. Cl" 0 was then removed from the perfusion medium for a second time, 
causing an -0.07 pH unit increase in SS pH,. In the continued presence of Rp-cAMPS, Cl" 0 was 
re-introduced and pHj recovered. The 0 Cl"0-induced alkalinization was smaller in the presence 
than in the absence of Rp-cAMPS. B A different neuron with a resting pHj at -7.05 was exposed 
to Cl"-free, HC0 37C0 2-buffered medium which caused SS pH ( to increase -0.18 pH units. 
Reintroducing Cl" 0 allowed pHj to recover to the resting SS level, after which a slow increase in 
pHi was observed with the addition of 25 uM Sp-cAMPS. CI" was then removed from the 
perfusion medium for a second time causing a -0.35 pH unit alkalinization. When Cl" 0 was 
returned to the perfusion medium in the continued presence of Sp-cAMPS, pH, recovered to a SS 
level of -7.40. The 0 Cl"0-induced alkalinization was greater in the presence than in the absence 
of Sp-cAMPS. C The first time CI" was removed from the HC0 37C0 2-buffered perfusion 
medium, SS pHj increased and, upon returning Cl" 0 , pHj returned to the initial SS level. The 
subsequent addition of 200 uM DIDS and 25 uM Sp-cAMPS initially caused an transient 
decrease followed by an increase in SS pHj. In the continued presence of these two agents, the 
removal of CI" from the perfusion medium failed to alter SS pH;. D The SS pHj responses to the 
acute removal of Cl" 0 recorded in three different neurons with similar resting pHj values were 
overlaid. Removal of CI" from the HC0 37C0 2-buffered perfusion medium in the presence of 50 
u M Rp-cAMPS (O) elicited a significantly smaller increase in SS pHi when compared to those 
obtained in the presence of Sp-cAMPS (V) or under control conditions (solid line). SS pHj 
recovered to the initial value of -7.15 upon the return of CI" to the perfusion medium in all three 
neurons. 
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Figure 32. Effect of Sp-cAMPS on SS pHj under Na+

0-free, HC037C02-buffered conditions. 

Under Na+

0-free, HC0 3VC0 2-buffered conditions, a neuron had a resting pHj at -7.50. Upon the 
addition of 25 u M Sp-cAMPS, SS pHj increased by -0.08 pH units. 
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Figure 33. Effect of Rp-cAMPS on SS pH ( under Na+

0-free, HC037C02-buffered 
conditions. 

A A neuron perfused with Na+-free, HC0 37C0 2-buffered medium was allowed to reach a SS pH, 
at -7.25. Addition of 50 u M Rp-cAMPS, in the continued absence of N a +

0 , caused pH; to 
increase to a new SS level at -7.37. B A different neuron that had a resting pHj at -7.63 under 
Na+

0-free, HC0 37C0 2-buffered conditions, was exposed to 50 u M Rp-cAMPS causing SS pHj to 
fall. C Plotted against resting values of pHj are changes in SS pHj elicited by 50 u M Rp-cAMPS 
under Na+

0-free, HC0 37C0 2-buffered conditions (n = 12). The data points were fitted to a 
regression line (solid line) which had a negative slope and an x-intercept at pHj = -7.5. Compare 
with the line representing the effect of Rp-cAMPS on SS pHj observed under H C 0 3 7 C 0 2 -
buffered conditions in the presence of external N a + (dashed line; from Fig. 25C). 
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Figure 34. Effect of DIDS on Rp-cAMPS-evoked changes in SS pHj under Na+

0-free, H C 0 3 

/C02-buffered conditions. 

The resting pHj of this neuron was -7.24 prior to the addition of 200 u M DIDS to the Na+-free, 
HC0 37C0 2-buffered perfusion medium. DIDS caused pHj to fall to a new SS level at -7.20. 
The subsequent addition of 50 u M Rp-cAMPS failed to alter SS pHj. 
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Figure 35. Effect of Sp-cAMPS on pHj recovery from internal acid loads under HC0 3~ 
/C02-buffered conditions at 37°C. 

A A sample paired acid load recovery experiment in which the first acid load recovery was 
performed under control HC0 37C0 2-buffered conditions and the second was performed in the 
presence of 25 u M Sp-cAMPS. The rate of pHj recovery from the second acid load was faster 
than the rate of pH; recovery from the first. B From 8 experiments of the type shown in A, mean 
calculated rates of pH; recovery from acid loads imposed in the absence (•) and presence (O) of 
25 u M Sp-cAMPS were plotted against absolute values of pH; and regression lines were fitted to 
the data points. The rates of pH, recovery were significantly faster in the presence than in the 
absence of Sp-cAMPS at all absolute values of pHj (except pR{ = 7.25). The line representing 
data obtained in the presence of Sp-cAMPS had a greater slope than the line representing control 
data. 
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Figure 36. Effects of Sp-cAMPS on pHj recovery from internal acid loads under HC0 3" 
/ C 0 2 and HEPES -buffered conditions at RT. 

A A neuron with a resting pHj at -7.10 was administered a control acid load under H C 0 3 7 C 0 2 -
buffered conditions at RT. After pHj recovery to the initial SS value, a second acid load was 
performed in the presence of 25 u M Sp-cAMPS, after which pHj recovered at a slower rate than 
under control conditions. B Plotted are mean rates of pH ( recovery from acid loads performed in 
the absence (•) and presence (O) of 25 u M Sp-cAMPS against absolute values of pHj under 
HC0 37C0 2-buffered conditions at RT (n = 5). The rates of pH, recovery were significantly 
smaller in the presence than in the absence of Sp-cAMPS at absolute values of pH| at 7.15 and 
7.20. Regression lines were fitted to the data points and the line representing the data obtained in 
the presence of Sp-cAMPS had a smaller slope than the line representing the control data. C 
After pHj was allowed to recover from an acid load performed under control HEPES-buffered 
conditions at RT, the neuron was exposed to 25 u M Sp-cAMPS and a second acid load was 
performed. The rate of pHi recovery from the second acid load was similar to the first. D Plotted 
are mean rates of pHj recovery from acid loads performed in the absence (•) and presence (O) of 
25 u M Sp-cAMPS against absolute values of pH, under HEPES-buffered conditions at RT (n = 
9). The rates of pH, recovery at all absolute values of pHj were not significantly different in the 
presence compared to the absence of Sp-cAMPS. Regression lines were fitted to the data points 
and had a common x-intercept at pHj = -7.30. 
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Figure 37. Effects of Rp-cAMPS on pHj recovery from internal acid loads under HC0 3~ 
/C02-buffered conditions at RT and 37°C. 

A A neuron with a resting pH s at -7.15 was administered a control acid load under H C 0 3 7 C 0 2 -
buffered conditions at RT. After pHj recovered to the initial SS value, 50 u M Rp-cAMPS was 
added to the perfusion medium causing SS pHj to increase, after which a second acid load was 
performed. In the continued presence of Rp-cAMPS, pHj recovered at a faster rate than under 
control conditions. B After pHj recovered from an internal acid load performed under control 
HC0 37C0 2-buffered conditions at 37°C, the neuron was exposed to 50 u M Rp-cAMPS which 
elicited a rise in SS pHj. In the continued presence of Rp-cAMPS, a second acid load was 
performed after which pHj recovered at a faster rate than after the first acid load. C Plotted are 
mean rates of pHj recovery from acid loads performed in the absence (•) and presence (O) of 50 
u M Rp-cAMPS against absolute values of pH, under HC0 37C0 2-buffered conditions at RT (n = 
11). The rates of pHj recovery were significantly greater at all absolute values of pH; in the 
presence than in the absence of Rp-cAMPS. Regression lines were fitted to the data points and 
the line representing data obtained in the presence of Rp-cAMPS had a more alkaline x-intercept 
than the line representing control data. D Plotted are mean rates of pHj recovery from acid loads 
performed in the absence (•) and presence (O) of 50 u M Rp-cAMPS against absolute values of 
pHj under HC0 37C0 2-buffered conditions at 37°C (n = 4). The rates of pH; recovery at all 
absolute values of pH, were significantly greater in the presence than in the absence of Rp-
cAMPS. Regression lines were fitted to the data points and the line representing data obtained in 
the presence of Rp-cAMPS had a more alkaline x-intercept than the line representing control 
data. 
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Figure 38. Effects of Rp-cAMPS on pHj recovery from internal acid loads under DIDS-
containing, HC037C02-buffered (37°C) and HEPES-buffered (RT) conditions. 

A After pHj was allowed to recover from an acid load performed under control H C 0 3 7 C 0 2 -
buffered conditions at 37°C, the neuron was exposed to 200 u M DIDS and 50 u M Rp-cAMPS 
and a second acid load was performed. pHj recovered from the second acid load at a rate that 
was similar to that observed following the first acid load. B Plotted are mean rates of pH; 
recovery from acid loads performed in the absence (•) and presence (O) of 50 u M Rp-cAMPS 
and 200 u M DIDS against absolute values of pHj under HC0 37C0 2-buffered conditions at 37°C 
(n = 4). The rates of pH; recovery were not significantly different in the absence and presence of 
Rp-cAMPS and DIDS at all absolute values of pHj. Regression lines were fitted to the data 
points and the lines had a common x-intercept at pHj = -7.5. Compare with Fig. 37D (the effect 
of Rp-cAMPS on rates of p H recovery from acid loads performed under HC0 37C0 2-buffered 
conditions at 37°C in the absence of DIDS). C A different neuron with a resting pHj at -7.22 
was administered a control acid load under HEPES-buffered conditions at RT. After pHj 
recovered to the initial SS value, a second acid load was performed in the presence of 50 u M Rp-
cAMPS, after which pHj recovered to SS at a similar rate to that observed under control 
conditions. Note that Rp-cAMPS did not change SS pH s under these HC03"-free conditions. D 
Plotted are mean rates of pHj recovery from acid loads performed in the absence (•) and 
presence (O) of 50 u M Rp-cAMPS against absolute values of pH; under HEPES-buffered 
conditions at RT (n = 10). The rates of pHj recovery were not significantly different in the 
presence and absence of Rp-cAMPS at all absolute values of pHj except 6.90, 7.10 and 7.15. 
Regression lines were fitted to the data points and the lines had a common x-intercept at pH, = -
7.4. Compare with Fig. 37C (the effect of Rp-cAMPS on rates of pH; recovery from acid loads 
performed under HC0 37C0 2-buffered conditions at RT). 
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Figure 39. Effects of repeated exposure to HC0 3 7C0 2 on SS pHj under Cl0-free, HEPES-
buffered conditions in the absence and presence of DIDS at RT. 

A Initially, the removal of CI" from the HEPES-buffered perfusion medium caused the SS pHj of 
this neuron to decrease from -7.20 to -7.05. Subsequent addition of H C 0 3 7 C 0 2 in the 
continued absence of Cl" 0 caused SS pH, to transiently decrease and then increase to a SS level at 
pHj = -7.22. H C 0 3 7 C 0 2 was then removed from the perfusion medium causing an 
alkalinization after which pH ; recovered to the initial SS level at pHj = -7.05. Addition and 
subsequent removal of H C 0 3 7 C 0 2 was repeated 3 additional times and pH; followed the same 
pattern as during the first exposure to H C 0 3 7 C 0 2 , except the SS levels to which pHj alkalinized 
in the presence of H C 0 3 7 C 0 2 diminished with each successive application and, more 
importantly, the rates at which pHj reached each new SS level were reduced (see Fig. 40C). B A 
different neuron was pretreated with 200 juM DIDS under Cl"0-free, HEPES-buffered conditions 
and had a resting pHj at -7.19. Subsequent addition of H C 0 3 7 C 0 2 in the continued absence of 
Cl" 0 (and presence of DIDS) caused pHj to transiently decrease and then increase to a SS level at 
pHj = -7.37. H C 0 3 7 C 0 2 was then removed from the perfusion medium causing an 
alkalinization after which pHj recovered to the initial SS level. Addition and subsequent removal 
of H C 0 3 7 C 0 2 was repeated 2 additional times and pHj followed the same pattern as during the 
first exposure to H C 0 3 7 C 0 2 (i.e. the magnitudes of the alkalinizations and the rates of pHj 
increase were similar during each exposure of H C 0 3 7 C 0 2 ; see Fig. 40C). Both experiments 
were performed at RT. 
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Figure 40. Effects of Rp-cAMPS and Sp-cAMPS on the Clj-depletion procedure performed 
atRT. 

A Initially, the addition of 50 u M Rp-cAMPS and removal of CI" from the HEPES-buffered 
perfusion medium did not cause the resting pH, of this neuron to change. Subsequent addition of 
H C 0 3 " / C 0 2 in the continued absence of Cl" 0 and presence of Rp-cAMPS caused pHj to 
transiently decrease and then increase to a new SS level. H C 0 3 7 C 0 2 was then removed from the 
perfusion medium causing an alkalinization after which pHj recovered to the initial SS level. 
Addition and subsequent removal of H C 0 3 7 C 0 2 was repeated 2 additional times and pHj 
followed the same pattern as during the first exposure to H C 0 3 7 C 0 2 except the magnitude of the 
alkalinization and the rate of pHj change decreased during the second and third applications of 
H C 0 3 7 C 0 2 (see part C). B Initially, the addition of 25 u M Sp-cAMPS and removal of CI" from 
the HEPES-buffered perfusion medium caused the resting pH, of this neuron to decrease -0.05 
pH units. Subsequent addition of H C 0 3 7 C 0 2 in the continued absence of Cl" 0 and presence of 
Sp-cAMPS caused pHj to transiently decrease and then increase to a new SS level. H C 0 3 7 C 0 2 

was then removed from the perfusion medium causing an alkalinization after which pHj 
recovered to the initial SS level. Addition and subsequent removal of H C 0 3 7 C 0 2 was repeated 3 
more times and pHj followed a similar pattern as during the first exposure to H C 0 3 7 C 0 2 . 
Although the rate of pHj change was similar in each case (except during the second application of 
H C 0 3 7 C 0 2 ) , the magnitude of the alkalinization observed in the presence of H C 0 3 7 C 0 2 

increased with each subsequent application of H C 0 3 7 C 0 2 (see part C). C The mean rates of 
alkalinization for each application of H C 0 3 7 C 0 2 were calculated at an absolute pHj value = 7.10 
and were normalized to the rate of alkalinization observed during the first application of H C 0 3 " 
/ C 0 2 . The resulting normalized rates of alkalinization are presented as percentage values under 
control conditions, in the presence of 200 u M DIDS, in the presence of 50 u M Rp-cAMPS, and 
in the presence of 25 u M Sp-cAMPS. Under each experimental condition, each bar represents 
the normalized rate of alkalinization observed during the sequential application of H C 0 3 7 C 0 2 

(four applications under control conditions and in the presence of Sp-cAMPS; three applications 
in the presence of DIDS or Rp-cAMPS). Note that most of the normalized rates of pHj increase 
did not change with each subsequent addition of H C 0 3 7 C 0 2 in the presence of DIDS or Sp-
cAMPS. However, the normalized rates of pHj increase were reduced during each successive 
application of H C 0 3 7 C 0 2 under control conditions (e.g. a significant decrease in the normalized 
rate was observed during the third application) and in the presence of Rp-cAMPS (e.g. a 
significant decrease in the normalized rate was observed during the second application). Each 
number in parentheses = number of neurons examined at RT and * represents P < 0.05 for the 
comparison between the marked and first normalized rate of alkalinization values. 
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3. Modulation of the activity of the NHE by the CaM/CaMK-II second messenger system 

Calmodulin and CaMK-II have been found to be involved in the control of the activities 

of both HC03"-dependent and HC03"-independent pHj regulating mechanisms in a variety of 

peripheral cell types (see Introduction). In addition, the CaM/CaMK-II pathway has been shown 

to be important in regulating neuronal function (e.g. Mody et al., 1984; Cooper et al., 1994; 

Ehlers et al, 1996). Therefore, in this third part of the study, the role of the CaM/CaMK-II 

pathway in the control of the activity of the N H E was assessed in adult rat hippocampal CA1 

neurons. 

3.1 Inhibition of CaM 

3.1.1 Characterization of the SS pHt response to CaM inhibition 

3.1.1.1 HEPES-buffered conditions 

Initially, to examine the effect of the inhibition of CaM on SS pHj, experiments were 

performed with varying concentrations of W-7, an inhibitor of calmodulin which binds to CaM 
2+ 

in a Ca -dependent manner (Inagaki et al., 1983) under HEPES-buffered conditions. As shown 

in Fig. 41 A , addition of 5, 20, 50 and 100 u M W-7 elicited 0.12 ± 0.04 (n = 9/9), 0.14 ± 0.04 (n 

= 9/9), 0.24 + 0.04 (n = 14/15) and 0.24 ± 0.05 (n = 7/9) pH unit increases in SS pH i 5 

respectively, in neurons with mean resting pHj values that were not significantly different (P < 

0.5 between all experimental groups; mean resting pH s values were 7.13 ± 0.08, 7.16 ± 0.10, 7.18 

± 0.07 and 7.13 ± 0.05, respectively, for neurons exposed to 5, 20, 50 and 100 u M W-7). The 

remaining 3 neurons did not respond to W-7 treatment. Subsequent washout of W-7 allowed pHj 

to fully recover to resting SS levels when low test concentrations were used (5, 20 and 50 u M ; 

Fig. 4IB) and to partially recover when 100 uM W-7 was used (data not shown). Thus, W-7 

evoked a reversible and concentration-dependent increase in SS pH s in adult rat hippocampal 

CA1 neurons under HEPES-buffered conditions. In addition to an increase in the magnitude of 

the internal alkalinization, decreases in the time of onset of the response (1.9 ± 0.6, 1.5 ± 0.3, 1.4 
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± 0.1 and 1.0 ± 0.1 min, respectively, for 5, 20, 50 and 100 u M W-7) and the time taken to reach 

a new elevated SS pHj (10 + 3, 6.0 ± 1.5, 6.0 ± 0.6 and 3.7 ± 0.6 min, respectively) were evoked 

by increasing concentrations of W-7 (e.g. Fig. 41 A). From these results a test concentration of 

50 u M W-7 was chosen for the majority of further experiments, as it was the lowest [W-7] that 

elicited a maximal SS pHj response. 

