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ABSTRACT T 

Sodium-calciumm exchange (NCX) is an important Ca2+ extrusion mechanism in the 
plasmaa membrane of neurons. Because three Na+ ions are exchanged for one Ca2+ 

ion,, the exchange is electrogenic. We have characterized NCX currents in acutely 
dissociatedd rat CA1 pyramidal neurons using the whole-cell voltage-clamp technique 
inn combination with extracellular solution switches and calcium ratio imaging. At -70 
mV,, a net inward current of 155  9 pA associated with forward exchange was 
activatedd by switching [Na+] f) from 0 to 115 mM ([Ca2+]i ~ 141 nM and [Ca2+]0 = 2 
mM).. The NCX current showed an essentially linear voltage dependence: NCX 
conductancee was not dependent on membrane potential. Larger currents were 
activatedd at hyperpolarized potentials and the current reversed at +36  2 mV as 
expectedd for the electrochemical gradients of Na+ and Ca2+ over the plasma 
membranee (expected HNCX = +34.8 mV). The [Na+]0 dependence of the NCX current 
wass characterized by a KD of 62  7 mM and Imax = 165  16 pA (Hill coefficient was 
fixedd at 3). NCX currents were also dependent on the calcium gradient over the 
plasmaa membrane: the current amplitude decreased when [Ca2+]G was increased and 
thee NCX current amplitude increased when [Ca2+]i was increased. Preliminary data 
showedd that the NCX current can also be measured in dissociated hippocampal 
neuronss from epileptic patients, which is a promising topic for future experiments. 
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I N T R O D U C T I O N N 

I nn neurons, calcium (Ca2+) ions play an important role in many processes such as 

neurotransmitterr release, neuronal excitability, plasticity and gene expression (Berridge 

ett al., 2003). Calcium ions also play an important role in pathologies like epileptic 

seizuress and ischemia. Because a strong calcium gradient over the plasma membrane 

([Ca2+] ii  < < < [Ca2+] ()) exists, even a small influx of calcium ions wil l result in a 

significantt signal for many intracellular processes. For optimal calcium signaling, 

[Ca2+] ii  has to be tightly regulated, both spatially and temporally. Calcium homeostasis 

iss accomplished by interplay of calcium influx mechanisms (voltage-activated calcium 

channels,, N M D A receptors), calcium buffering by calcium-binding proteins and 

calciumm extrusion systems. Together, these factors determine the calcium balance in a 

neuronn (Blaustein and Lederer, 1999). To maintain a steady-state, ultimately all calcium 

thatt has entered a cell during activity must be extruded. Therefore, calcium extrusion 

overr the plasma membrane is of crucial importance (Juhaszova et al., 2000). 

Neuronss have at least two distinct [Ca2+]rdriven calcium extrusion mechanisms in the 

plasmaa membrane to return elevated free [Ca2+]i to resting levels: (i) the plasma 

membranee Ca2+-ATPase (PMCA) and (ii) sodium-calcium exchange (NCX). The 

PMCA,, with a high affinity for intracellular Ca2+ (KD = 1 00 nM), but low transport 

capacityy ( -150 s-1), is thought to play a housekeeping role in calcium homeostasis 

(Blausteinn and Lederer, 1999; Juhaszova et al., 2000). In contrast with the PMCA, the 

N CXX has a low affinity for intracellular Ca2+ (KD = 0.6-2 JJLM), but a high transport 

capacityy ( » 1 0 0 0 - 5 0 00 s-1). The N CX is therefore better suited for rapid recovery 

fromm high levels of [Ca2+]i (Juhaszova et a l, 2000). Because three Na+ ions are 

exchangedd for one Ca2+ ion, sodium-calcium exchange is electrogenic: it generates a 

nett current (Blaustein and Lederer, 1999; Hinata et a l, 2002). N CX exhibits a 

thermodynamicallyy defined reversal potential (ENcx) analogous to those of voltage-

activatedd ion channels. Based on the coupling ratio of 3 Na+ : 1 Ca2+, ENCX can be 

calculatedd using the following equation: 