The SS pHj response to W-7 was also dependent on resting values of pHj measured prior 

to the application of the compound. For example, the addition of 50 u M W-7 elicited a 0.42 pH 

unit increase in SS pH, in a neuron with a resting pHj at 6.86 (Fig. 42A), and a 0.11 pH unit 

increase in SS pH, in a neuron with a resting pH, at 7.40 (Fig. 42B). When the changes in SS pHj 

elicited by 50 u M W-7 were plotted against resting values of pHj and a regression line was fitted 

to the data points, the resulting plot (Fig. 42C) showed that as resting pH, increased, the 

magnitude of the rise in SS pHi evoked by 50 u M W-7 decreased. 

Similar experiments were performed in the presence of trifluoperazine (TFP), another 

inhibitor of calmodulin (Levin & Weiss, 1979) to confirm that CaM inhibition was involved in 

the SS pHj response to W-7. In a population of neurons with a mean resting value of pH, at 7.25 

± 0.04, the addition of 50 u M TFP elicited a 0.16 ± 0.02 (n = 11, Fig. 43A) pH unit increase in 

SS pHj under HEPES-buffered conditions, an increase which was similar to the alkalinization 

elicited by 50 u M W-7 (= 0.18 pH units at pH; = 7.25, computed from the regression line 

presented in Fig. 42C). As observed in the presence of 50 u M W-7, the SS pHj response to 50 

u M TFP was also dependent on resting values of pH ; (Fig. 43B). However, the time required for 

the onset of the SS pHj response (5.0 ± 0.6 min) and the time required to reach the final elevated 

SS pH; (11.6 ± 0.9 min) following the addition of TFP were significantly greater than the results 

obtained in the presence of 50 uM W-7 (1.4 ± 0.1 and 6.0 ± 0.6 min, respectively; P < 0.003; 

compare Figs. 41B and 43 A). Taken together, these results suggest that inhibition of CaM with 

TFP or W-7 elicits a pHrdependent increase in SS pH,, which most likely reflects a change in the 

activity of a HC03'-independent pH, regulating mechanism (e.g. the NHE). 

3.1.1.2 HCO3'-buffered conditions 
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In order to assess the role of HC0 3 " in the SS pH, response to inhibition of calmodulin, 

experiments were performed with W-7 and TFP under HC0 37C0 2-buffered conditions. In 

neurons with a mean resting pHj value at 7.14 ± 0.05, the addition of 100 u M W-7 elicited a 0.18 

± 0.02 (n = 10, Fig. 44A) pH unit rise in SS pHj. This internal alkalinization observed under 

HC0 37C0 2-buffered conditions was not statistically different (P = 0.21) to the increase in SS pHj 

evoked by 100 u M W-7 in the nominal absence of H C 0 3 " (a 0.24 ± 0.05 pH unit increase in pH, 

observed in neurons with a mean resting pHj value of 7.13 ± 0.05 which was not statistically 

different to the resting pHi values of neurons exposed to 100 u M W-7 under HC0 37C0 2-buffered 

conditions; P = 0.93). Data obtained in the presence of HC0 3 " exhibited a similar dependence on 

resting pHj as previously described in the nominal absence of H C 0 3 " (data not shown; see Fig. 

42C). In neurons with a mean resting pH; value at 7.23 ± 0.04, the addition of 50 u M TFP under 

HC0 37C0 2-buffered conditions evoked a 0.16 + 0.03 (n = 6/7, Fig. 44B; the remaining neuron 

did not respond to TFP treatment) pH unit increase in SS pHj, an internal alkalinization that was 

not statistically different (P = 0.89) to the increase in SS pHj evoked by 50 u M TFP in the 

nominal absence of H C 0 3 " (a 0.16 ± 0.02 pH unit increase in pHj observed in neurons with a 

mean resting pHj value of 7.25 ± 0.04; P = 0.77 when compared to the mean resting pH, under 

HC0 37C0 2-buffered conditions). These internal alkalinizations evoked by 50 u M TFP in the 

presence of H C 0 3 " exhibited a similar pHj dependence as previously described in the absence of 

H C 0 3 " (data not shown; see Fig. 43B). Thus, the SS pHj response to inhibition of CaM is not 

dependent on the presence of HC0 3 " . 

Additional experiments were performed with W-7 in the presence of DIDS under HC0 3 " 

/C02-buffered conditions to assess the effect of inhibiting the activities of HC03"-dependent pHj 

regulating mechanisms on the SS pHj response to CaM inhibition. In the presence of 200 u M 

DIDS, neurons had a mean initial SS pH; at 7.37 ± 0.07 and the addition of 50 u M W-7 elicited a 

0.13 ± 0.04 (n = 8/11, Fig. 44C; the remaining 3 neurons did not respond to W-7 treatment) pH 

unit increase in SS pH,. This internal alkalinization was similar to both the increase in pHj 

evoked by 100 u M W-7 in the absence of DIDS (and presence of H C 0 3 7 C 0 2 ; a 0.14 pH unit 
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increase at pH, = 7.37, computed from the regression line relating pHj to ApHj evoked by 100 

u M W-7 under HC0 37C0 2-buffered conditions; see above) and the increase in pHj evoked by 50 

u M W-7 in the nominal absence of HC0 3~ (a 0.12 pH unit increase at pHj = 7.37, computed from 

the regression line presented in Fig. 42C). Again, these alkalinizations elicited by 50 u M W-7 in 

the presence of DIDS were dependent on the resting pHj prior to the addition of the CaM 

inhibitor (data not shown). Thus, the SS pH, response to CaM inhibition under H C 0 3 7 C 0 2 -

buffered conditions is not sensitive to DIDS. 

In summary, the inhibition of CaM with W-7 or TFP causes SS pHj to increase in a 

manner that is: (1) dependent on the resting value of pH^ (2) HC03~-independent; and (3) 

insensitive to DIDS. Therefore, it is unlikely that the SS pH, response to CaM inhibition reflects 

changes in p, or the activities of HC03"-dependent pH, regulating mechanisms; rather, the 

observed alkalinization under both HC03"-free and HC0 37C0 2-buffered conditions may reflect 

an increase in the activity of the NHE. 

3.1.2 The effect of CaM inhibition on the activity of the NHE 

3.1.2.1 Effect of external Na+ removal on the SS pHt response to W-7 

To confirm the role of the N H E in the SS pHj response to W-7, experiments were 

performed in the absence of external N a + (isosmotically replaced by N M D G + ) under HEPES-

buffered conditions to block the activity of the NHE. Under these conditions and in neurons with 

a mean resting value of pHj = 7.30 ± 0.05, the addition of 50 u M W-7 elicited a 0.06 ± 0.02 (n = 

9, Fig. 45A) pH unit increase in SS pHj. A statistical comparison between the magnitudes of the 

internal alkalinizations evoked by 50 u M W-7 under Na+

0-free ( N M D G + substitution) and N a +

0 -

containing conditions was not made because the mean resting pHj values of the neurons observed 

under each condition were significantly different (P = 0.04; mean resting pHj values were 7.18 ± 

0.07, n = 14, and 7.30 ± 0.05, n = 9, under Na+

0-containing and Na+

0-free conditions, 

respectively). However, the increase in SS pHj evoked by 50 u M W-7 in the absence of N a +

0 

( N M D G + substitution) was much smaller than the increase in SS pHj evoked by 50 u M W-7 
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predicted to take place in the presence of Na 0 at a resting pH, value of 7.30 (a 0.16 pH unit 

increase at pH, = 7.30, computed from the regression line presented in Fig. 42C). This result 

indicates that the SS pH, response to W-7 is, at least partially, dependent on external Na + . 

Experiments were then performed in the presence of external Li +(which isosmotically 

replaced Na +) under HEPES-buffered conditions. Under these conditions, in which the N H E is 

active (c/NMDG+-substituted conditions), the addition of 50 u M W-7 elicited a 0.25 ± 0.05 (n = 

6, Fig. 45B) pH unit increase in SS pHj in neurons with a mean resting value of pH| = 7.07 ± 

0.09. This W-7-evoked internal alkalinization was not statistically different (P = 0.92) to the 

increase in SS pHj evoked by 50 u M W-7 in the presence of external N a + (a 0.24 ± 0.04 pH unit 

increase in pH ( observed in neurons with a statistically similar mean resting pHj value of 7.18 ± 

0.07, P = 0.29). A formal statistical comparison between the internal alkalinizations evoked by 

50 u M W-7 under Na+

0-free, Li+-substituted and NMDG+-substituted conditions was not made 

because the mean resting pHj values of the neurons observed under each condition were 

significantly different (P = 0.03; mean resting pHj values were 7.07 ± 0.09, n = 6, and 7.30 ± 

0.05, n = 9, under Na+

0-free, Li+-substituted and NMDG+-substituted conditions, respectively). 

However, the alkalinizations elicited by 50 u M W-7 under 0 N a +

0 ( L i + substitution) conditions 

were dependent on the resting pHj prior to the addition of the CaM inhibitor (data not shown). 

Thus, 50 u M W-7 was predicted to evoke a 0.18 pH unit increase in SS pHj under Na+

0-free ( L i + 

substitution) conditions at a resting pH; value of 7.30. This predicted alkalinization was greater 

than the increase in SS pHj evoked by 50 u M W-7 under Na+

0-free ( N M D G + substitution) 

conditions at the same resting pHj value (= 0.06 ± 0.02 pH units, n = 9; see above). Hence, the 

attenuated SS pHj response to W-7 observed in the absence of N a +

0 (NMDG+-substitution) was 

completely restored in the presence of L i + , suggesting that a change in the activity of the N H E is 

involved in the SS pHj response to CaM inhibitors. 

3.1.2.2 Effect of CaM inhibition on the rate ofpHt recovery from acid loads 

To further examine effect of CaM inhibition on the activity of the N H E , paired acid load 

recovery experiments were performed with W-7 and TFP. Under HEPES-buffered conditions 
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and in the presence of 50 u M W-7, the overall rates of pHj recovery were increased by 366 ± 41 

% (n = 4/5) and 175 ± 18 % (n = 7/8) when compared to control rates of pHj recovery (Fig. 46A), 

in neurons with low and high resting pHj values, respectively. The remaining 2 neurons did not 

respond to W-7 treatment. As shown in Fig. 46B and C, the calculated net acid flux values 

following acid loads performed in the absence or presence of 50 u M W-7 were plotted against 

absolute values of pHj and regression lines were fitted to the data points. The net acid efflux 

values were significantly faster in the presence than in the absence of W-7 at all absolute values 

of pHj in neurons with both low and high resting pH; values. Also, W-7 caused alkaline shifts of 

~0.3 and -0.2 pH units in the pH f dependence of net acid efflux in neurons with low and high 

resting pH; values, respectively. Similar experiments were performed under HC0 37C0 2-buffered 

conditions and a 284 ± 44% in = 10, Fig. 47A) increase in the overall rate of pH, recovery from 

imposed acid loads was observed in the presence of 50 u M W-7 when compared to the overall 

rate of pH; recovery observed in the absence of W-7 (in neurons with resting values of pHj < 

7.4). As shown in Fig. 47B, rates of pHj recovery from acid loads imposed in the presence or 

absence of W-7 were plotted against the absolute pHj values at which they were obtained and 

regression lines were fitted to the data points. The addition of 50 u M W-7 significantly 

increased rates of pHj recovery (P < 0.05) at all absolute values of pHj but did not cause a 

marked shift in the pH; dependence of the pH, recovery process. With the exception of the 

absent shift in the pHrdependence of pHj recovery observed in the presence of HC0 3~, no 

significant differences were observed between the changes in the rates of pHj recovery elicited by 

50 u M W-7 in the presence or in the absence of HC0 3 " (P > 0.10 when compared to data 

obtained from neurons with low resting pHj values under HEPES-buffered conditions). Thus, the 

results from the acid load recovery experiments: (1) confirm that the activities of H C 0 3 -

dependent pHj regulating mechanisms are most likely unaffected by CaM inhibition; and (2) 

suggest that CaM inhibition increases the activity of the N H E which, in turn, leads to an increase 

in SS pHj. 
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Additional paired acid load recovery experiments were performed with TFP under 

HEPES-buffered conditions to confirm the effects of CaM inhibition on the activity of the NHE. 

In the presence of 50 u M TFP, the overall rate of pH, recovery following acid loads was 

increased by 125 ± 41% (n = 7, Fig. 48A) when compared to control rates of pHj recovery in 

neurons with low resting pHj values (pHj = 7.13 ± 0.05). No neurons with high resting pH, 

values were observed. When the calculated net acid fluxes from acid loads imposed in the 

absence or presence of 50 u M TFP were plotted against absolute values of pHj and regression 

lines were fitted to the data points (Fig. 48B), it was found that the addition of TFP significantly 

increased net acid efflux at all absolute values of pHj but did not cause a marked shift in the pHj 

dependence of net acid efflux. With the exception of the inability of TFP to shift the p H r 

dependence of net acid efflux, no significant differences were observed between the changes in 

the net acid efflux values elicited by 50 u M TFP and 50 u M W-7 under HEPES buffered 

conditions (P - 0.91; for neurons with low resting pHj values), suggesting that CaM inhibition 

increases the activity of the NHE. 

In summary, these acid load recovery results suggest that the inhibition of CaM, by either 

W-7 or TFP, increases the activity of the N H E which, in turn, is at least partially responsible for 

the associated increase in SS pHj observed in adult rat hippocampal CA1 neurons. Although it 

has been established that some N H E isoforms possess an 'auto-inhibitory' CaM binding domain 

(e.g. Wakabayashi et al., 1997a, see Discussion), it is possible that the changes in the activity of 

the N H E evoked by CaM inhibitors may also reflect either changes in [Ca ], (Inagaki et al., 

1983; Tornquist, 1993) or changes in the activity of the c A M P / P K A second messenger system 

(e.g. Copper et al, 1994). Thus, further experiments were performed to examine whether similar 

mechanisms of 'cross-talk' were involved in the SS pHj response to CaM inhibitors in adult rat 

hippocampal CA1 neurons. When considering that changes in the activities of HC03"-dependent 

pHj regulating mechanisms do not appear to contribute to the SS pHj response to CaM inhibitors 

(see above), all subsequent experiments were performed under nominally HC03"-free, HEPES-

buffered conditions. 
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3.1.3 The potential role of changes in [Ca ]t in the SS pHt response to CaM inhibitors 

3.1.3.1 Effect of W- 7 on [Ca2+]t 

Under normal conditions, CaM has affinity for C a 2 + and elevated [Ca2+]j promotes C a 2 + 

to bind to CaM causing formation of the active Ca 2 +-CaM-complex and a concomitant reduction 

in [Ca2 +]j. However, when bound to W-7, CaM has a relatively higher affinity for C a 2 + even 

though the activity of calmodulin is inhibited (Inagaki et al, 1983; Tornquist, 1993) and this 
2+ 

effect may be associated with a further reduction in [Ca ],. This raises the possibility that the 

effects of W-7 on SS pH, and the activity of the N H E may reflect, at least in part, concomitant 
2+ 

changes in [Ca \ evoked by the CaM inhibitor. Therefore, experiments were performed with 

W-7 in neurons loaded with Fura-2 to assess the effects of W-7 on [Ca ]j. The addition of 50 

u M W-7 elicited a sustained 0.10 ± 0.05 (n = 5, Fig. 49A) ratio unit fall in BI334 /BI380 values 
2+ 

(representing [Ca ]j) in neurons with a mean resting BI334 /BIm ratio at 0.75 ± 0.06. Regardless 

of the mechanism responsible for the W-7-evoked decrease in [Ca ] t, this result suggests that at 

least a portion of the SS pHj response evoked by W-7 may be secondary to (or dependent on) 
2+ 

concomitant changes in [Ca ]j. 

3.1.3.2 Effects of W-7 on [Ca2+]j and SSpHt under 0 Ca2+

0 conditions 

In some neuronal preparations and peripheral cell types, it has been reported that changes 
2+ 

in [Ca ]i can elicit changes in SS pHj and the activity of the N H E (Meech & Thomas, 1980; 

Vicentini & Villereal, 1985; Grinstein & Cohen, 1987; Little et al, 1988; Melvin et al, 1988; 

Hendey et al, 1989; Ludt et al, 1993; Gupta et al, 1994; Sanchez-Armass et al, 1994; Cooper 

& Hunter, 1997). To assess the potential role of the W-7-evoked decrease in [Ca2+]j on the 

associated SS pHj response, experiments were performed with W-7 in the absence of external 
2+ 2+ 

Ca . The removal of external Ca caused a 0.10 ± 0.02 pH unit rise in SS pHj (n = 8, Fig. 49B). 
2+ 

In the continued absence of Ca 0 , neurons had a mean initial SS pHj value at 7.32 ± 0.05 and the 

subsequent addition of 50 u M W-7 elicited a 0.11 ± 0.02 pH unit increase in SS pHj (n = 8/11, 

Fig. 49B; the 3 remaining neurons did not respond to W-7 treatment). This mean W-7-evoked 
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alkalinization was smaller than the increase in SS pHj evoked by 50 u M W-7 in the presence of 
2+ 

external Ca (a 0.15 pH unit increase at pHj = 7.32, computed from the regression line presented 
2+ 

in Fig. 42C). Thus, the removal of Ca 0 minimally affects the magnitude of the increase in SS 

pHj evoked by 50 u M W-7. 
2+ 

Parallel experiments were performed under Ca 0-free conditions in neurons loaded with 

Fura-2 (Fig. 49C). In 10 of 11 neurons studied, the addition of 50 u M W-7 failed to alter BI334 

/BIm) values (a 0.11 ratio unit fall in BI334 /BI380 values was observed in the remaining neuron) in 
2+ 

the absence of Ca 0 , which, of itself, elicited a 0.38 ± 0.02 unit fall in BI334 /BI380 values. It 

should be noted, however, that SS pHj was also increased in the presence of W-7 (see Fig. 49B) 

under Ca2 +

0-free conditions, an effect which would lead to a decrease in the Kd of Fura-2 for 

C a 2 + ; therefore, although no changes in BI334 /BI380 values were observed (see Fig. 49C), [Ca2+]j 

was most likely reduced with the addition of W-7 under external Ca2+-free conditions. The fall 

in [Ca 2 +], evoked by W-7 under Ca2+

0-free conditions was estimated (see Methods and Materials, 

Section 6.2.2) to be 14 nM, assuming a simultaneous 0.11 pH unit increase in SS pHj under 

Ca2 +

0-free conditions. In the presence of C a 2 +

0 , the fall in [Ca 2 +], evoked by W-7 was estimated 

to be 53 nM, assuming a simultaneous 0.15 pH unit increase in SS pHj. Thus, in the absence of 
2+ 2+ 

external Ca , the [Ca ]s response to W-7 was nearly abolished but the concomitant rise in pHj 

evoked by this agent was only slightly less than the rise in pHj evoked by W-7 under external 
2+ 

Ca -containing conditions. This finding suggests that: (1) the effect of W-7 to increase SS pHj 
2+ 

is, in large part, not secondary to W-7-evoked changes in [Ca and (2) the relatively smaller 
2+ 2+ 

increase in SS pHj evoked by 50 uM W-7 under Ca 0-free as opposed to Ca 0-containing 
2+ 2+ 

conditions may reflect the smaller decrease in [Ca ]; evoked by 50 u M W-7 under Ca 0-free, as 
2+ 

opposed to Ca 0-containing conditions. The former possibility was supported by measurements 

of changes in [Ca2+]j evoked by W-7 under Na+

0-free ( N M D G + substitution) conditions. In the 

absence of N a +

0 ( N M D G + substitution), the rise in pHj evoked by W-7 was reduced, compared to 

the rise in pHj observed in the presence of normal N a +

0 (see above). If the W-7-evoked increase 
+ 2+ 

in SS pHj under normal Na 0-containing conditions reflected only a concomitant fall in [Ca ] i 5 
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the W-7-evoked fall in [Ca ]j under Na 0-free (NMDG substitution) conditions should also be 

reduced, compared to the fall in [Ca2 +]i evoked by W-7 under Na+

0-containing conditions. 

However, contrary to this prediction, the measured fall in [Ca2+]j evoked by W-7 was 

significantly larger (P = 0.03) under Na+

0-free ( N M D G + substitution) conditions (a 0.31 ± 0.03 

ratio unit fall in BI334 /BI38n values; n = 6, Fig. 50) than under Na+

0-containing conditions (a 0.10 

± 0.03 ratio unit fall in BI334 /BI380 values, n = 5; see above). Therefore, this result supports the 

suggestion made earlier that the W-7 evoked increase in SS pHj under normal Na+

0-containing 

conditions does not simply reflect a concomitant fall in [Ca2+]j. 

3.1.3.3 Effect of TFP on [Ca2+]t 

As shown above, the increase in SS pHj evoked by W-7 may, in part, reflect a 

simultaneous decrease in [Ca ]j. In order to determine i f CaM inhibition by TFP causes a 
2+ 

similar change in [Ca ] i ? which in turn might contribute to the effect of TFP to increase SS pH| 

(see above), experiments were performed in neurons loaded with Fura-2. The addition of 50 u M 

TFP elicited a 1.17 ± 0.29 ratio unit increase in BI334 /BI380 values (n = 6, Fig. 51), an effect 

which was in the opposite direction to the decrease in BI334 /BI380 values elicited by W-7 under 

the same conditions. The fact that TFP and W-7 elicited similar changes in SS pH, (i.e. an 
2+ 

increase) but opposite effects on [Ca ]; further suggests that the effects of the CaM inhibitors to 
2+ 

raise SS pHj are not mediated by changes in [Ca \ ; rather, they likely reflect activation of the 

NHE. 

3.1.3.4 Effect of W-7 on pHj recovery from internal acid loads under 0 Ca2+

0 conditions 

To further examine whether the effects of W-7 on the activity of the N H E were mediated 
2+ 

by changes in [Ca ],, paired acid load recovery experiments were performed with W-7 in the 
2+ 2+ 

absence of Ca 0 , a condition shown previously to markedly reduce the decrease in [Ca ]| 

evoked by W-7, the rise in SS pHj evoked by the agent only being slightly affected (see Section 

3.1.3.2). Under these conditions and in the presence of 50 u M W-7, the overall rates of pHj 

recovery from imposed acid loads were increased by 351 ± 112 % (n = 4) and 156 ± 28 % (n = 5) 

when compared to the rates of pH, recovery observed in the absence of W-7 (Fig. 52A) in 
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neurons with low and high resting pHj values, respectively. These increases were not 

significantly different to the increases evoked by 50 u M W-7 under HEPES-buffered conditions 

in the presence of C a 2 +

0 (366 ± 41 %, n = 4, and 175 + 18 %, n = 8, increases in the overall rates 

of pHj recovery in neurons with low and high resting pH; values, respectively; P > 0.55 in each 

case). The mean rates of pH ; recovery from acid loads imposed in the presence and absence of 

W-7 were plotted against absolute values of pHj and regression lines were fitted to the data 

points (Fig. 52B). The resulting plot showed that the addition of 50 u M W-7 significantly 

increased rates of pHj recovery at all absolute values of pH, and shifted the pHrdependence of 

the pHj recovery process by -0.1 and -0.2 pH units in the alkaline direction (in neurons with low 

and high resting pH s values, respectively). It should be noted that mean rates of pHj recovery 

were not converted to net acid efflux values because of uncertainty concerning whether the 

2+ 

absence of Ca 0 might have an effect on P, These results further support the possibility that the 

effect of W-7 to activate the N H E in rat hippocampal neurons is independent of changes in 

[Ca 2 4 ] , 

3.1.3.5 Summary 

In summary, CaM inhibition by W-7 evokes a fall in [Ca 2 +]i in addition to a concomitant 
2+ 

rise in SS pHj. However, the fall in [Ca ]j contributes only minimally to the increase in SS pH, 

because: (1) under Ca2+

0-free conditions, the W-7-evoked fall in [Ca 2 +]i was nearly abolished, 

although the rise in pHj was minimally affected; (2) in contrast to W-7, TFP elicited a rise in 

[Ca2 +]j, although CaM inhibition by both agents caused a rise in SS pH,; and (3) the W-7 evoked 

increase in the activity of the N H E was unaffected by the removal of external Ca , despite the 
2+ 2+ 

fact that the W-7-evoked change in [Ca ]j was almost abolished under Ca 0-free conditions. 

3.1.4 The potential involvement of the cAMP/PKA pathway 

It was previously shown (Section 2) that stimulation of the c A M P / P K A second 

messenger system in the absence of HC0 3 " elicits a rise in SS pHj which reflects an increase in 

the activity of the NHE. As inhibition of calmodulin causes a similar effect on pH, regulation, 
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the possibility exists that 'cross-talk' between the calmodulin and c A M P / P K A intracellular 

signaling pathways may mediate the observed increase in SS pHj (and the activity of the NHE) 

evoked by CaM inhibition. Numerous studies have documented interactions between these two 

pathways (Limbird, 1988; Copper et al, 1994; Taussig & Gilman, 1995; Hanoune et al., 1997; 

Houslay & Milligan, 1997; Ishikawa & Homey, 1997; Urushidani & Forte, 1997; X ia & Storm, 

1997; Mons et al., 1998). From these studies, three possible interactions between calmodulin 

and the c A M P / P K A system, that could potentially account for the observed effects of CaM 

2+ 
inhibitors on SS pH, and the activity of the NHE, are suggested: (1) decreases in [Ca \ evoked 

2+ 
by W-7 may cause an increase in the activities of two Ca rinhibited adenylyl cyclase isoforms, 

2+ 
AC5 and AC6, leading to an increase in [cAMP]^ (2) decreases in [Ca ], evoked by W-7 may 

2+ 

cause a decrease in the activity of a Ca -CaM-stimulated phosphodiesterase (PDE1), leading to 

an increase in [CAMPJJ ; and (3) inhibition of CaM by W-7 may decrease the activity of 
2+ • 

calcineurin (Ca -CaM-activated protein phosphatase 2B) leading to a decrease in the rate of 

dephosphorylation of the N H E (or associated regulatory proteins, see Introduction) and/or 

stimulation of the activity of a calcineurin-inhibited isoform of adenylyl cyclase, AC9. 

Importantly, all known adenylyl cyclase isoforms have been shown to be present in mammalian 

hippocampal CA1 neurons (Segal et al, 1981; Choi et al, 1993; Copper et al., 1994; Hanoune et 

al, 1997). 

3.1.4.1 Potential interaction between CaM and adenylyl cyclases 

Initially, the role of adenylyl cyclases in the SS pHj response to W-7 was examined by 

performing experiments with W-7 in the presence of DDA, a non-selective inhibitor of adenylyl 

cyclase activity. Under HEPES-buffered conditions, the addition of 50 u M W-7 in the presence 

of 100 u M D D A caused a 0.10 ± 0.02 (n = 7/11, Fig. 53A; the remaining 4 neurons did not 

respond to W-7 treatment) pH unit increase in SS pH, in neurons with a mean resting value of 

pHj at 7.44 ± 0.04. From the data presented in Fig. 42C, in a neuron with a resting value of pHj 

at 7.44, 50 u M W-7 would be expected to evoke a 0.08 pH unit rise in SS pHj in the absence of 

DDA; this rise is similar to the W-7-evoked alkalinization observed in the presence of 100 u M 
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DDA. Hence, when the pHj-dependence of the SS pH, response to W-7 is considered, it is 

apparent that the increase in SS pHj evoked by the CaM inhibitor is not dependent on changes in 

the activities of adenylyl cyclases. 

3.1.4.2 Potential interaction between CaM and phosphodiesterases 

After eliminating the possible contribution of adenylyl cyclases, the role of 

phosphodiesterases in the SS pHj response to W-7 was examined by performing experiments 

with W-7 in the presence of 100 u M IBMX, a non-selective inhibitor of phosphodiesterase 

activity. Under these conditions, the addition of 50 u.M W-7 elicited a 0.24 ± 0.05 pH unit 

increase in SS pHj in neurons with a mean resting value of pHj at 7.19 ± 0.06 (n = 7, Fig. 53B). 

This alkalinization was similar to the W-7-evoked alkalinization predicted to take place in the 

absence of I B M X (a 0.22 pH unit increase at pH, = 7.19; see Fig. 42C), suggesting that the 

increase in SS pHj evoked by the CaM inhibitor is not dependent on changes in the activities of 

phosphodiesterases. 

3.1.4.3 Potential interaction between CaM and calcineurin 

The possible role of calcineurin in the SS pHj response to W-7 was then examined by 

performing experiments with W-7 in the presence of FK-506, an inhibitor of calcineurin activity 

(see Alvaro et al., 1997). In neurons with a mean resting value of pHj at 7.32 ± 0.04, the addition 

of 50 u M W-7 induced a 0.14 ± 0.02 pH unit rise in SS pH s in the presence of 5 u M FK-506 

which, in itself, elicited a 0.11 ± 0.03 pH unit increase in SS pH; (n = 16/18, Fig. 53C; the 

remaining 2 neurons did not respond to treatment with W-7). When considering the p H r 

dependence of SS pHj response to 50 u M W-7, the alkalinization induced by the CaM inhibitor 

in the presence of FK-506 was similar to the alkalinization predicted to take place in the absence 

of FK-506 (a 0.15 pH unit increase at pHj = 7.32; see Fig. 42C). Therefore, the results suggest 

that changes in the activity of calcineurin do not mediate the increase in SS pHj evoked by the 

CaM inhibitor. 

3.1.4.4 Potential interaction between CaM and PKA 
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Finally, as it was shown previously that an increase [cAMP], acts to increase the activity 

of the N H E via stimulation of P K A activity in adult rat hippocampal CA1 neurons (see Section 

2.1.3), experiments were performed with W-7 in the presence of Rp-cAMPS, an inhibitor of 

P K A activity, to examine the potential role of P K A in the SS pHj response to the CaM inhibitor. 

Under these conditions, the addition of 50 u M W-7 in the presence of 50 u M Rp-cAMPS elicited 

a 0.21 ± 0.05 pH unit increase in SS pR, in a population of neurons that had a mean initial SS pHj 

of 7.18 ± 0.10 (n = 6/7, Fig. 53D; the remaining neuron did not respond to W-7 treatment). This 

alkalinization was similar to the alkalization predicted to be evoked by this agent in the absence 

of Rp-cAMPS (a 0.22 pH unit increase at pH, = 7.18; see Fig. 42C), suggesting that the increase 

in SS pHj evoked by the CaM inhibitor is not dependent on changes in P K A activity. 

Taken together, these results suggest that the effects of calmodulin inhibitors on SS pHj 

(and, thus, the activity of the NHE) are not mediated by changes in the activities of the 
2+ 

c A M P / P K A second messenger system or the Ca -CaM-dependent protein phosphatase 2B (i.e. 

calcineurin). 

3.1.5 Summary of the pHt response to CaM inhibition 

In contrast to findings made in other cell types (in which CaM inhibition causes SS pHj to 

fall; see Little et al, 1988; Owen et al, 1989; Weissberg et al, 1989; Bertrand et al, 1994; 

Tanaka et al, 1994; Kawai et al, 1995; Shrode et al, 1995; Cooper & Hunter, 1997; Koren et 

al, 1997; Le Prigent et al, 1997; Shrode et al, 1997), in rat hippocampal CA1 neurons 

inhibitors of CaM (i.e. W-7 and TFP) cause SS pHj to increase. The increase in SS pHj is 

dependent on the resting value of pHj and reflects, in large part, stimulation of the activity of the 

NHE. Although a decrease in [Ca ]j appears to mediate a small portion of the SS pHj response 

2+ 

to W-7, the majority of the SS pHj response to W-7 is independent of changes in [Ca ]j and 

appears to reflect a direct effect of CaM inhibition on the activity of the N H E because the 

changes in pH, regulation evoked by CaM inhibitors are not mediated by the c A M P / P K A second 

messenger pathway or calcineurin. 



161 

3.2 Inhibition of CaMKII 

It has been shown in peripheral cell types that CaM inhibition evokes a fall in SS pHj and 

does so by preventing the binding of CaM to an 'auto-inhibitory' domain on the N H E , thus 

inhibiting N H E activity (Wakabayashi et al, 1997a; also Discussion). In these cases, the effects 

of CaM on the activity of the N H E are elicited by a direct interaction and CaMK-II does not play 

a role in the modulation of N H E activity by CaM. However, in the present study in rat 

hippocampal CA1 neurons, CaM inhibitors caused SS pHj to increase by stimulating the activity 

of the NHE. Thus, the CaM-dependent 'auto-inhibitory' mechanism described above can not be 

the mechanism by which CaM acts to alter the activity of the N H E in adult rat hippocampal CA1 

neurons. Rather, the effects of CaM on N H E activity may be mediated by CaMK-II (as 

suggested in peripheral cell types that show an increase in N H E activity upon inhibition of CaM; 

see Weinman et al, 1988; Emmer et al, 1989; Cohen et al, 1990b; Fliegel et al, 1992; 

Chakraborty et al, 1994; Yamada et al, 1996; Le Prigent et al, 1997). Thus, the effects of 

inhibiting CaMK-II on SS pHj and N H E activity were examined. 

3.2.1 Characterization of the SS pHj response to CaMK-II inhibition 

Initially, experiments were performed with KN-62, an inhibitor of CaMK-II activity, 

under both HC0 37C0 2-buffered and HC03"-free, HEPES-buffered conditions. The addition of 

10-20 u M KN-62 for durations of 25-30 min failed to alter SS pHj under both nominally HC0 3~-

free, HEPES-buffered (n = 10, Fig. 54A) and HC0 37C0 2-buffered (n = 6, not shown) conditions, 

suggesting that either: (1) CaMK-II inhibition does not affect SS pH, in adult rat hippocampal 

CA1 neurons; or (2) KN-62 was not able to enter the neurons. To further investigate the latter 

possibility, additional experiments were performed under HEPES-buffered conditions with K N -

93, a relatively more membrane-permeable inhibitor of CaMK-II (Sumi et al, 1991; Mamiya et 

al, 1993). The addition of 10-20 u M KN-93, or 10 uM KN-92 (the inactive analogue of K N -

93), for durations of 20-25 min failed to alter SS pHj (n = 12, Fig. 54B; n = 3, Fig. 54C; 
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respectively). These results suggest that SS pHj is not affected by CaMK-II inhibition in adult 

rat hippocampal CA1 neurons. 

3.2.2 Potential effect of CaMK-II inhibition on the activity of the NHE 

Although CaMK-II inhibitors had no effect on SS pH i ? the possibility remained that 

CaMK-II inhibition caused equal changes in the activities of opposing pHj regulating 

mechanisms resulting in no net change in SS pH,. Therefore, to examine the possibility that 

CaMK-II inhibition may affect the activity of the NHE, paired acid load recovery experiments 

were performed with 20 u M KN-93 under HEPES-buffered conditions. In the presence of 20 

u M KN-93, the overall rates of pHj recovery from imposed acid loads were not significantly 

different to rates of recovery observed in the absence of KN-93 in neurons with high (n = 3) and 

low (n = 4) resting pHj values (a 10 ± 21% decrease and 17 ± 20% increase were observed, 

respectively; Fig. 55). Thus, when also considering that CaMK-II inhibition had no effect on SS 

pHj, these results strongly suggest that CaMK-II inhibitors do not change the activity of the 

NHE. 

3.2.3 Increasing [Ca2+Jj to stimulate CaMK-II activity 

The results presented above suggest that CaMK-II inhibition has no effect on SS pHj or 

the activity of the NHE. However, under the experimental conditions used, it is not clear 

whether CaMK-II is constitutively active and the possibility remained that CaMK-II activity was 

not high enough to be significantly reduced in the presence of a CaMK-II inhibitor. Therefore, 

an attempt was made to stimulate the Ca /CaM/CaMK-II pathway by elevating [Ca ]i before 

examining the effects of CaMK-II inhibition on SS pHj. To do so, experiments were performed 

2~i* 2~i~ ~i~ 2~̂" 

with 4Br-A23187, a Ca ionophore which acts as a Ca / H exchanger by importing Ca ions in 

exchange for H + ions (Erdahl et al., 1994). Initially, to confirm that 4Br-A23187 does elevate 

[Ca2 +],, neurons loaded with Fura-2 were exposed to 10 u M 4Br-A23187 under HEPES-buffered 

conditions. In the presence of 10 u M 4Br-A23187, a 0.59 ± 0.10 (n = 3, Fig. 56A) ratio unit 
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increase in BI334 /BI380 values was observed. Next, experiments were performed with KN-93 in 

the presence of 4Br-A23187 under HEPES-buffered conditions. The addition of 20 u M KN-93 

failed to change SS pHj in the presence of 10 u M 4Br-A23187, which, in itself, caused a 0.12 ± 

0.07 pH unit increase in SS pH, (n = 7, Fig. 56B). 