EENCXNCX = S*E„a-2xECa (Equation 4.1) 

wheree E \-ö and Eca are the reversal potentials of Na+ and Ca2+ across the plasma 

membranee given by the Nernst equation (Blaustein and Lederer, 1999). The N CX can 

operatee in two modes depending on the electrochemical gradients for sodium and 

calciumm over the plasma membrane and membrane potential. The driving force for 

sodium-calciumm exchange is defined as the difference between the membrane potential 

(V)) and the reversal potential: V - E N C X . When the membrane potential is more 

negativee than ENCX, the N CX operates in the forward mode: Ca2+ ions are extruded 

fromm the cytoplasm, while Na+ ions enter it. This results in a net inward current. This 

forwardd mode of transport constitutes an important Ca2+ extrusion pathway. When V 
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exceedss ENCX, the NCX operates in the reverse mode: Ca2+ ions enter the cytoplasm, 
whilee Na+ ions are extruded. This results in a net outward current (Blaustein and 
Lederer,, 1999; Weber et al., 2002). 

Inn this study, we have characterized NCX currents (INcx) in acutely dissociated rat 
CA11 pyramidal neurons using the whole-cell voltage-clamp technique in combination 
withh extracellular solution switches and calcium ratio imaging. NCX current 
characterizationn was based on the sodium, calcium and voltage dependence of the 
current. . 

EXPERIMENTA LL  PROCEDURES 

Animals Animals 

Malee Wistar rats (Harlan Zeist, The Netherlands), weighing 35-50 gram (3-A weeks 
old)) at the time of decapitation, were used in this study. The rats were housed under a 
controlledd environment (21  1°C; humidity 60%; lights on 08.00-20.00 h). Food and 
waterr were available ad libitum. All experiments were performed in accordance with 
thee regulations of the Animal Welfare Committee of the University of Amsterdam. 
Unlesss mentioned otherwise, all chemicals were purchased from Sigma-Aldrich 
(Zwijndrecht,, The Netherlands). 

CellCell preparation 

Eachh experimental day, a rat was decapitated. The brain was quickly removed and 
placedd in an ice-cold oxygenated PIPES buffered solution containing (in mM): 120 
NaCl,, 5 KC1, 1 CaCl2, 1 MgCl2, 20 PIPES and 25 D-glucose; pH 7.0 (Ketelaars et al, 
2001).. Both hippocampi were rapidly removed and cut into 300 um thick transversal 
slicess using a Mcllwain tissue chopper. The CA1 region was dissected out of each 
hippocampall  slice. The CA1 tissue sections were incubated in PIPES buffered 
solutionn containing 1 mg/ml trypsin (from bovine pancreas, type XI ; Sigma) for 50 
minn at 32 °C in an C>2-saturated atmosphere. After enzymatic treatment, the samples 
weree kept in PIPES buffered solution without trypsin at room temperature (20°C) 
(Kayy and Wong, 1986). The CA1 sections (one sample in each instance) were 
trituratedd in 0.5 ml extracellular solution (0/2: see below) using fire-polished Pasteur 
pipettess and transferred to the recording chamber of an inverted microscope (Nikon). 
Pyramidall  shaped neurons with a clear apical dendrite, a bright and smooth 
appearancee and no visible organelles were selected for electrophysiological 
measurementss (Ketelaars et al, 2001; Vreugdenhil, M. and Wadman, 1992). 

CurrentCurrent recordings 

Sodium-calciumm exchange currents (INCX) were recorded using the voltage-clamp 
techniquee in the whole-cell configuration. Experiments were carried out at room 
temperaturee (20 °C). The isolated neurons were placed in an extracellular solution 
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containingg (in mM): 115 N-methyl-D-glucamine (NMDG), 2 CaCl2, 2 MgCl2, 10 
HEPES,, 25 tetraethylammonium chloride (TEAC1; to block potassium channels), 0.5 
uMM tetrodotoxin (TTX; to block sodium channels), 10 uM nifedipine (to block 
calciumm channels), 20 uM ouabain (to block the sodium-potassium pump; Merck, 
Darmstadt,, Germany) and 5 D-glucose; the pH was adjusted to 7.3 and osmolality 
wass 285-295 mOsm. NMDG+ is an inert cation, which cannot substitute for Na+ in 
thee exchange reaction (Philipson and Nicoll, 1992). Patch pipettes (2-4 MQ) were 
pulledd from thin-wall borosilicate glass capillary tubes (1.5 mm outer diameter; Science 
Productss GmbH, Hofheim, Germany) on a Flaming/Brown Micropipette puller 
(Model-P-87;; Sutter Instruments Co.) and filled with intracellular solution containing 
(inn mM): 3 NaCl, 105 NMDG, 10 HEPES, 0.2 CaCl2, 0.5 BAPTA, 25 TEAC1; the pH 
wass adjusted to 7.3 (HC1) and final osmolarity was 280-290 mOsm (adjusted with 
sucrose).. The free [Ca2"1^ in this solution was calculated to be 141 nM (using 
MaxChelatorr (Patton)). The PMC A was blocked by excluding Mg2+ and ATP from the 
intracellularr solution. Potassium-dependent sodium-calcium exchange (NCKX) was 
blockedd by excluding K+ ions from both the intracellular and the extracellular 
solutions.. To promote membrane stability during gigaseal formation, the tip of the 
patchh pipette was filled with an intracellular solution in which 60 mM CsF equimolarly 
replacedd NMDGC1. 