3.3 Summary 

Inhibitors of CaM (W-7 and TFP) cause SS pH ( to increase, in manner dependent on the 

resting value of pHj. In contrast to findings made in many other cell types (see above), in adult 

rat hippocampal CA1 neurons, this increase in SS pHj evoked by CaM inhibitors reflects 

stimulation of N H E activity but does not reflect changes in HC03"-dependent pHj regulation. 

Although a portion of the SS pHj response to the CaM inhibitor, W-7, appears to be dependent 
2+ 

on a concomitant decrease in [Ca ] i ; the majority of the W-7-evoked alkalinization is the result 

of CaM inhibition. Changes in the activities of the c A M P / P K A second messenger pathway and 

calcineurin do not mediate the CaM inhibitor-evoked increase in SS pHj. In addition, CaMK-II 

inhibitors do not affect SS pHj or the activity of the N H E even under conditions in which CaMK-

II activity was presumably stimulated; therefore, it is unlikely that CaMK-II mediates the SS pHj 

response evoked by CaM inhibitors. When considering the CaM-dependent 'auto-inhibitory' 

mechanism proposed by Wakabayashi et al. (1997a; which involves direct binding of CaM to the 

NHE-1 isoform to stimulate exchange activity; see Discussion), the possibility exists that CaM 

may be directly binding to the N H E protein at an 'auto-stimulatory' domain to decrease 

exchange activity in adult rat hippocampal neurons. 
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Figure 41. Effect of W-7 on SS pIL under HEPES-buffered conditions. 

A Under HEPES-buffered conditions, 4 different neurons (all with resting pHj values at -7.23) 
were exposed to increasing concentrations of W-7. Addition of 10 u M W-7 ( • ) elicited a 
relatively slow and sustained -0.1 pH unit rise in pHj and addition of 25 u M W-7 (O) elicited a 
similar slow increase in pH, to a slightly higher SS level. Addition of 50 u M W-7 (•) caused 
pHj to reach a new SS level at -7.45 within -9 min;whereas 100 u M W-7 (V) elicited a similar 
change in SS pHj as 50 u,M W-7 but the new SS level was reached in only -6 min. B A different 
neuron with a resting pHj value at -7.35 was exposed to 50 u M W-7 which caused an increase in 
SS p H , Subsequent removal of W-7 from the HEPES-buffered perfusion medium caused pHj to 
fully recover to the initial SS level. 
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Figure 42. The pH rdependence of the effect of W-7 on SS pH ( under HEPES-buffered 
conditions. 

A A -0.43 pH unit rise in SS pHj was observed with the addition of 50 u M W-7 in a neuron that 
had a resting pH, at -6.86 under HEPES-buffered conditions. B A different neuron with a resting 
pH; at -7.40 showed a -0.10 pH unit increase in SS pHj when 50 u M W-7 was added to the 
HEPES-buffered perfusion medium. C From 14 experiments of the type shown in A and 6, the 
changes in SS pHj elicited by 50 u.M W-7 were plotted against resting values of pHj and the data 
points were fitted with a least squares regression lines. This line had a negative slope and x-
intercept at pHj = -7.6. Note that the data point (indicated by the arrow) at pHj = 7.34 and ApHj = 
0.14 represents an n — 2. 
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Figure 43. Effect of trifluoperazine on SS pHj under HEPES-buffered conditions. 

A A -0.18 pH unit rise in SS pH, was observed with the addition of 50 u M TFP in a neuron that 
had a resting pHj at -7.25 under HEPES-buffered conditions. B From 11 experiments of the type 
shown in A, the changes in SS pH ; elicited by 50 u M TFP under HEPES-buffered conditions 
were plotted against resting values of pHj and these data points were fitted with a regression line. 
This line had a negative slope and x-intercept at pH, = - 7.5. Compare with Fig. 42C (a similar 
regression line observed in the presence of W-7 under HEPES-buffered conditions). 
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Figure 44. Effects of W-7 (in the presence and absence of DIDS) and trifluoperazine on SS 
pHj under HC037C02-buffered conditions. 

A Addition of 100 u M W-7 caused SS pHj to increase -0.20 pH units in a neuron that had a 
resting pH ; at -7.10 under HC0 37C0 2-buffered conditions. B A different neuron with a restingl 
pHj at -7.19 showed a -0.16 pH unit increase in SS pHj when 50 u M TFP was added to the 
HC0 37C0 2-buffered perfusion medium. C The SS pHj of a different neuron, which was initially 
at -7.30, remained constant in the presence of 200 u M DIDS under HC0 37C0 2-buffered 
conditions. The subsequent addition of 50 u M W-7 caused a -0.17 pH unit rise in SS pHj. 
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Figure 45. Effects of W-7 on SS pHj under Na+

0-free, HEPES-buffered conditions. 

A In a neuron with a resting pHj at -7.10, removal of N a +

0 (replaced with N M D G + ) caused SS 
pH; to fall. After pHj recovered to the initial level, the neuron was exposed to 50 u M W-7 which 
caused a -0.07 pH unit increase in SS p H , B A different neuron with a resting pH, at -7.27 was 
perfused with a Na+-free (replaced with L i + ) medium which caused SS pHj to initially fall. After 
pHj recovered tothe initial SS level, 50 u M W-7 was added to the perfusion medium and caused 
SS pHj to increase to a level at -7.50. Both experiments shown were performed under HEPES-
buffered conditions. 
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Figure 46. Effect of W-7 on pHj recovery from internal acid loads under HEPES-buffered 
conditions. 
A A neuron with a resting pH, at -7.52 was initially exposed to an internal acid load under 
HEPES-buffered conditions. After pHj recovered to the initial SS level, a second acid load was 
performed in the presence of 50 u M W-7. pHj recovered faster in the presence of W-7 than under 
control conditions. B The mean net acid fluxes from acid loads imposed in the absence (•) or 
presence (O) of 50 u M W-7 were plotted against absolute values of pHj from neurons with low 
resting pHj values (n = 4). The net acid efflux values were significantly faster in the presence 
than absence of W-7 at all absolute values of p H , When regression lines were fitted to the data 
points, it was shown that the line representing data obtained in the presence of W-7 had a greater 
slope and the more alkaline x-intercept than the line representing control data. C From 7 
experiments of the type shown in A performed in neurons with high resting pH; values, the mean 
calculated net acid fluxes from acid loads imposed in the absence (•) or presence (•) of 50 u M 
W-7 were plotted against values of pH,. The net acid efflux values were significantly faster in 
the presence than absence of W-7 at all absolute values of p H , When regression lines were fitted 
to the data points, it was shown that the line representing data obtained in the presence of W-7 
had a greater slope and the more alkaline x-intercept than the line representing control data. 
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Figure 47. Effects of W-7 on pHj recovery from internal acid loads under HC0 3 7C0 2 -
buffered conditions. 

A In a neuron with a resting pHj at -7.15 under HC0 37C0 2-buffered conditions, pHj was allowed 
to recover after an internal acid load. A second acid load was performed in the presence of 50 
u M W-7 after which pH, recovered to an elevated SS level at a faster rate than observed under 
control conditions. B The mean rates of pHj recovery from acid loads imposed in the absence 
(•) or presence (O) of 50 u M W-7 were plotted against absolute values of pHj (n = 10). The 
rates of pH; recovery were significantly faster in the presence than absence of W-7 at all absolute 
values of pHj. When regression lines were fitted to the data points, it was shown that the line 
representing data obtained in the presence of W-7 had a greater slope than the line representing 
control data. 



177 

8.0 

7.8 

7.6 A 

I 7.4 -I 

7.2 

7.0 

6.8 

50 uM W-7 

-r-
3 

- r -
6 12 15 18 21 

Time (min) 

24 27 

B 

0.012 

0.000 



178 

Figure 48. Effects of trifluoperazine on pH ( recovery from internal acid loads under 
HEPES-buffered conditions. 

A A neuron with a resting pH; at ~ 7.15 was initially exposed to an internal acid load under 
HEPES-buffered conditions. After pHj recovered to the initial SS level, a second acid load was 
performed in the presence of 50 u M TFP. pHj recovered faster in the presence of TFP when 
compared to control acid load pH; recovery. B The mean net acid fluxes from acid loads 
imposed in the absence (•) or presence (O) of 50 u M TFP were plotted against absolute values 
of pHj from neurons with low resting pHj values (n = 7). The net acid efflux values were 
significantly faster in the presence than absence of TFP at all absolute values of pHj. When 
regression lines were fitted to the data points, it was shown that the line representing data 
obtained in the presence of TFP had a greater slope than the line representing control data. No 
neurons with high resting pH, values were encountered. 
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Figure 49. Effects of W-7 on [Caz+]i and the effect of Ca2+

0-removal on W-7-induced 
changes in SS pHj and [Ca2+]i under HEPES-buffered conditions. 

A The addition of 50 uM W-7 elicited a fall in the background-subtracted intensity ratio values 
representing [Ca2+]j in this neuron loaded with Fura-2. B Perfusion with a medium free of C a 2 + 

caused SS pH, to increase in a neuron loaded with BCECF. Subsequent addition of 50 u M W-7 
caused SS pH, to increase a further —0.11 pH units. C A parallel experiment to that shown in B 
was performed with a different neuron loaded with Fura-2 which showed a sustained decrease in 

2+ 
BI334 /BI380 values when Ca 0 was removed the perfusion medium. Subsequently, 50 n M W-7 
was applied but failed to alter BI334/BI380 values. A l l experiments shown were performed under 
HEPES-buffered conditions. 
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Figure 50. Effect of Na+

0-removal on W-7-induced changes in [Ca2+] ( under HEPES-
buffered conditions. 

Under HEPES-buffered conditions, the removal of N a +

0 elicited a rise in BI334 /BI380 values 
representing [Ca2+]j in a neuron loaded with Fura-2. The subsequent addition of 50 u M W-7 
caused a sustained decrease in BI334/BI380 values. 
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Figure 51. Effects of trifluoperazine on [Ca ]j under HEPES-buffered conditions. 

A neuron loaded with Fura-2 showed an increase in BI334/BI380 values representing [Ca2+]j when 
50 u M TFP was applied under HEPES-buffered conditions. 
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Figure 52. Effects of C a z +

0 - r e m o v a * o n W-7 evoked changes in pHj recovery from internal 
acid loads under HEPES-buffered conditions. 

A A neuron with a resting pHj at -7.28 was initially exposed to an acid load under Ca 0-free, 
HEPES-buffered conditions. After pH; recovered to the initial SS level in the continued absence 

2+ 
of Ca 0 , a second acid load was performed in the presence of 50 u M W-7. pHj recovered faster 
in the presence than in the absence of W-7. B Plotted are the mean rates of pHj recovery against 
absolute values of pHj from 9 experiments of the type shown in A. The circles and squares 
represent the data points obtained from neurons with low (n = 4) and high (n = 5) resting pHj 
values, respectively. In all neurons, the rates of pHj recovery obtained in the presence of 50 u M 
W-7 (open symbols) were significantly faster than those obtained in its absence (filled symbols) 
in the continued absence of Ca 0 . When least squares regression lines were fitted to the data 
points, it was shown that the lines representing data obtained in the presence of W-7 had greater 
slopes and more alkaline x-intercepts than the lines representing control data. 
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Figure 53. Effects of 2,5-dideoxyadenosine, IBMX, FK-506, and Rp-cAMPS on W-7-
evoked changes in SS pHj under HEPES-buffered conditions. 

A Under HEPES-buffered conditions, a neuron with a resting pHj at -7.37 was exposed to 100 
u M 2', 5'-dideoxyadenosine (DDA) which did not alter SS pH,. In the continued presence of 
D D A , the addition of 50 u M W-7 caused SS pHj to increase by - 0.13 pH units. B A different 
neuron with a resting value of pHj at -7.02 was perfused with HEPES-buffered medium 
containing 100 u M I B M X which elicited an increase in SS pH s. Subsequently, 50 u M W-7 was 
added to the perfusion medium causing a further -0.20 pH unit increase in pH ; . C A different 
neuron with an initial pH, of -7.23 was perfused with HEPES-buffered medium containing 5 u M 
FK-506 which elicited an increase in SS pH,. When pHj reached its new SS level, 50 u M W-7 
was added to the perfusion medium causing a further -0.18 pH unit increase in SS pHj. D A 
different neuron with a resting pHj at -7.22 was exposed to 50 u M Rp-cAMPS which did not 
alter SS pHj under HEPES-buffered conditions. In the continued presence of Rp-cAMPS, the 
addition of 50 u M W-7 caused SS pHj to increase -0.19 pH units. 
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Figure 54. Effects of KN-62, KN-93, and KN-92 on SS pIL under HEPES-buffered 
conditions. 

Regardless of whether A 20 u M KN-62, B 10 u M KN-93 or C 10 u M KN-92 was added to the 
HEPES-buffered perfusion medium, the SS pH ; in these 3 different neurons failed to change 
within ~ 20-30 min. 
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Figure 55. Effect of KN-93 on pHj recovery from internal acid loads under HEPES-
buffered conditions. 

A In a neuron with a resting pHj at -7.30 under HEPES-buffered conditions, pHj was allowed to 
recover after an initial acid load. A second acid load was performed in the presence of 20 u M 
KN-93 after which pHj recovered to initial SS levels at a similar rate to that observed under 
control conditions. B Mean calculated net acid fluxes were plotted against absolute values of pH; 
from 7 experiments of the type shown in A. Circles and squares represent the data points 
obtained from neurons with low (n = 4) and high (n = 3) resting pHj values, respectively. The net 
acid efflux values obtained in the presence of 20 u M KN-93 (open symbols) were not 
significantly different than control net acid efflux values (closed symbols) at all values of 
absolute p H , Least squares regression lines were fitted to the data points and the resulting lines 
had x-intercepts at pHj = -7.2 and -7.5 in neurons with low and high resting pH; values, 
respectively. 
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Figure 56. Effects of 4Br-A23187 on [Ca ]; and the effect of 4Br-A23187 on the SS pHj 
response to KN-93 under HEPES-buffered conditions. 

A A neuron loaded with Fura-2 showed a sustained increase in BI334 /BI380 values (representing 
[Ca 2 +]i) upon the addition of 10 u M 4Br-A23187 to the HEPES-buffered perfusion medium. B 
A different neuron loaded with BCECF was exposed to 10 u M 4Br-A23187 which caused SS 
pHj to increase -0.07 pH units. Subsequent addition of 20 u M KN-93 failed to alter SS pHj. 
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DISCUSSION 

Despite the importance of pH; for the control of neuronal function under both 

physiological and pathophysiological conditions (see Introduction), relatively little information is 

available concerning the regulation and modulation of pHj in mammalian central neurons. In this 

regard, the principal findings of the present study are: (1) that forward NIAE activity participates 

in alkali extrusion (or acid loading) and contributes to the maintenance of SS pHj in adult rat 

hippocampal CA1 neurons; (2) that the c A M P / P K A second messenger system is involved in the 

control of the activities of not only the N H E but also the Na+-dependent and Na+-independent 

HCO3VCI" exchangers in this cell type; and (3) that calmodulin is also involved in the control of 

N a + / H + exchange activity. Each of these major findings will be discussed in turn. 

1. The control of SS pHt in adult rat hippocampal CA1 neurons 

In acutely dissociated adult rat hippocampal CA1 neurons, both HC03"-dependent and 

HC03"-independent pHj regulating mechanisms, as well as the H C 0 3 7 C 0 2 open buffering 

system, contribute to the maintenance of SS pHj. In the presence of H C 0 3 7 C 0 2 , the HC0 37C1" 

exchangers (/. e. the acid loading NIAE and the acid extruding NDAE) act in concert to maintain 

SS pHj at a value near pH 0 , However, the roles of the two HC03"-dependent mechanisms in this 

regard appeared to be dependent on the relative activity o f a HC03"-independent pH, regulating 

mechanism (most likely, the NHE) which, acting alone, determined whether neurons possessed 

'low' or 'high' resting pH s values. 

1.1 Na+/H+ exchange 

Under HEPES-buffered conditions, the N H E is the dominant acid extrusion mechanism 

in rat hippocampal neurons and, as such, contributes to the maintenance of SS pHj in the absence 

of HC0 3 " . In the present study, the distribution of resting pH, values from all neurons examined 

under nominally HC0 37C0 2-free, HEPES-buffered conditions was best fit by the sum of two 
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Gaussian distributions with means at pHj = -6.90 and -7.35 (Fig. 7B; also see Smith et al, 

1998). Those neurons with 'low' resting pH ; values exhibited low rates of net acid equivalent 

efflux following internal acid loads imposed in the absence of HC0 3 ~ whereas those neurons with 

'high' resting pHj values exhibited high rates of net acid equivalent efflux (e.g. Fig. 5). These 

findings confirm those of a previous study by Bevensee et al (1996), also conducted in acutely 

dissociated rat hippocampal CA1 neurons. The latter authors found, in particular, that N a + / H + 

exchange in 'low' pHj neurons exhibited a more acidic set-point pH, than N a + / H + exchange in 

'high' pH, neurons, a finding also confirmed in the present study (see Fig. 5B and C), and 

suggested that the differences in SS pHj between neurons with 'low' and 'high' SS pHj values 

under nominally HC0 37C0 2-free conditions reflected differences in N a + / H + exchange activity 

(i.e. differences in N a + / H + exchange activity between 'low' and 'high' pHj neurons gave rise to the 

differences in SS pHj observed). Bevensee et al. (1996) also suggested that the differences in net 

acid extrusion between neurons with 'low' and 'high' SS pHj values might reflect different 

functional states of the N H E and/or a difference in the number of functional exchangers present 

in the plasma membranes of neurons with 'low' and 'high' SS pHj values. The present finding 

that the functional state of the N H E in rat hippocampal neurons can be altered by modulating the 

activity of the c A M P / P K A pathway lends support to the former possibility (see Discussion, 

Section 2). 

The observed NHE-dependent heterogeneity of SS pHj in rat hippocampal CA1 neurons, 

which likely reflects different functional states of the exchange mechanism in different neurons, 

is not unique. For example, Bierman et al. (1987) reported that the N H E in PI9 embryonic 

carcinoma cells is constitutively active; in consequence, resting pHj values in these cells were 

high (-7.50) and the activity of the N H E could not be further stimulated by phorbol esters or 

growth factors. Conversely, in the differentiated mesodermal derivative (MES-1) of P19 cells, 

N H E activity was found to be relatively low; consequently, resting pHj values in these cells were 

low (-6.95) and N H E activity could be stimulated by phorbol esters and growth factors. From 

these findings, it was suggested that the high resting pHi values (reflecting high rates of N H E 
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activity) found in the undifferentiated PI9 cells were most likely required for optimal D N A 

transcription and protein synthesis during growth (also see Busa & Nuccitelli, 1984). It is an 

intriguing possibility that differences in N H E activity and/or resting pHj values in CA1 neurons 

may contribute to the functional heterogeneity which exists between pyramidal neurons within 

the CA1 subfield of the hippocampus (e.g. see Church & Baimbridge, 1991). 

1.2 HC03~-dependent pH, regulating mechanisms 

Although the activities of the acid-extruding N a + / H + and Na+-dependent HC0 37C1" 

exchangers in rat hippocampal neurons have been well characterized (Raley-Susman et al., 1991; 

Schwiening & Boron, 1994; Baxter & Church, 1996; Bevensee et al, 1996; Smith et al, 1998), 

internal alkaline shifts also occur in these cells and may have particularly detrimental effects on 

neuronal function, including the development of epileptiform activity and neurodegeneration 

(e.g. Church & Baimbridge, 1991; Hartley & Dubinsky, 1993; Pirttila & Kauppinen, 1993; 

Bonnet et al, 1998; Hoyt & Reynolds, 1998). In many cell types, forward-mode Na + -

independent HC0 37C1" exchange mediates alkali extrusion (e.g. Boyarsky et al, 1988a & 1988b; 

Ganz et al, 1989; Tannessen et al, 1987 & 1990a; X u & Spitzer, 1994) and, in addition, may act 

to maintain [CI"], and, thus, a particular value of the CI" equilibrium potential (Ea; see Vaughan-

Jones, 1979; Aickin & Brading, 1984). In contrast, evidence supporting the presence of NIAE in 

neurons has to date been limited to: (1) a demonstration of AE3 (which functions as a NIAE) 

mRNA in adult rat brain using in situ hybridization (Kopito et al, 1989; Raley-Susman et al, 

1993); (2) reports that a HC03"-dependent internal alkalinization occurs in rat hippocampal 

neurons acutely exposed to Cl"-deficient media (Raley-Susman et al, 1993; Schwiening & 

Boron, 1994; Baxter & Church, 1996); and (3) that a HC03"-dependent, Na+-independent, 

DIDS-sensitive mechanism contributes to acid extrusion from rat hippocampal neurons at very 

low values of pH, (<6.5; Baxter & Church, 1996). Interestingly, in addition to the hippocampus, 

little evidence has been found to support the existence of NIAE in rat neocortical neurons (see 
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Ou-yang et al., 1993) although NIAE activity has been documented in cultured rat astrocytes 

(Mellergard et al., 1993). 

Despite the aforementioned reports, the present study is the first to assess the 

characteristics of NIAE activity and its contribution to alkali extrusion and the maintenance of 

SS pHj in a mammalian central neuron. Thus, acute Cl"0-removal resulted in a reversible internal 

alkalinization (see Fig. 31), confirming the presence of reverse-mode NIAE activity in rat 

hippocampal neurons (also see Raley-Susman et al., 1993; Baxter & Church, 1996). More 

importantly, however, pHj was found to recover to normal levels following internal alkaline 

loads in a DIDS-sensitive (Fig. 28) and Na+

0-independent (Fig. 30A) manner, suggesting that 

forward-mode NIAE contributes to alkali extrusion in rat hippocampal neurons. Forward-mode 

N I A E activity was also suggested by the DIDS-sensitive, pHrdependent changes in SS pHj 

evoked upon the addition of H C 0 3 7 C 0 2 in the absence of N a +

0 (Figs. 10 and 11). Thus, the 

present study confirms reverse-mode (acid-extruding), and is the first to describe forward-mode 

(acid-loading), NIAE activity in a mammalian central neuron. 

The activity of the NIAE in rat hippocampal neurons is dependent on the absolute value 

of pH,. Previously, Olsnes et al. (1987b) and Zhang et al. (1996) characterized the pHj 

dependence of the activity of the NIAE in, respectively, Vero cells and Xenopus oocytes 

expressing the AE2 isoform. These authors reported that the exchange mechanism is most active 

at high absolute values of pH, and that its activity is highly dependent on pHj in a manner similar, 

but opposite, to the N H E and N D A E (also see Boyarsky et al., 1988b; Mugharbil et al., 1990). 

That Na+-independent HC0 37C1" exchange in rat hippocampal neurons exhibits similar 

functional properties are suggested by the present findings that: (1) the rate of pHj recovery from 

internal alkaline loads is highly dependent on the absolute value of pHj (as indicated by the 

slopes of the regression lines for control data presented in Figs. 29B and 30B); and (2) neuronal 

acid-loading can occur at absolute pHj values as low as -6.9 under control conditions, a similar 

minimum value for forward-mode NIAE activity as that previously reported in Vero cells (pH; = 

7.0 - 7.1; Olsnes et al., 1987b). In addition, it has previously been shown that the AE2 (found in 
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Vero cells) and AE3 (most likely found in rat hippocampal neurons) isoforms of the NIAE are 

functionally similar when expressed in H E K 293 cells (Lee et al, 1991). 

Finally, evidence was presented that the NIAE, operating in conjunction with the N D A E , 

contributes to the maintenance of SS pHj in adult rat hippocampal CA1 neurons. Together, the 

HC03"-dependent pH, regulating mechanisms appear to act to maintain SS pH; at a value near 

pH 0 . The evidence supporting this form of pHj regulation is as follows. First, in contrast to the 

bimodal distribution of resting pH; values observed under nominally HC03"-free conditions (see 

Discussion, Section 1.1), the distribution of resting pHj values from neurons perfused with 

HC0 37C0 2-buffered medium was unimodal with a mean value at ~7.20 (i.e. near pH 0). Second, 

in neurons initially perfused with HEPES-buffered medium, exposure to H C 0 3 7 C 0 2 caused pHj 

to rise or fall (depending on the initial value of pH; under HC03"-free conditions) and attain a 

new SS level near p H 0 (see Fig. 8C; also see Schwiening & Boron, 1994). Changes in pHj also 

occurred upon the addition of H C 0 3 7 C 0 2 to HEPES-buffered medium in the absence of N a +

0 

(see Fig. 10). Third, the addition of DIDS to HC03"-containing perfusion media caused SS pHj 

to deviate away from the prevailing pH 0 value (see Fig. 9). 

Taken together, the results of the present study suggest that acutely dissociated adult rat 

hippocampal CA1 neurons express a NIAE that can function in forward and reverse modes over 

a wide range of pHj values in a manner that is dependent upon absolute p H , The NIAE is an 

important contributor to pHj regulation in hippocampal neurons and, acting in concert with the 

N D A E , contributes to the maintenance of SS pHj in this cell type. In addition, by participating in 

the control of [CI"],, the NIAE might act as an important mediator of neuronal excitability (e.g. 

by modulating GABAA-mediated currents; see Kaila, 1994; Staley et al, 1995). 

1.3 The HC03/C02pH buffering system 

' Although evidence has been presented that both the NIAE and the N D A E act to maintain 

SS pHj at a value near p H 0 in adult rat hippocampal CA1 neurons, it is also apparent that the 

open H C 0 3 7 C 0 2 pH buffering system is an important contributor to this process. Thus, under 
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external Na -free conditions in the presence of DIDS, where the activities of all three known pHj 

regulating mechanisms in rat hippocampal neurons are blocked, exposing neurons initially 

perfused with HEPES-buffered medium to HC0 3 " caused pHj to stabilize at a SS level slightly 

above p H 0 (see Fig. 11). Although the contribution of HC0 37C0 2-dependent buffering to the 

regulation of SS pHj in rat hippocampal neurons has never been formally assessed, in peripheral 

cell types the H C 0 3 7 C 0 2 buffering system is essential for pHj regulation (Frelin et al, 1988), 

and may contribute to the established pHrdependency of the activities of the NHE, NIAE and 

N D A E (see Reinertsen et al, 1988; Humphreys et al, 1995). Indeed, it has recently been found 

that carbonic anhydrase (isoform II) binds to the C terminus of the NIAE (Vince & Reithmeier, 

1998). Interestingly, carbonic anhydrase has been identified in adult rat hippocampal pyramidal 

neurons (Voipio & Kaila, 1993) and carbonic anhydrase inhibitors possess anticonvulsant 

activity (e.g. Velisek & Veliskova, 1994). 

1.4 Net pHj regulation under physiological conditions 

Controversy exists concerning the relative contributions of the pHj regulating 

mechanisms discussed above (i.e. NHE, NIAE and NDAE) to the maintenance of SS pHj in rat 

hippocampal neurons under physiological (i.e. HC0 37C0 2-containing) conditions. Initial studies 

suggested that the N D A E dominates acid extrusion and is the primary determinant of SS pH ( in 

rat hippocampal neurons (Schwiening & Boron, 1994). However, mean resting pHj values in the 

latter study were abnormally low (pHj = 7.03, a condition which favours activation of NDAE) 

and more recent studies have suggested that the N H E is the dominant acid extrusion mechanism 

and ultimately determines the resting pHj of any given hippocampal neuron (Bevensee et al, 

1996). However, neither of the aforementioned studies considered the possible contribution of 

N I A E to pHj regulation and the control of SS pHj in rat hippocampal neurons, despite the fact 

that the importance of this exchange mechanism to both processes has long been established in 

peripheral cell types (e.g. Tjzinnessen et al, 1987; Boyarsky et al, 1988b; Tjannessen et al, 

1990a; Cooper & Hunter, 1997). 
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Detailed studies by T0nnessen et al. (1987 & 1990a) in Vero cells, for example, 

established not only that the NIAE and N D A E were the major alkali and acid extruding 

mechanisms, respectively, but also that these mechanisms were the major determinants of SS 

pHj; at pH, values < pH 0 , the activity of the acid-extruding N D A E dominated the control of SS 

pHj whereas at pHj values > pH 0 , the activity of the acid-loading NIAE dominated. Thus, when a 

cell with a resting pHj value < p H 0 in nominally HC03~-free, HEPES-buffered medium was 

exposed to H C 0 3 7 C 0 2 , an increase in SS pHj occurred, bringing pHj closer to p H 0 (= 7.4); as pHj 

increased, T0nnessen et al. (1987 & 1990a) suggested that the activity of the N D A E gradually 

declined whereas the activity of the NIAE gradually increased (also see Reinertsen et al., 1988 

for illustrations). In a similar manner, Boyarsky et al. (1988b) found that both HC03"-dependent 

anion exchangers, acting together with the NHE, functioned to maintain resting pHj (-7.25) near 

p H 0 (= 7.4) in rat glomerular mesangial cells. The results of the present study suggest a similar 

role for the N H E , N D A E and NIAE, acting in combination, in the control of SS pHj in rat 

hippocampal neurons. Thus, in neurons with low N H E activity (= low acid-extrusion), both an 

increase in the activity of the N D A E and a decrease in the activity of the NIAE cause net acid 

extrusion and SS pHj is maintained near pH 0 (Fig. 57A). Conversely, in neurons with high N H E 

activity (= high acid-extrusion), the activities of the N D A E and NIAE function in a manner to 

cause net acid-loading and maintain SS pHj near pH 0 (Fig. 57B). Thus, a dominant role for the 

maintenance of SS pH; is not placed on any single one of the three pH; regulating mechanisms 

present in acutely dissociated adult rat hippocampal CA1 neurons under physiological (HC0 3~ 

/C02-buffered) conditions. 

1.5 Summary 

In acutely dissociated adult rat hippocampal CA1 neurons, the NIAE functions in forward 

(acid-loading) mode over a range of absolute pHj values and in a manner that is dependent on 

pH;. Under physiological (HC037C02-buffered) conditions, the activities of the N D A E and 

NIAE contribute to maintain SS pHj near p H 0 in a manner dependent on the activity of the N H E 
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(which determines whether neurons have 'low' or 'high' resting pH; values in the absence of 

H C 0 3 7 C 0 2 ) together with a contribution from the H C 0 3 7 C 0 2 open buffering system. 

2. Modulation of the activities of pHj regulating mechanisms by the cAMP/PKA second 

messenger system 

Modulating the activity of the c A M P / P K A second messenger system in rat hippocampal 

neurons evoked a variety of effects on SS pHj which were dependent both on the experimental 

conditions (presence or absence of HC0 3") and the resting pH ; values of the neurons studied. In 

the nominal absence of HC0 3 " , stimulation of the c A M P / P K A pathway evoked a rise in SS pH; 

whereas inhibition of the pathway failed to elicit a change in pHj. Stimulation of the c A M P / P K A 

pathway also consistently evoked a rise in SS pHj under physiological (HC0 37C0 2-buffered) 

conditions. However, in the presence of H C 0 3 7 C 0 2 , inhibition of the pathway caused SS pHj to 

change in HC0 3 " - and pHrdependent manners, with the result that pH, was brought closer to the 

pH of the external medium. Similar HC03"-dependent shifts in the SS pHj responses resulting 

from the modulation of various second messenger pathways have been described in rat 

glomerular mesangial cells, osteoblastic (UMR-106) cells, Vero cells, A10 vascular smooth 

muscle cells and the rabbit distal convoluted tubule (Ganz et al., 1989; Kikeri et al., 1990; 

Tonnessen et al, 1990b; Green & Kleeman, 1992; Dagher et al., 1997, respectively). In these 

previous studies, concomitant changes in the activities of HC03~-independent and HC0 3 ~-

dependent pHj regulating mechanisms were found to be responsible for the diverse changes in SS 

p H , The results of the present study suggest that comparable effects occur in rat hippocampal 

neurons which, in turn, likely account for the various changes in SS pH, evoked by modulation of 

the activity of the c A M P / P K A pathway. 

2.1 Na+/H+ exchange 

In acutely dissociated adult rat hippocampal CA1 neurons, increasing [cAMPJj activates a 

Na+-dependent, HC03-independent acid extrusion mechanism, most likely the N H E , via a 
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process that is mediated by P K A and is not dependent on changes in [Ca ]j. Evidence for this 

pathway includes the findings that, in the nominal absence of HC0 3 " : (1) Forskolin and I B M X 

evoked increases in SS pHj and net acid efflux following imposed internal acid loads, effects 

which were mimicked by the P K A activator, Sp-cAMPS; (2) Forskolin-evoked increases in SS 

pHj were almost abolished by Rp-cAMPS, an inhibitor of P K A ; (3) In the absence of N a +

0 

(replaced with N M D G + ) , the Sp-cAMPS-induced increase in SS pHj was abolished; however, 

when N a +

0 was replaced with L i + , the Sp-cAMPS-evoked increase in SS pH; was re-established; 

(4) The addition of Sp-cAMPS or Rp-cAMPS failed to alter [Ca 2 +] i 5 and the Sp-cAMPS- and 

forskolin-induced increases in SS pHj were similar under Ca2 +

0-free and Ca2 +

0-containing 

conditions. Interestingly, inhibition of the c A M P / P K A pathway failed to affect the activity of 

the N H E in previously unstimulated neurons, as indicated by the failure of 2',5'-

dideoxyadenosine and Rp-cAMPS to affect SS pHj. However, it should be noted that N H E 

activity is reduced by these agents in rat hippocampal neurons which have been pretreated with 

noradrenaline or selective (3-adrenoceptor agonists (which act to increase the activity of 

c A M P / P K A pathway; see Smith et al, 1998). 

Although the control of the activities of neuronal NHEs by second messenger systems has 

not been extensively investigated (a single report suggests that P K C increases the activity of the 

N H E in cerebellar Purkinje cells; Gaillard & Dupont, 1990), information is available from a large 

number of non-neuronal cell types (reviewed by Wakabayashi et al, 1997a). These studies 

indicate that the response of NHEs to modulation of the activity of a given second messenger 

system varies, depending on the species, cell type and specific N H E isoform studied. In this 

regard, it is of some interest that the effects of modulating the activity of the c A M P / P K A 

pathway on the activity of the N H E in rat hippocampal neurons appear to differ from those 

involved in many other cellular preparations. Thus, elevating [cAMP], or activating P K A either 

has no effect on or inhibits N a + / H + exchange in most cell types studied, including rat brain 

synaptosomes (reviewed by Wakabayashi et al, 1997a; also see Reuss & Petersen, 1985; Reuss 

& Stoddard, 1987; Helmle-Kolb et al, 1990; Sasaki & Marumo, 1991; Casavola et al, 1992; 
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Davis et al., 1992; Green & Kleeman, 1992; Sanchez-Armass et al., 1994; Kandasamy et al., 

1995; Weinman et al, 1995; Azarani et al, 1996; Kurashima et al, 1997). For example, in 

sheep cardiac Purkinje fibres, I B M X evokes a decrease in the activity of the N H E which, 

interestingly, is mediated via calmodulin (Wu & Vaughan-Jones, 1994). Similarly, in OKP cells 

over-expressing native NHE-3 and in AP-1 cells transfected with NHE-3 (Zhao et ah, 1999), 

cAMP inhibits the activity of NHE-3, although in these cases the effect is mediated via P K A and 

direct phosphorylation of the exchange protein. 