Afterr gigaseal formation and cell membrane rupturing, the cell was lifted from the 
bottomm of the recording chamber. After obtaining the whole-cell configuration, the 
celll  was moved in front of an application pipette with three oudets. This pipette was 
connectedd to a Fast-Step Perfusion system (SF-77B, Warner Instrument Corporation, 
Hamden,, USA), which allowed programmed switches between several extracellular 
solutions;; the sequence and duration of solution applications were computer-
controlled.. Sodium-calcium exchange currents were activated by switching the cell 
betweenn extracellular solutions containing different concentrations of Na+ or Ca2+ 

(theyy were equimolarly replaced by NMDG+; osmolarity was between 285-295 
mOsm).. The concentrations of Na+ and Ca2+ in the extracellular solutions that we 
usedd in this study (Table 4.1) will be indicated in the text as follows: X/Y , where X 
referss to [Na+]„  and Y denotes [Ca2+]G. 

Tablee 4.1: Extracellular  solution composition 

[Na+]o/[Ca2+]„ „ 

NMDG+ + 

Na+ + 

Ca2+ + 

0/2 2 

115 5 
0 0 
2 2 

115/2 2 

0 0 
115 5 
2 2 

95/2 2 

20 0 
95 5 
2 2 

75/2 2 

40 0 
75 5 
2 2 

50/2 2 

65 5 
50 0 
2 2 

25/2 2 

90 0 
25 5 
2 2 

115/0 0 

3 3 
115 5 
0 0 

115/10 0 

0 0 
115 5 
10 0 

Concentrationss in mM. The chloride salts of NMDG+ , Na+ and Ca2+ were used for preparation of 
thee solutions. In addition, each solution contained (in mM): 2 MgCb, 10 HEPES, 25 TEAC1 (to block 
potassiumm channels), 0.5 uM TTX (to block sodium channels), 10 uM nifedipine (to block calcium 
channels),, 20 uM ouabain (to block the sodium-potassium pump) and 5 D-glucose; the pH was 
adjustedd to 7.3 and osmolarity was between 285-295 mOsm. 
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Junctionn potentials between the intra- and extracellular solutions were calculated using 
Equationn 12 and Table 1 from Barry and Lynch (Barry and Lynch, 1991). The 
differencee in junction potential between two different extracellular solutions never 
exceededd 5 mV. Assuming an input resistance of 500 MQ for a cell, this difference in 
junctionn potential would result in a current amplitude of at most 10 pA. We did not 
correctt for the voltage shift caused by junction potentials. 

Thee currents were sampled at a frequency of 5 kHz with an Atari (TT030) computer-
controlledd Axopatch 200A amplifier and analysed using custom-made software. The 
membranee capacitance was read from the amplifier dials as a measure of membrane 
surface.. The mean capacitance for the rat CA1 pyramidal neurons was 8.7  0.3 pF 
(nn = 63). Series resistance (6.0  0.3 MQ, n = 63) was compensated for at least 70 %. 
Holdingg membrane potential was set at -70 mV. Current recordings started two 
minutess after obtaining the whole-cell configuration and were repeated several times 
too determine the stability of the recordings for each cell. Only cells that showed litde 
run-downn within the total recording time were incorporated in the analysis. 