Although activating the c A M P / P K A pathway has no effect on or inhibits the activity of 

NHEs in most non-neuronal cell types studied, there are some exceptions (reviewed by Noel & 

Pouyssegur, 1995; also see Gupta et al., 1994; Busch et al, 1995; Kandasamy et al., 1995). 

Perhaps the best-characterized example of a cAMP-mediated upregulation of N H E activity is 

seen in the case of the trout red blood cell P-NHE isoform, which can be activated both by P-

adrenoceptor agonists and by direct elevation of [cAMP], Interestingly, P-NHE contains two 

potential consensus sites for phosphorylation by P K A in its C-terminal cytoplasmic domain 

(Borgese et al., 1992). Although it is unclear precisely which N H E isoform participates in pHj 

regulation in rat hippocampal CA1 neurons, it is tempting to speculate that it might also possess 

an intrinsic capability to respond to P K A . 

Activation of NHEs by external stimuli (e.g. mitogens, hormones and transmitters) and 

second messengers can occur in two ways: (1) an increase in the maximum velocity of ion 

exchange; and/or (2) an increase in the affinity of the internal allosteric modifier site on the 

exchange protein for H + (see Mahnensmith & Aronson, 1985; Noel & Pouyssegur, 1995). The 

latter mechanism is associated with a change in the conformation of the transporter protein which 

affects the H+-sensor site, and is produced by a phosphorylation event which in turn leads to an 

alkaline shift in the pHrdependence of the acid extrusion mechanism (see Wakabayashi et al., 

1997a). For example, it has been shown that okadaic acid and protein kinase activators (e.g. a-

thrombin, phorbol esters, epidermal growth factor) increase the activities of various NHEs via 

phosphorylation events (reviewed by Tse et al., 1993; Bianchini & Pouyssegur, 1996; also see 
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Sardet et al, 1990; Bianchini et al, 1991; Livne et al, 1991; Sardet et al, 1991; Guizouarn et 

al, 1993). In addition, as mentioned above, Borgese et al. (1992) identified two consensus sites 

for phosphorylation by P K A in the primary amino acid sequence for the trout red cell p-NHE 

isoform and, more recently, Zhao et al. (1999) identified two consensus sequences for 

phosphorylation by P K A in the primary amino acid sequence of the mammalian NHE-3 isoform. 

The results of the present, study suggest that a phosphorylation event may also be 

involved in the control of the activity of the N H E in rat hippocampal neurons. Thus, similar 

alkaline shifts in the pHrdependence of N H E activity were elicited by forskolin, I B M X and Sp-

cAMPS, and the protein phosphatase inhibitor okadaic acid augmented the increase in pHj 

evoked Sp-cAMPS. However, the present study provides no evidence to indicate whether 

activation of the N H E in rat hippocampal neurons by P K A involves direct phosphorylation of the 

exchange protein itself or of an associated regulatory protein (e.g. NHE-RF and/or E3KARP) 

whose phosphorylation state influences the former's activity (Sardet et al. 1991; Weinman et al. 

1995; Cabado et al, 1996; Lin & Barber, 1996; Yun et al, 1997 & 1998; Hall et al, 1998; 

Lamprecht et al, 1998). Nevertheless, phosphorylation of N H E regulatory proteins has only 

been shown to inhibit NHE-3 activity, which contrasts with the finding of the present study that 

N H E activity increases upon stimulation by P K A . Thus, if a N H E regulatory protein was to exist 

in rat hippocampal neurons, it would have regulate the activity of the N H E in a manner opposite 

to that established for NHE-3. 

It should also be noted that considerable 'cross-talk' exists between the c A M P / P K A 

intracellular second messenger system and other signal transduction cascades. For example, 

P K A may interact with an element in the M A P K cascade downstream of Ras and upstream of 

Raf-1 (see Kurino et al, 1996). Given that stimulation of the M A P K cascade increases the 

activities of NHEs in some non-neuronal cell types (e.g. Matsuda et al, 1995; Hooley et al, 

1996; Bianchini et al, 1997; Tominaga et al, 1998) and that M A P K s may modulate a number of 

neuronal functions which are also associated with changes in pH, (Campos-Gonzalez & Kindy, 

1992; Pang et al, 1995), it remains possible that other signal transduction pathways may be 
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involved in the effects of modulating the c A M P / P K A second messenger system on N H E activity 

in rat hippocampal neurons. 

2.2 HC03-dependent pHj regulating mechanisms 

In comparison with the extensive literature which details the regulation of the activities of 

NHEs in a variety of cell types (see above), relatively few studies have examined the modulation 

by second messenger systems of the activities of HC03"-dependent pHj regulating mechanisms, 

even in non-neuronal preparations (to date, there are no reports in neurons). The results of the 

present study indicate that, in rat hippocampal neurons, the c A M P / P K A pathway is involved in 

the regulation of the activities of both the NIAE and the N D A E . 

2.2.1 Na+-independent HC03'/CF exchange 

One of the principal findings of the present study is that altering PKA. activity evokes 

changes in N I A E activity which are dependent upon the initial resting pHj of the neuron. 

Evidence for the involvement of P K A in the control of the activity of the NIAE includes the 

observations that: (1) Sp-cAMPS, Rp-cAMPS and 2', 5'-dideoxyadenosine exert effects on SS 

pH; which are dependent upon the resting pH s of the neuron prior to the application of a test 

compound; (2) Sp-cAMPS and Rp-cAMPS exert opposite effects on rates of pHj recovery 

following imposed alkaline loads; (3) Sp-cAMPS and Rp-cAMPS exert opposite, pHrdependent 

effects on SS pH ( in the absence of N a +

0 ; (4) Rp-cAMPS elicits a decrease in the rate of pHj 

recovery following internal alkaline loads imposed in the absence of N a +

0 ; (5) Sp-cAMPS 

increases, whereas Rp-cAMPS decreases, the magnitude of 0 Cl"0-evoked internal 

alkalinizations; and (6) all of the aforementioned effects are sensitive to DIDS and/or are 

dependent on HC0 3 " 0 . 

In neurons with high resting pHj values, NIAE activity was regulated by the c A M P / P K A 

pathway in a manner opposite to that observed in neurons with low resting pHi values; thus, 

regulation of N I A E activity by the c A M P / P K A pathway is dependent on resting pHj values. 

More specifically, in neurons with resting pHi values < ~7.4, activation of P K A increased, and 
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inhibition of P K A decreased, the activity of the NIAE. In contrast, in neurons with resting pHj 

values > -7.4, activation of P K A decreased, and inhibition of P K A increased, NIAE activity. If 

the effects of modulating P K A activity on the activity of forward-mode NIAE are considered in 

isolation (i.e. in the absence of any effect of changing P K A activity of the activities of the N H E 

or NDAE) , activation of P K A would act to move SS pHj away from p H 0 because the activity of 

the N I A E would be decreased in 'high' pHj neurons (resulting in a further internal alkalinization) 

and increased in 'low' pHj neurons (resulting in a further internal acidification). In contrast, 

inhibition of P K A would act to move SS pHj towards pH 0 , because the activity of the NIAE 

would be increased in 'high' pH, neurons (resulting in an internal acidification) and decreased in 

'low' pH, neurons (resulting in an internal alkalinization). 

2.2.2 Na*-dependent HCO//CF exchange 

Altering P K A activity evoked changes in the activity of the N D A E which were dependent 

upon the initial resting pHj of the neuron but which were opposite to the effects exerted on the 

NIAE. Evidence for the involvement of P K A in the control of the activity of the N D A E 

includes: (1) The N a +

0 - and pHrdependent effects of Sp-cAMPS, Rp-cAMPS and 2', 5'-

dideoxyadenosine on SS pH^ (2) The Sp-cAMPS-evoked decrease and Rp-cAMPS-evoked 

increase in the rates of pHj recovery following acid loads imposed at RT; (3) The opposing 

effects of Sp-cAMPS and Rp-cAMPS on the rates of internal alkalinization observed during 

depletion of Cl^ ; and (4) The sensitivity to DIDS and/or the dependence on HCO 3 " 0 of the 

aforementioned observations. 

In neurons with 'high' resting pH, values, N D A E activity was regulated by the 

c A M P / P K A pathway in a manner opposite to that observed in neurons with 'low' resting pHj 

values. Thus, as was the case for the NIAE (see above), regulation of N D A E activity by the 

c A M P / P K A pathway is dependent on resting pH ( . More specifically, in neurons with resting pHj 

values < -7.4, activation of P K A decreased, and inhibition of P K A increased, the activity of the 

N D A E . Unfortunately, neurons with 'high' (> -7.4) resting pHj values were not observed, but by 

analogy with the results detailed above concerning the control of NIAE activity in 'high' pHj 
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neurons, it seems possible that stimulation of P K A might activate the N D A E , whereas inhibition 

of P K A might inhibit the N D A E , in 'high' pHj cells. If the effects of modulating P K A activity on 

the activity of the N D A E are considered in isolation (i.e. in the absence of any effect of changing 

P K A activity on the activities of the N H E or NIAE), activation of P K A would act to move SS 

pHj away from p H 0 because the activity of the N D A E would be increased in 'high' pHj neurons 

(resulting in a further internal alkalinization) and decreased in 'low' pHj neurons (resulting in a 

further internal acidification). In contrast, inhibition of P K A would act to move SS pHj towards 

pH 0 , because the activity of the N D A E would be decreased in 'high' pHj neurons (resulting in an 

internal acidification) and increased in 'low' pHj neurons (resulting in an internal alkalinization). 

2.2.3 Comparison with other cell types 

As noted above, relatively few studies have examined the control of the activities of 

HC03"-dependent pHj regulating mechanisms by second messenger systems, even in non-

neuronal cell types, although the information which is available suggests that, as in the case of 

the NHE, considerable diversity exists between cell types (e.g. compare Green et al., 1990; 

Vigne etal, 1988; Alvaro etal, 1995; Strazzabosco etal, 1997). 

In the case of the NIAE, it has been reported that the activity of the NIAE is inhibited by 

elevations in [cAMPJj in aortic smooth muscle cells (Vigne et al., 1988). In contrast, the 

addition of glucagon, forskolin or dibutyryl-cAMP (to increase [cAMP],) increased the activity 

of the NIAE in isolated rat hepatocytes, and the glucagon-evoked increase in NIAE activity was 

inhibited by Rp-cAMPS (Alvaro et al, 1995). More recently, the same group showed that Sp-

cAMPS and Rp-cAMPS elicited, respectively, increases and decreases in NIAE activity in 

isolated bile duct units (Alvaro et al, 1997). Similarly, Alpini and colleges (1997) reported that 

secretin causes an increase in [cAMPJj which, in turn, increases the activity of the NIAE in large 

intrahepatic bile ducts. And Clarke & Harline (1998) reported that electroneutral HC0 3 ~ 

secretion (representing NIAE activity) was increased following 15 min of forskolin treatment in 

mouse duodenal cells (also see Niisato & Marunaka, 1996; Nyberg et al, 1998). 
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In the case of the N D A E , Boron et al. (1978), in one of the first studies examining the 

effect of cAMP on the activities of pHj regulating mechanisms, found that microinjection of 

cAMP increases the activity of the N D A E in barnacle muscle fibres. A more recent study 

performed in the rabbit cortical collecting duct reports that 8Br- and dibutyryl-cAMP increase SS 

pH,, an effect which was suggested to reflect an increase in the activity of the N D A E (Emmons 

& Stokes, 1994). 

2.2.4 Potential mechanisms underlying the modulation of NIAE and NDAE activities by PKA 

As detailed above, the various mechanisms underlying the regulation of N H E activity by 

P K A have been studied in considerable detail. In comparison, no information is to date available 

concerning the molecular mechanism(s) which might be involved in the control of the activities 

of HC03"-dependent pHj regulating mechanisms by P K A or other intracellular second 

messengers. 

Two possible mechanisms can be suggested for the regulation of the activities of the 

NIAE and N D A E by P K A . First, by analogy with the NHE, the activities of the NIAE and the 

N D A E may be regulated by the c A M P / P K A system via a phosphorylation event. Second, the 

changes in the activities of the NIAE and N D A E may be secondary to changes in SS pH, evoked 

by the N H E (see Mason et al, 1989) and also, in the case of the N D A E , by the NIAE. Although 

the results of the present study do not allow a strict differentiation between these two 

possibilities, the former potential mechanism of regulation seems most likely in light of the facts 

that: (1) the activity of the NIAE was altered by the c A M P / P K A pathway independent of 

changes in the activities of Na+-dependent acid-extruding mechanisms; (2) alkaline shifts in the 

pHrdependence of NIAE activity were observed in the presence of Rp-cAMPS and Sp-cAMPS; 

(3) an alkaline shift in the pHrdependence of N D A E activity was observed in the presence of 

Rp-cAMPS; and (4) Sp-cAMPS evoked a relatively smaller increase in SS pH; under HC0 3 ~ 

/C02-buffered compared to HEPES-buffered conditions, an effect mimicked by the protein 

phosphatase inhibitor okadaic acid (see Fig. 27). Taken together these findings in hippocampal 

neurons are consistent with a report that phosphorylation most likely mediates changes in the 
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pH rsensitivity of NIAE activity in Vero cells (Ludt et al, 1993; Alvaro et al, 1997). In the case 

of the N D A E , however, the present study provides no evidence to support or refute the second 

possibility raised above (i.e. that the changes in the activity of the N D A E may be secondary to 

changes in SS pH, evoked by the N H E and/or the NIAE), as the NIAE and N H E were potentially 

active in all experiments designed to examine N D A E activity. 

Finally, one additional potential mechanism which may be involved in the regulation of 

the activities of HC03"-dependent pHj regulating mechanisms by the c A M P / P K A pathway needs 

to be addressed. Using the N H E as a model (see above), increases and decreases in the activities 

of HC03"-dependent pH, regulating mechanisms may occur either via a change in the p H r 

sensitivity of the exchange processes (i.e. a change in set-point pH, due to a change in the level of 

phosphorylation of the exchange mechanism or an ancillary protein) or via an increase in the 

maximum velocity of ion exchange. The latter reflects either an increase in the 'turnover' rate 

and/or an increase in the number of functional NHEs in the plasma membrane (reviewed by Noel 

& Pouyssegur, 1995). The effect of modulating P K A activity on the activities of the NIAE and 

N D A E may involve changes in turnover rates because: (1) Sp-cAMPS decreased the slope of the 

regression line relating absolute pH, to the rate of pHj recovery from internal acid loads imposed 

at RT without markedly affecting the set-point pHj of the exchange process (Fig. 36B); and (2) 

Sp-cAMPS increased the slope of the regression line relating absolute pHj to the rate of pHj 

recovery.from internal alkaline loads (Fig. 30B; in this case, the change in set-point pHj can be 

accounted for by the concomitant effect of Sp-cAMPS on N H E activity). In contrast, the present 

study provides no evidence to support or refute the possibility that modulation of P K A activity 

may change the numbers of functional NIAEs or NDAEs present in the neuronal membrane. 

This may occur either by the up- or down-regulation of protein synthesis (although the time 

frame of the observed responses make this possibility unlikely; see Wakabayashi et al., 1997a) or 

by the re-insertion of endosomes containing the exchangers into the membrane (see Benedetti et 

al, 1994; also see Hensley et al., 1989; Khurana et al., 1996; D'Souza et al., 1998). 
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2.3 Buffering power 

The effects of either increasing or decreasing the activity of the c A M P / P K A pathway on 

SS pHj and the activities of pHj regulating mechanisms did not reflect changes in internal 

buffering power. Thus, estimates of Pj (made by comparing the magnitudes of NH 4

+-induced 

alkalinizations observed during internal acid load experiments in the absence and presence of a 

given c A M P / P K A pathway-targeted treatment; see Aickin & Thomas, 1976; Smith et al, 1998) 

indicated that the magnitudes of the internal alkalinizations evoked by N H 4

+ under control 

conditions were similar, in all cases, to the magnitudes of the alkalinizations evoked in the 

presence of a given pharmacological agent. For example, the mean alkalinization evoked by 

N H 4

+ under control HEPES-buffered conditions was 0.28 ± 0.04 pH units (n = 29), which was 

statistically not different (P > 0.5 in each case) to the alkalinizations observed in the presence of 

Sp-AMPS (0.30 ± 0.05 pH units, n = 7), forskolin (0.26 ± 0.03 pH units, n = 12) or I B M X (0.25 

± 0.04 pH units, n= 10), also under HEPES-buffered conditions. In addition, given the proposed 

importance of the H C 0 3 7 C 0 2 open buffering system to the maintenance of SS pHj in rat 

hippocampal CA1 neurons (see Discussion, Section 1), it was noteworthy that the NH 4

+-evoked 

alkalinizations observed in the absence (0.26 + 0.04 pH units) and presence (0.25 ± 0.04 pH 

units) of forskolin, I B M X , Sp-cAMPS and Rp-cAMPS were statistically not different (P = 0.88) 

under HC0 37C0 2-buffered conditions (n = 35), even though it has previously been reported that 

cAMP increases the activity of carbonic anhydrase in some cell types (e.g. red blood cells; 

Dragons al, 1996). 

2.4 The net effects of modulating the activity of the cAMP/PKA pathway on pHt in rat 

hippocampal neurons 

Given the fact that changes in the activity of the c A M P / P K A pathway differentially affect 

the activities of three different pHj regulating mechanisms in rat hippocampal neurons, it 

becomes important to attempt assess the effect of activating or inhibiting this second messenger 
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system on net pHj regulation and, thus, SS pHj in this cell type under physiological (i.e. H C 0 3 " 

/C02-containing) conditions. 

As illustrated in Fig. 58, in neurons with low resting pH; values, inhibition of the 

c A M P / P K A pathway will increase the activity of the N D A E and decrease the activity of the 

NIAE. Because inhibition of the c A M P / P K A pathway exerts no effect on the activity of the 

N H E (at least under previously unstimulated conditions), a net internal alkalinization is the 

result. In addition, rates of pHj recovery from internal acid, but not alkaline, loads will be 

increased. Conversely, in neurons with high resting pHj values, inhibition of the c A M P / P K A 

pathway will increase the activity of the NIAE and (possibly) decrease the activity of the N D A E . 

In the absence of any effect on N H E activity, the net result is an internal acidification and an 

improved ability to recover from internal alkaline, but not acid, loads. Thus, inhibition of the 

c A M P / P K A pathway increases pHj in neurons with a low resting pHj and decreases pH, in 

neurons with a high resting pHj, the overall effect being to move pH; towards the prevailing 

value of pH 0 . 

In contrast, in neurons with low resting pH; values, stimulation of the c A M P / P K A 

pathway will increase and decrease, respectively, the activities of the NIAE and N D A E ; in the 

absence of any change in N H E activity, the net effect would be a reduction in SS p H , However, 

because the N H E is activated by cAMP/PKA, the net effect on SS pHj is an internal 

alkalinization. In addition, stimulation of the c A M P / P K A pathway in low pH, neurons will 

increase rates of pHj recovery from acid and alkaline loads. Conversely, in neurons with high 

resting pHj values, stimulation of the c A M P / P K A pathway will decrease the activity of the NIAE 

and (possibly) increase the activity of the N D A E ; in the absence of any change in N H E activity, 

the net result would be a rise in SS p H , However, the N H E is once again activated under these 

conditions, and the net result is an internal alkalinization and an improved ability to recover from 

internal acid, but not alkaline, loads. In the absence of any effect on N H E activity, the effect of 

stimulating the c A M P / P K A pathway would be to decrease pHj in neurons with a low resting pHj 

and to increase pH; in neurons with a high resting pH,, the overall effect being to move pHj away 
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from the prevailing value of pH 0 . However, because stimulation of the c A M P / P K A pathway 

concomitantly activates the NHE, the overall effect of stimulating the c A M P / P K A pathway is to 

increase SS pHj in neurons with both low and high resting pHj values. 

The schemes detailing the mechanistic basis for the effects of modulating the c A M P / P K A 

pathway on SS pHj in rat hippocampal neurons are entirely novel. Of particular interest is the 

fact that the c A M P / P K A pathway modulates SS pHj in rat hippocampal neurons in a manner 

which depends not only on the direction of the change in the activity of the pathway (i.e. 

inhibition or stimulation) but also on the resting pHj of the neuron. In these regards, the present 

findings differ from those reported by others who have attempted to assess the effects of 

modulating the activities of second messenger pathways on net pHj regulation in other cell types. 

For example, increasing [cAMP], inhibits both the N H E and the NIAE in Necturus gallbladder 

epithelial cells and osteosarcoma (UMR-106) cells (Reuss, 1987; Reuss & Stoddard, 1987; 

Green & Kleeman, 1992). In contrast, in rat cardiomyocytes and human intrahepatic bile duct 

cells, increasing [cAMP]j activates the N D A E and the NIAE, but not the N H E , resulting in net 

HC03"-extrusion (Desilets et al, 1994; Strazzabosco et al, 1997). The potential importance of 

the present findings is highlighted by the study of Ganz and colleagues (1989) in rat glomerular 

mesangial cells. In this study, arginine vasopressin raised SS pH, in the absence of H C 0 3 " (i.e. 

under conditions where only N H E can contribute to pHj regulation) but lowered it when H C 0 3 " 

was present (i.e. under conditions where NHE, NIAE and N D A E may potentially contribute to 

pH, regulation). The difference in the SS pH ; response to A V P under HC03"-free and HC0 3 ~-

containing conditions was found to reflect the fact that, in the presence of HC0 3 " , A V P 

stimulated Na -independent HC0 37C1" exchange more than it stimulated the sum of Na / H 

exchange and Na+-dependent HC0 37C1" exchange. The results of the present study further 

emphasize the possible dangers of conducting physiological experiments in media lacking H C 0 3 " 

and C 0 2 . 

2.5 Summary 
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In summary, the c A M P / P K A pathway changes SS pHj in acutely dissociated adult rat 

hippocampal CA1 neurons in a manner that is dependent on resting p H , Under physiological 

conditions (i.e. in the presence of H C 0 3 7 C 0 2 ) , stimulation of the c A M P / P K A pathway increases 

pHj to a SS level > pH 0 , whereas inhibition of the c A M P / P K A pathway 'clamps' pHj at a value 

near pH 0 . These effects, which are likely mediated by phosphorylation events, reflect 

concomitant changes in the activities of the acid-extruding N H E and N D A E , and the acid-

loading NIAE. The exact relationship between P K A and changes in the activities of the various 

exchangers, however, remains to be determined. 

3. Control of the activity of the NHE by the CaM/CaMK-II second messenger system 

In many peripheral cell types, the activities of pH, regulating mechanisms can be 

controlled independently by multiple second messenger systems (reviewed by Wakabayashi et 

al., 1997a). The results of the present study indicate that calmodulin, in addition to the 

c A M P / P K A pathway, is involved in the regulation of N a + / H + exchange in rat hippocampal CA1 

neurons. 

3.1 Effect of CaM inhibitors on pHf regulation 

In acutely dissociated adult rat hippocampal CA1 neurons, CaM inhibitors evoked a 

concentration- and pHpdependent increase in SS pH,, at least in part by increasing the activity of 

a HC03~-independent, Na+-dependent acid-extruding mechanism, most likely the NHE. I found 

no evidence to suggest that the effect of CaM inhibitors to increase SS pHj reflected changes in 

the activities of HC03'-dependent pHj regulating mechanisms. Nevertheless, as a number studies 

in non-neuronal cell types indicate that changes in the activities of HC03"-dependent pHj 

2+ 

regulating mechanisms can be evoked by changes in [Ca ]j (Ganz et al., 1989; Green et al., 

1990; Kikeri et al., 1990; Muallem & Loessberg, 1990; Ludt et al., 1993) and, possibly, by 
2+ 

changes in the activity of Ca /CaM (Green & Kleeman, 1992), it remains to be determined 

whether CaM inhibitors might modulate equally the activities of the acid-loading N I A E and acid-
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extruding N D A E in rat hippocampal neurons, such that the resultant changes in SS pHj and net 

acid extrusion following internal acid loads imposed in the presence of HC0 3 ~ are not different 

from those observed in the absence of H C 0 3 " (see Ganz et al., 1989). 

3.2 Mechanisms underlying the changes in pHt evoked by CaM inhibitors 

The effect of CaM inhibitors to increase both SS pHj and net acid-equivalent extrusion 

following imposed acid loads was not mediated by CaMK-II, calcineurin or changes in the 

activity of the c A M P / P K A pathway and for the most part did not reflect changes in [Ca2 +]j. The 

evidence for these findings is as follows. 

First, although interactions between CaM and the c A M P / P K A second messenger cascade 

have been well-documented (reviewed by Hanoune et al., 1997; also see Cooper et ah, 1994; 

Houslay & Milligan, 1997) and have been reported to be involved in the regulation of pHj in 

some non-neuronal cell types (e.g. Wu & Vaughan-Jones, 1994), in the present study the effect 

of the CaM inhibitor W-7 to increase SS pHj was not affected by the adenylyl cyclase inhibitor 

2',5'-dideoxyadenosine, the phosphodiesterase inhibitor I B M X , or the P K A inhibitor Rp-

cAMPS. 

Second, although calcineurin is a Ca -CaM-dependent protein phosphatase (2B) which is 
2+ 

known to participate in acetylcholine- and Ca -evoked pHj responses in rat cholangiocytes 

(Alvaro et al., 1997) and is known to play important functional roles in hippocampal CA1 

neurons and other cell types (reviewed by Klee et al., 1998; also see Mansuy et al., 1998), in the 

present study the effects of W-7 on SS p H were not altered by the calcineurin inhibitor FK-506. 
2+ 

Third, W-7 decreased [Ca ],. However, the majority of the rise in SS pH, evoked by 
2+ 

CaM inhibitors was not secondary to a decrease in [Ca ]•, because: (1) W-7 and TFP evoked 
2+ 

opposite changes in [Ca ] i 5 although both increased SS pH^ and (2) the W-7-evoked increases 

in SS pHj and net acid extrusion following internal acid loads persisted in the absence of C a 2 +

0 , 
2+ 2+ 

despite the fact that the decrease in [Ca ]j evoked by W-7 in the presence of normal [Ca ] 0 was 

almost abolished under this condition. 
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Fourth, although CaMK-II is highly concentrated in the hippocampus (-1% of total 

protein; Erondu & Kennedy, 1985) and has been suggested to be important for hippocampal 

neuronal function (e.g. Waxham et al, 1993), the CaMK-II inhibitors KN-62 and KN-93 did not 
2+ 

affect SS pHj (even when the Ca ' /CaM/CaMK-H pathway was presumably stimulated by 
2+ 2+ 

elevating [Ca ]j with the Ca -ionophore 4Br-A23187) or net acid extrusion following internal 

acid loads. These observations contrast with findings made in a variety of non-neuronal cell 
2+ 

types. Thus, Ca -induced activation of CaMK-II inhibits N H E activity in intestinal and kidney 

brush border membranes (e.g. Weinman et al, 1988; Emmer et al, 1989; Cohen et al, 1990b), a 

proximal tubule cell line (LLC-PK1; Chakraborty et al, 1994) and isolated rabbit proximal 

tubules (Yamada et al, 1996), and the CaMK-II inhibitor KN-62 activates the NHE-3 isoform 

(Levine et al, 1995). 

Finally, the effects of CaM inhibitors on SS pHj cannot be attributed to changes (3i5 as the 

magnitudes of NH 4

+-induced alkalinizations evoked in the absence (0.25 ± 0.06 pH units) and 

presence (0.26 ± 0.05 pH units) of W-7 and TFP were not statistically different (P = 0.86) under 

HEPES-buffered conditions (n = 18). 

3.3 Comparison with other preparations 

This is the first study to assess the effects of CaM inhibition on the control of the activity 

of a N H E in a mammalian central neuron. Nevertheless, a considerable body of data exists 

concerning the control by CaM of the activities of NHEs in non-neuronal cell types and in cell 

lines expressing various N H E isoforms. Of particular interest is the fact that the effects of CaM 

inhibitors on pH, regulation in rat hippocampal CA1 neurons differ markedly from those 

observed in most preparations, a finding which reinforces the fact that the effect on N H E activity 

of modulating the activity of a given intracellular signaling cascade varies dramatically between 

N H E isoforms and the cell type (or cell line) in which a given exchanger isoform is expressed. 

Indeed, in the majority of cell types studied to date, Ca 2 + -CaM activates N a + / H + exchange (in 
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some cases via CaMK-II; see above) and CaM inhibitors reduce N H E activity and/or block the 

stimulation of N H E activity evoked by increases in [Ca ] r 

Thus, the CaM inhibitor TFP abolishes Ca rdependent, shrinkage-evoked increases in 

N H E activity in rat astrocytes (Shrode et al, 1995). Similar observations of CaM inhibitors 
2+ 

blocking Ca rmediated effects on N H E activity have been made in human fibroblasts (Owen & 

Villereal, 1982), rat thymic lymphocytes (Grinstein et al, 1985), NIH-3T3 cells (Owen et al., 

1989), rat parotid acinar cells (Manganel & Turner, 1990), hepatocytes (Tanaka et al, 1994), rat 

brain capillary endothelial cells (Kawai et al, 1995), and in the frog distal tubule (Cooper & 

Hunter, 1997). In addition, CaM inhibitors have been found to decrease N H E activity under 

unstimulated conditions in rat thymic lymphocytes (Grinstein et al, 1985), cultured rat aortic 

smooth muscle cells (Little et al, 1988), spontaneously beating rat heart cells (Weissberg et al, 

1989), rat isolated ventricular myocytes (Le Prigent et al, 1997), rat astrocytes (Shrode et al, 

1997), and in red blood cells of patients with primary aldosteronism (Koren et al, 1997). In 

contrast, CaM antagonists have been found to activate NHE-3 in a manner depending on the 

carboxy-terminal tail; although this result is superficially similar to observations made in the 

present study in rat hippocampal neurons, in the case of NHE-3 (cf hippocampal neurons; see 

above) the effect of CaM antagonists to activate the exchanger is mimicked by CaMK-II 

inhibitors (Fliegel etal, 1992; Levine et al, 1995). 

In the cases of the NHE-1, NHE-2 and NHE-4 isoforms (cf NHE-3; see above), it has 

been suggested that CaM affects exchange activity by interacting with binding domains in the C-

terminus of the transport protein. Initially, Bertrand et al. (1994) showed that CaM binds 

strongly to the cytoplasmic domain of NHE-1 at two neighboring regions: a high affinity (Kd = 

-20 nM) binding site at amino acids 636-656 (region A) and a low affinity (Kd = -350 nM) 

binding site at amino acids 664-684 (region E). Calmodulin-binding region A was found to be 
2+ 

responsible for mediating Ca revoked changes in the pH,-sensitivity of NHE-1 (Wakabayashi et 

al, 1994). More recently, in NHE-l /NHE-3 chimeras expressed in PS120 cells, it was found that 

the CaM-binding C-terminus of NHE-1 could interact with the iV-terminus of the intrinsically 
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CaM-insensitive NHE-3 to alter the pH rsensitivity of exchange activity in a CaM-dependent 

manner (Wakabayashi et al, 1995). Further studies identified 4 regulatory subdomains within 

the amino acid sequence of the C-terminal of NHE-1 (see Wakabayashi et al, 1997a): domain I 

(a.a. 515-594), which contains potential phosphorylation sites that act to alter the pH rsensitivity 

of the exchanger; domain II (a.a. 595-634), which is a flexible loop that appears to have no role 

in the regulation of exchanger activity; domain III (a.a. 635-659), a CaM-binding 'auto-

inhibitory'' domain which, when not bound to CaM, acts to inhibit the activity of the N H E ; and 

domain IV (a.a. 660-815), which currently has no defined role in the regulation of exchange 

activity (Ikeda et al. 1997). In light of these findings, a model of N H E regulation by CaM was 

proposed (see Fig. 59A) in which it was suggested that, under unstimulated conditions, the 'auto-

inhibitory CaM-binding domain (III) directly interacts with the pH rsensor of NHE-1 such that 

protons are prevented from binding to allosteric modifier sites and N H E activity is inhibited. 

The formation of Ca -CaM causes the 'auto-inhibitory domain to bind Ca -CaM (at the high 

affinity site), an effect which increases the affinity of the pH rsensor for H + and, in doing so, 

relieves auto-inhibition and leads to increased N H E activity (see Robertson et al, 1997; 

Siczkowski et al, 1997; Wakabayashi et al, 1997a & 1997b). 

It is tempting to speculate that similar mechanisms to those outlined in the preceding 

paragraph might mediate the regulation of N H E activity by CaM in rat hippocampal CA1 

neurons, in part because all N H E isoforms which have been examined to date are CaM-binding 

proteins (Wakabayashi et al, 1997b). Nevertheless, as noted above, the effect of CaM inhibition 

to activate the N H E in rat hippocampal neurons is the opposite of the inhibition of N H E activity 

evoked by CaM inhibitors in most cell types. Therefore, I suggest that CaM exerts an inhibitory 

effect on the activity of the N H E in rat hippocampal CA1 neurons via an 'auto-stimulatory'' 

domain (analogous to the 'auto-inhibitory' domain of the NHE-1; see Fig. 59B). In quiescent 

neurons, CaM is bound to the 'auto-stimulatory'' domain, which in turn interacts with the p H r 

sensor of the exchange mechanism to inhibit N H E activity. The presence of CaM inhibitors 

relieves the interaction of CaM with the 'auto-stimulatory' domain, thereby decreasing the 
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interaction of the CaM binding domain with the pH rsensor. The result is an increased affinity of 

the N H E for H + and an increase in N H E activity. 

In summary, the rise in SS pH; evoked by CaM inhibitors in acutely dissociated adult rat 

hippocampal CA1 neurons is mediated, in large part, by activation of N a + / H + exchange. 

Although NHE-3 is also activated by CaM inhibitors, in this case the effect appears to be 

mediated by CaMK-II. In contrast, CaMK-II inhibitors fail to affect SS pHi or N H E activity in 

rat hippocampal neurons, suggesting the possibility that, in a manner analogous to that reported 

for NHE-1, NHE-2 and NHE-4, the activity of the N H E in rat hippocampal neurons may 

modulated directly by CaM. 

3.4 Effects of CaM inhibitors on [C^Jj 

Although it has previously been reported that CaM inhibitors may affect [Ca2+]j (e.g. 

Inagaki et al., 1983), the present study is the first to assess the potential contribution of these 

changes in [Ca2+]; to the changes in SS p H evoked by CaM inhibitors. The results indicate that 
2+ 

CaM-inhibitor evoked changes in [Ca \ can lead to concomitant changes in SS pH^ however, 

this effect is not mediated by changes in the activities of Na+-dependent pHj regulating 

mechanisms, specifically the NHE. Alternative possibilities include: (1) the exchange of Ca 2 + 

+ 24" 
ions for protons at shared internal binding sites. As H and Ca are known to compete for 

2+ 

internal binding sites, a fall in [Ca ]j might evoke a rise in SS pH, (see Meech & Thomas, 1977 

& 1980). However, using the relationship between changes in [Ca2+]j and [H +]i established by 

Meech & Thomas (1980) in voltage-clamped snail neurons (and adjusting it to reflect the value 

of [3; in rat hippocampal CA1 neurons; see Bevensee et al., 1996), I estimate that the ~40 n M 

decrease in [Ca 2 +]; evoked by W-7 in the absence of N a +

0 (replaced with N M D G + ) should evoke 

a ~ 0.0009 nM decrease in [H+]j (i.e. a 0.000004 pH unit increase in SS pH,). These calculations, 

which are comparable to those made by Mullins et al. (1983) in squid axons, indicate that the 

exchange of Ca 2 + ions and protons at internal binding sites is unlikely to be able to account for 

the rise in pH; evoked by W-7 under Na+

0-free, NMDG+-substituted conditions (a 0.06 ± 0.02 pH 
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unit increase); and (2) alterations in the activity of the plasmalemmal Ca 2 +/H +-ATPase which 

has been identified in rat hippocampal CA1 pyramidal neurons (Trapp et al., 1996). The W-7-

evoked fall in [Ca2+]j could stimulate reverse C a 2 + / H + exchange (see Paalasmaa & Kaila, 1996; 

Trapp et al, 1996) such that C a 2 + influx is coupled to H + efflux, resulting in a rise in SS p H , 

Obviously, additional experiments are required to understand the mechanistic basis of the fall in 

[ C a 2 l evoked by W-7. 