CalciumCalcium ratio imaging 

Inn a subpopulation of the neurons, [Ca2+], dependence of the current was investigated 
byy measuring NCX currents using intracellular solutions with different calcium 
concentrations.. For these experiments, the patch pipettes were filled with intracellular 
solutionn containing (in mM): 3 NaCl, 45 NMDG, 60 CsF, 10 HEPES, 25 TEAC1, 10 
EGTA,, 0.2 fura-2 (pentapotassium salt; Molecular Probes, Leiden, The Netherlands) 
andd different concentrations of CaCh; the pH was adjusted to 7.3 and final osmolarity 
wass 299 mOsm (adjusted with sucrose). 

Thee actual free [Ca2+]i in each neuron was determined using calcium ratio imaging 
beforee NCX current recordings were started. The neurons were bathed in the 0/2 
extracellularr solution. Calcium ratio measurements started one minute after obtaining 
thee whole-cell configuration and were repeated four times (every minute). Only cells in 
whichh the calcium ratio stabilized during this recording period were included in the 
analysis. . 

Freee [Ca2+]j was estimated from fura-2 fluorescence by the ratio method with the use 
off  dual excitation (340 and 380 nm) (Grynkiewicz et al., 1985). A 20x fluor objective 
off  the inverted microscope was used in combination with a custom-made excitation 
wavelengthh switcher that excites at 340 nm or 380 nm from a Hg-bulb source (Nikon). 
Fluorescencee was measured in the whole-cell mode at 510 nm while exciting the dye at 
thee successive excitation wavelengths. Excitation was limited to the periods of data 
acquisition.. Fluorescence was measured with a photomultiplier (TILL , Germany) and 
sampledd as an analog signal. After subtraction of the background, fluorescence signals 
weree used to calculate the F340/F380 ratio. This ratio (R) was converted into [Ca2+], 
usingg the equation of Grynkiewicz et al. (Grynkiewicz et al., 1985): 
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[Ca[Ca2+2+]] tt=K=K DDxj3: xj3: (*-Q Q (Equationn 4.2) 

withh R = — and J3 = 
F380 0 F380, , 

wheree K D is the dissociation constant for Ca2+ of fura-2, Rmln and Rmax are the limitin g 

ratioss obtained in the absence of Ca2+ and at saturating Ca2+. (3 represents a property 

off  the fluorescence system and was calculated as the ratio of the fluorescence signal at 

3800 nm in the absence of Ca2+ (F380mln) and at saturating Ca2+ (F380max). A calibration 

curvee to determine Rmax, Rmin and (3 was made with drops of intracellular solution 

containingg defined levels of [Ca2+] (Fig. 4.1). In these calibration solutions, 60 mM 

CsFF was equimolarly replaced by NMDGC1. Rmin was 0.3, Rmax was 12.5 and p was 8.1. 

Thee dissociation constant was assumed to be ~135 nM in the absence of intracellular 

Mg2++ (Grynkiewicz et al., 1985). For each neuron, free [Ca2+]i was determined after the 

ratioo had stabilized (just before the start of N CX current measurements). After 

calciumm ratio imaging, the neurons were placed in front of the application pipette and 

N CXX current measurements started. Due to movement artifacts, it was not possible to 

reliablyy determine the fluorescence ratio during solution switches. 

Statistics Statistics 

Dataa are given as mean  standard error of the mean (S.E.M.). Possible correlations 

weree tested with a Spearman rank test and a linear regression analysis. The first test 

givess a good estimation of the significance of a correlation while the latter gives an 

estimationn of the strength of the correlation. 

1 2 --

100

oo

o o 

t£ £ 

44 ' 

o--

MM M 

;1 1 
10 0 100 0 10000 10000 

[ C a '11 (nM) 

Figuree 4.1: Calibration curve that relates calcium ratios to [Ca2+] i using Equat ion 4.2 
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RESULTS S 

NCXNCX current activation 

Voltage-gatedd ion channels, the sodium-potassium pump, PMCA and NCKX were 
(pharmacologically)) blocked. Inward NCX currents -associated with the forward 
modee of exchange- were activated at a holding potential of -70 mV by replacing the 
0/22 extracellular solution (no [Na+]Q: forward mode of NCX is blocked) with a 
solutionn containing 115 mM Na+ (115/2) via bath perfusion. Figure 4.2 illustrates a 
typicaltypical NCX current activated at -70 mV in a rat CA1 pyramidal neuron (the solution 
switchh protocol is shown in the upper panel). The switch of the extracellular solution 
activatedd an inward current as expected for this membrane potential and the ionic 
gradientss of Na+ and Ca2+ that we used (ENCX = +34.8 mV; see below). The NCX 
currentt amplitude activated by the extracellular solution switch was determined by 
subtractingg the mean of the holding current in 0/2 before (Fig. 4.2: a) and after (c) the 
switchh from the mean current amplitude measured in 115/2 (/>). At -70 mV, switching 
thee extracellular solution from 0/2 to 115/2 activated an inward NCX current with a 
meann current amplitude of 155  9 pA (n = 63). When cell capacitance (8.7  0.3 pF 
(nn = 63)) was taken as a measure of membrane surface, the specific NCX current 
amplitudee (calculated as INCX divided by the cell capacitance) was 19.5 4 pA/pF 
(nn = 63) at -70 mV. 

0/2 2 115/2 2 0/2 2 
-700 mV 

1000 pA 
11 s 

II NCX 

HH t- ^^ h 

Figur ee 4.2: NCX current activation 

AA typical example of a forward NCX current activated in a rat CA1 pyramidal neuron by quickly 
switchingg the sodium concentration in the extracellular solution from 0 to 115 mM (0/2 to 115/2; 
seee Experimental Procedures). The solution switch protocol is shown above the current trace. 
Holdingg membrane potential was -70 mV. The NCX current amplitude activated by the extracellular 
solutionn switch (arrow) was determined by subtracting the mean of the holding current in 0/2 before 
(a)(a) and after (c) the switch from the mean current amplitude measured in 115/2 (b). The dotted 
horizontall  line represents the zero-current level. 
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Too exclude the possibility that the opening of voltage-dependent ion channels 
interferess with the current under investigation, the input resistance of the neurons was 
determinedd by applying 25 ms voltage steps of , 0 and 0 mV around -40 mV 
bothh in the 0/2 and in the 115/2 extracellular solution (Fig. 4.3A). Typical examples 
off  currents measured in 0/2 and 115/2 in a rat CA1 pyramidal neuron using this 
protocoll  are shown in Fig. 4.3B and C, respectively. Voltage-activated sodium and 
calciumm channels open at voltages around -40 mV. Therefore, determining the 
activatedd current and the input resistance of the neuron with increasing voltage steps 
aroundd —40 mV may confirm that these voltage-dependent ion channels are not 
involvedd in the current that we measured. For all voltage steps, the amplitude of the 
currentt activated by the ^^polarization from -40 mV was similar to the current 
amplitudee activated by the hyperpohrizMon from —40 mV (Fig. 4.3D), suggesting that 

 5 mV  10 mV 0 mV 

A — t — l r r 
-400 mV 

150 0 

100 0 

11000 p 
12000 n 

* * * * * 

11000 pA 
ms s 

55 mV 0 mV 0 mV 
Voltagee step 

2500 -i 

__ 200-
G G 

150 0 

100 0 

115/2 2 

Figur ee 4.3: Voltage-activated conductances are not involved in current measurements 

(A-C)) Voltage protocol to determine cell impedance (A) and current traces measured in 0/2 (B) or in 
115/22 (C) in a rat CA1 pyramidal neuron. (D) Current amplitudes activated in the 115/2 solution by a 
depolarizationn or a hyperpolarization from -40 mV. For all three sets of voltage steps, the amplitude of 
thee current evoked by the (/«polarization from -40 mV was similar (but opposite in sign) to the current 
amplitudee evoked by the byperpolarization from -40 mV, suggesting that voltage-activated ion channels 
aree not involved in the current under investigation in this study. The same holds for the current 
amplitudess evoked in the 0/2 solution using this voltage protocol (not shown). (E) Input resistance of 
thee neuron determined in 0/2 and 115/2 for increasing voltage steps. The input resistance of the neuron 
didd not significandy vary with voltage in the range between -60 and -20 mV, which confirms the 
negligiblee contribution of voltage-activated currents to the current under investigation. 
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voltage-activatedd ion channels are not involved in the current under investigation in 
thiss study. Furthermore, if voltage-activated ion channels were involved in our current 
measurements,, one would expect the input resistance to decrease with increasing 
voltagee steps. Both in the 0/2 and in the 115/2 extracellular solution, the input 
resistancee of the neurons did not significandy var}' with voltage in the range between 
-600 and -20 mV (Fig. 4.3E). This again confirms that voltage-activated ion channels 
doo not contribute to the current that we measured. The lower input resistance of the 
neuronn measured in the 115/2 extracellular solution when compared with the 0/2 
solutionn can be attributed to the NCX current that is only present in the 115/2 
solution. . 