3.5 Summary 

In summary, CaM inhibitors increase SS pHj in acutely dissociated adult rat hippocampal 

CA1 neurons in a manner which is dependent upon resting pHj. This effect reflects an increase 

in the activity of the acid-extruding N H E and, by analogy with other N H E isoforms, may be 

mediated by a direct interaction of CaM with the exchange protein. The exact relationship 

between CaM and the N H E isoform present in hippocampal neurons, however, remains to be 

determined. The effect of CaM inhibitors to modulate N H E activity is independent of changes in 

the activity of the c A M P / P K A pathway, indicating that, as in non-neuronal cell types, the N H E 

in rat hippocampal CA1 neurons can be regulated independently by multiple intracellular second 

messenger systems. 

4. The potential roles of changes in pHt evoked by modulation of the cAMP/PKA and CaM 

pathways in neuronal function and dysfunction 

The possible functional significance of the present findings remains unclear. However, 

given the established ability of changes in pH, to modulate neuronal function (see Introduction), 

the finding that a NIAE participates in the regulation of pHj in acutely dissociated adult rat 

hippocampal CA1 neurons is likely to have physiological implications. In addition, the 

magnitudes of the changes in pH; evoked by modulating the activities of the c A M P / P K A and 

CaM second messenger systems are consistent with the possibility that, as in peripheral cell 

types, second messenger-mediated modulation of the activities of neuronal pHj regulating 
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mechanisms (and, thus, pHj) may represent a physiologically-relevant transmembrane signalling 

pathway. Furthermore, because pHj transients are less buffered than [Ca2+]j transients, it has 

been suggested that pH; changes may affect targets over greater spatial areas within the cell than 

do [Ca2+]j changes (Morris et al, 1994). It should also be noted that changes in the activities of 

pHj regulating mechanisms will affect not only [H+]i and [HC0 3"]i but also [Na+]j and/or [CF],. 

Changes in the concentrations of the latter ionic species may have profound effects on neuronal 

function (e.g. Kimura & Aviv, 1993; Chidekel et al., 1997; Y u & Salter, 1998). 

Changes in pH, consequent upon second messenger-evoked changes in the activities of 

pH, regulating mechanisms will also inevitably affect the pH of the microenvironment (e.g. 

Krishtal et al., 1987; Gottfried & Chesler, 1994). The changes in p H 0 may, in turn, affect not 

only the activities of pHj regulating mechanisms in adjacent cells but also neuronal excitability, 

given the established sensitivity of neuronal voltage- and ligand-gated ion channels to changes in 

p H 0 (e.g. Tang et al., 1990; Traynelis & Cull-Candy, 1990; Vyklicky et al., 1990; Tombaugh & 

Somjen, 1996). Another potential role for this external 'signalling mechanism' includes the 

regulation of [HC0 3"] 0 . G A B A A receptor-mediated excitatory coupling amongst GABAergic 

interneurons in hippocampal slices has been shown to be largely dependent on the availability of 

HC0 3 " j (Lamsa & Kaila, 1997). Coupling of interneurons leads to the formation of interneuronal 

networks which promote long lasting excitatory responses in hippocampal pyramidal neurons 

and, thus, can accentuate epileptiform activity and enhance long term potentiation (Louvel et al., 

1994; Taira et al., 1995; Avoli et al., 1996; Higashima et al., 1996; see below). The present 

study indicates that, in neurons with low resting pHj values, stimulation of the c A M P / P K A 

pathway increases the activity of the NIAE and decreases the activity of the N D A E , events which 

may promote the accumulation of H C 0 3 " in the interstitial space. Such an increase in [HC0 3 "] 0 

would potentially promote C 0 2 entry and a subsequent rise in [HC03~]j within interneurons, thus 

promoting the coupling of interneurons. 

The roles of the c A M P / P K A and CaM/CaMK-II pathways in the control of neuronal 

function under both physiological and pathophysiological conditions have been extensively 
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investigated and the possibility exists that changes in pH; may contribute to some of the effects 

of modulating the activity of these second messenger systems on neuronal function. 

First, the CA1 subfield of the rat hippocampus expresses many receptor subtypes for 

various neurotransmitters and neuromodulators that are linked to the c A M P / P K A and 

CaM/CaMK-II signal transduction cascades (reviewed by Nicoll et al, 1990). For example, 

stimulation of the c A M P / P K A pathway occurs in response to ^-adrenoceptor activation (Segal et 

al, 1981; Limbird, 1988; Dunwiddie et al., 1992) whereas inhibition of the pathway occurs in 

response to 5-HT 1 A (serotonin) receptor activation (Harrington et al., 1988). Although the 

potential roles of changes in pHj to neuronal responses mediated by these neurotransmitter and 

neuromodulator receptor subtypes have not been examined in rat hippocampal CA1 neurons, it is 

apparent that many of the effects on neuronal excitability and function elicited by their activation 

can be mimicked by changes in pH,. Thus, for example, P-adrenoceptor stimulation leads to the 

activation of L - and N-type high voltage-activated Ca channels in mammalian central neurons 

(e.g. Gray & Johnston, 1987; Fisher & Johnston, 1990; Kavalali et al., 1997); interestingly, the 

same subtypes of high voltage-activated Ca channels are activated by increases in pH, 

(Tombaugh & Somjen, 1997). 

Second, changes in the activity of the c A M P / P K A pathway are known to affect synaptic 

transmission in the hippocampus. Thus, for example, P-adrenoceptor agonists, forskolin and 

I B M X increase synaptic strength in the CA1 region of the hippocampal slice (e.g. Chavez-

Noriega & Stevens, 1992; Dunwiddie et al, 1992; Raman et al, 1996), an effect also observed 

during increases in pHj (see Church & McLennan, 1989; Jarolimek et al, 1989). P-adrenoceptor 

agonists, increases in [cAMPJj and the activation of P K A also facilitate the induction of LTP 

(e.g. see Audesirk et al, 1997; Bolshakov et al, 1997), whereas inhibition of the c A M P / P K A 

pathway plays a role in the early maintenance and/or expression of long term depression (LTD) 

in the CA1 region of the adult hippocampus (Brandon et al, 1995; Thiels et al, 1998). Second 

messenger-evoked increases in pHj may play a role in the induction and/or maintenance of LTP 

because stabilization of long term memory requires the synthesis of new proteins and RNAs 
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(Davis & Squire, 1984; Matthies, 1989;) and it is generally accepted that elevated pHj 

accommodates increased protein synthesis and D N A transcription (reviewed by Busa & 

Nuccitelli, 1984; Grinstein et al, 1989; also see Bierman et al, 1987); a pHj value of-7.45 is 

optimal for protein synthesis (Aerts et al, 1985). Interestingly, increases in pHj are also known 

to increase the activities of adenylyl cyclases. Furthermore, the activity of most 

phosphodiesterases is optimal near pH 7.2, and acidic or alkaline shifts in pH decrease 

phosphodiesterase activity. Therefore, an increase in pHj to >~7.2 would cause a net increase in 

[cAMP]| (Hjemdahl & Fredholm, 1977). In rat hippocampal CA1 neurons, stimulation of the 

c A M P / P K A pathway caused SS pHj to increase, an effect which might further enhance cAMP 

production; this potential positive feedback mechanism may contribute to the maintenance of 

LTP. The binding of Ca to CaM is also extremely pH dependent; assuming that [Ca \ is 

-100 nM, -50% of the available Ca 2* would be bound to CaM at pH; 7.0, whereas at pHi 7.5 

2+ 

-83% would form the Ca -CaM complex (Tkachuk & Men'shikov, 1981). Increasing pHj from 

7.0 to 8.0 also increases the ratio of soluble (unbound) CaM to total (Ca-bound) CaM (Wilson & 

Gillette, 1985). Thus, in rat hippocampal CA1 neurons, the effect of CaM inhibitors to increase 
2+ 

SS pHj would lead to an increase in the affinity of CaM for Ca , a potential feedback 

mechanism which might act to maintain [Ca -CaM]. 

Third, increases in pHj have long been associated with enhanced growth and neoplastic 

formation in various cell types (reviewed by Harguindey et al, 1995). Recently, Edmonds et al 

(1995) found that actin filament cross-linking is highly pHj sensitive, suggesting that pH, is a 

potent modulator of the cytoarchitecture. In fact, all isoforms of the NIAE (AE1 - 3) are known 

to act as a membrane anchors for actin, ankyrin and spectrin cytoskeletal proteins (see Alper, 

1994). Similarly, the N H E and NHE-RF have been shown to co-localize and/or bind with 

cytoskeletal structures such as vinculin, talin and a-actin (reviewed by Grinstein et al, 1992; 

Orlowski & Grinstein, 1997; Murthy et al, 1998), and have also been shown to have PDZ-

binding motifs (suggesting that these proteins may mediate clustering of ion channels and/or 

junctional proteins; reviewed by Orlowski & Grinstein, 1997). Given the aforementioned facts, it 
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is tempting to speculate that changes in pH s may participate in some of the more persistent 

effects of changing [cAMP]j on neuronal development. 

2+ 

Fourth, the c A M P / P K A pathway and changes in [Ca ] are involved in 

pathophysiological events in the central nervous system. For example, [3-adrenoceptor 

stimulation and the consequent activation of P K A enhances ischemia-induced neuronal damage 

in the hippocampus (e.g. Shibata et al., 1992; also see Wieloch et al., 1996). That increases in 

pHj might participate in this effect is suggested by the fact that stimulation of N a + / H + exchange 

activity and internal alkalinizations are known to be detrimental to neuronal survival following 

ischemia (e.g. Vornov et al., 1996). In addition to changes in pH; (e.g. Wang et al., 1994; Ou-

yang et al., 1995), activation of N M D A and A M P A receptors by glutamate (as occurs during 

ischemia) leads to a potentially detrimental accumulation of [Cl~]j and neuronal swelling in the 

hippocampus (Inglefield & Schwartz-Bloom, 1998). Findings from the present study suggest 

two possible mechanisms that may contribute to these events: (1) PKA-evoked stimulation of 

NIAE activity and inhibition of N D A E activity (observed in neurons with low pHj values) may 

lead to the accumulation of [CI"];; and (2) stimulation of P K A also increases the activity of the 

N H E , which would promote the accumulation of Na* and neuronal swelling. Finally, Jefferys & 

Haas (1982) reported that epileptiform activity can be induced in the CA1 region of hippocampal 

slices by exposure to calcium-free media, an effect which has recently been found to reflect 

enhanced gap junctional coupling between CA1 pyramidal neurons (Perez-Velazquez et al., 

1994). Given the fact that increases in pH s are also known to increase gap junctional 

conductances and promote epileptiform activity in the hippocampus (see Church & Baimbridge, 

1991), the increase in pH, observed during CaM inhibition may be causally related to the genesis 
2+ 

of epileptiform activity under Ca 0-free conditions. 

5. Summary 

Although pHj has been shown to be an important mediator of neuronal function and 

excitability, relatively few studies have examined either the regulation of the activities of pHj 
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regulating mechanisms or the integrated control of SS pHi by these mechanisms in mammalian 

neurons. This report is the first to describe the participation of a DIDS-sensitive NIAE in alkali 

extrusion from rat hippocampal neurons. Acting in concert with acid-extruding mechanisms (i.e. 

the N D A E and NHE), the NIAE also functions to maintain SS pH, near the external pH value. In 

addition, the present study is the first to report that: (1) the activities of three pH; regulating 

mechanisms (i.e. the NIAE, N D A E and NHE) can be altered concomitantly by a single second 

messenger system (i.e. the c A M P / P K A pathway) in a mammalian central neuron; and (2) the 

activity of the N H E present in rat hippocampal neurons can be modulated by more than one 

intracellular second messenger system (i.e. by the c A M P / P K A pathway and CaM). The exact 

mechanisms whereby these second messenger systems act to alter the activities of pHj regulating 

mechanisms, however, remains to be determined. Activation of surface receptor subtypes linked 

to the c A M P / P K A and CaM/CaMK-II signal transduction cascades modulates neuronal function 

and excitability in the CA1 region of the hippocampus. It seems possible that the second 

messenger control of the activities of pH, regulating mechanisms (and, thus, SS pHj) described in 

the present study may potentially mediate some of the effects of neurotransmitters and 

neuromodulators on neuronal excitability and function in rat hippocampal CA1 neurons. Further 

investigation, however, is necessary to directly assess the effects of second messenger mediated 

changes in pHj on neuronal function under both physiological and pathophysiological conditions. 
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Figure 57. Proposed contributions of the NHE, NIAE and NDAE, and the HC0 3 7C0 2 -
buffering system, to the maintenance of SS pHj in acutely dissociated adult rat 
hippocampal CA1 neurons. 

Dark circles represent acid-extruding, Na+-dependent membrane-bound ion exchange 
mechanisms that function to increase SS pH^ conversely, open circles represent acid-loading, 
Na+-independent membrane-bound ion exchange mechanisms that function to decrease SS p H , 
The H C 0 3 7 C 0 2 open buffering system functions both within the neuronal cytosol and in the 
external medium, although only the passive diffusion of C 0 2 is illustrated within the neuron. 
Thus, HC03"-dependent pH, regulating mechanisms are shown on the right and HC0 3 ~-
independent mechanisms (the NHE) are shown to the left. Arrows that overlay the illustrated 
exchange mechanism show the relative contribution of the exchanger to the maintenance of SS 
pHj under the conditions identified on the Figure. The N D A E is shown as a NaC0 3 7CF-
exchanger (see Boron, 1985; Boron & Knakal, 1989). CA, carbonic anhydrase. 
A Under physiological, HC0 37C0 2-buffered conditions, in neurons with low N H E activity, the 
activities of the N H E and NIAE contribute relatively little to the maintenance of SS p H , Thus, 
to maintain SS pHj near pH 0 , the activity of the N D A E is relatively high and the H C 0 3 7 C 0 2 

open buffering system establishes an equilibrium across the neuronal membrane. B Conversely, 
under physiological, HC0 37C0 2-buffered conditions, in neurons with high N H E activity, the 
activity of the N H E and NIAE strongly contribute to maintenance of SS pH i 3 as does the H C 0 3 " 
/ C 0 2 open buffering system which establishes an equilibrium across the neuronal membrane. 
The activity of the N D A E , however, contributes little to SS pH f regulation under these 
conditions. The net effect of the combined activities of the NHE, NIAE, N D A E and H C 0 3 7 C 0 2 

open buffering system is to maintain pHj near pH 0 . 
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Figure 58. cAMP/PKA-mediated changes in the activities of the NHE, NIAE and NDAE in 
acutely dissociated adult rat hippocampal CA1 neurons. 

Dark circles represent acid-extruding, Na+-dependent membrane-bound ion exchange 
mechanisms that function to increase SS pHj; conversely, open circles represent acid-loading, 
Na+-independent membrane-bound ion exchange mechanisms that function to decrease SS pHj. 
HC03"-dependent pHj regulating mechanisms are shown to the right and HC03~-independent 
mechanisms (the NHE) are shown to the left. (+) and (-) indicate a cAMP/PKA-evoked increase 
and decrease in ion exchange activity, respectively. The N D A E is shown as a NaC0 3 7CT-
exchanger (see Boron, 1985; Boron & Knakal, 1989). 
A In neurons with low resting pHj values, the activities of the N H E and N I A E are increased upon 
stimulation of the c A M P / P K A pathway; conversely, the activity of the N D A E is decreased, 
resulting in a net increase in SS pHj. B In neurons with high resting pHj values, the activities of 
the N H E and (potentially) the N D A E are increased upon stimulation of the c A M P / P K A pathway; 
conversely, the activity of the NIAE is decreased, resulting in a net increase in SS pH,. C In 
neurons with low resting pHj values, the activity of the N D A E is increased, the activity of the 
NIAE is decreased, and the activity of the N H E is unaffected upon inhibition of the c A M P / P K A 
pathway, resulting in a net increase in SS pHj. D In neurons with high resting pH, values, the 
activity of the NIAE is increased, the activity of the N D A E is (potentially) decreased, and the 
activity of the N H E is unaffected upon inhibition of the c A M P / P K A pathway, resulting in a net 
decrease in SS pHj. The net effect of stimulation of the c A M P / P K A pathway on the combined 
activities of the N H E , NIAE and N D A E is to increase pH ; (to a SS level > pH 0), whereas the net 
effect of inhibition of the c A M P / P K A pathway on the combined activities of the N H E , NIAE and 
N D A E is to 'clamp' pHj at pH 0 . 
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Net Effect: 

pH; > pH 0 Clamp pHj to pH 0 
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Figure 59. Models of CaM-dependent control of the activities of NHE-1 and the NHE 
present in rat hippocampal CA1 neurons. 

The dark circles represent the ion transporting, transmembrane N-terminal of the NHEs (NJ, 
which contain a pH rsensing domain on the cytosolic surface which binds H +

s when accessible. 
The cytosolic, activity regulating C-terminus of the N H E (C t; a.a. -500 - 815) contains a high 
affinity CaM-binding site (CaM BS, shown as a open rectangle) between a.a. 636 - 656. 
A Under quiescent conditions, the activity of the NHE-1 is low because the CaM-binding 'auto-
inhibitory domain interacts with the pHj sensor preventing H+-binding. When the formation of 

2+ 2+ 
Ca -CaM is promoted, active Ca -CaM binds to the 'auto-inhibitory'' domain, causing a 
conformational change which exposes the pHj sensor to the cytosol. This leads to an increase in 
the affinity of the N H E for H* and an increase in the activity of the NHE-1. This figure was 
taken and modified from Wakabayashi et al. (1997a). B Under quiescent conditions in rat 
hippocampal CA1 neurons, the activity of the N H E may be low because a CaM-binding 'auto-
stimulatory domain is bound to active Ca -CaM and, thus, interacts with the pHj sensor 
preventing H+-binding. In the presence of CaM inhibitors, CaM dissociates from the 'auto-
stimulatory domain which exposes the pHj sensor to the cytosol and the affinity of the N H E for 
H + , is increased, leading to an increase in the activity of the N H E in rat hippocampal CA1 
neurons. 
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