VoltageVoltage dependence 

Becausee NCX currents (and therefore ENCX) during voltage-clamp experiments can be 
significandyy influenced by the type of voltage protocol chosen (Convery and Hancox, 
1999;; Hinata et al., 2002), we decided to use two different voltage protocols to 
investigatee the voltage dependence of the NCX current: (1) voltage ramps and (2) 
extracellularr soludon switches at different membrane potentials. Both experimental 
protocolss have advantages and limitations. Voltage ramps only provide a correct 
answerr if the current changes almost instantaneously with voltage and does not 
inactivate.. They have the advantage that NCX currents can be measured relatively 
quicklyy over a wide voltage range, while voltage steps require a considerably longer 
periodd of stability to make a complete series of recordings at each membrane potential 
(Converyy and Hancox, 1999). However, currents measured using voltage ramps are 
relativelyy sensitive to fast variations in holding current. When using voltage ramps, 
NCXX current amplitudes are determined as the difference between the ramp currents 
measuredd in 115/2 and 0/2, which means that two consecutive ramp currents have to 
bee recorded for a complete NCX current measurement. Because cell stability is often 
compromisedd at very positive membrane potentials, many cells were lost at these 
potentialss during measurement of the first ramp, which made the whole measurement 
useless.. Finally, an advantage of the voltage step protocol is that it allowed us to 
determinee NCX current amplitude and NCX conductance simultaneously. 

(1)(1) Voltage ramps 

Ascendingg 2.8 s voltage ramps from -70 to +40 mV were applied to the neurons 
(insett in Fig. 4.4A) and the current was measured both in the Na+-free (0/2) and in 
thee 115/2 extracellular solution. Figure 4.4A shows a typical set of currents measured 
fromm a rat CA1 pyramidal neuron. The net exchanger current (INCX) was calculated by 
subtractingg the current measured in 0/2 from the current activated in the 115/2 
extracellularr solution (Fig. 4.4B: I115/2 — I0/2). This NCX current is inward and largest 
att negative potentials as expected for the ionic gradients of Na+ and Ca2+ that we used 
(seee below). At more positive potentials, the net current decreased. The reversal 
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Figur ee 4.4: I V relation of N C X current determined wi t h vol tage ramps 

(A)) A typical example of currents measured in 0/2 (black upper trace) and 115/2 (gray lower trace) 
fromm a rat CA1 pyramidal neuron using ascending voltage ramps. The voltage protocol is shown in 
thee inset. The intersection point of the two currents indicates the reversal potential of the NCX 
currentt (ENCX)- (B) The IV relation of the NCX current was determined by subtracting the current 
measuredd in 0/2 from the current activated in the 115/2 extracellular solution (see A). The reversal 
potentiall  of the NCX current (ENCX) was +32 mV, which is very close to the predicted +34.8 mV for 
thesee experimental conditions. 

potentiall  was around +32 mV, which can also be seen in Fig. 4.4A as the membrane 
potentiall  where the two current traces cross (indicated by the arrow). This reversal 
potentiall  is close to the calculated ENCX for these experimental conditions ([Na+], = 3 
mM,, [Na+]0 = 115 raM, [Ca2+]i = 141 nM and [Ca2+]„  = 2 mM) which was +34.8 mV. 
Att membrane potentials more positive than the reversal potential, the net current was 
outwardd and therefore associated with the reverse mode of sodium-calcium exchange. 

(2)(2) Extracellular solution switches at different membrane potentials 

Inn another subset of the neurons, the voltage dependence of the NCX current was 
determinedd with extracellular solution switches at different voltages. The membrane 
potentiall  was varied to levels between -70 mV up to +60 mV from a holding potential 
off  —70 mV. At each membrane potential, NCX currents were activated by switching 
fromm the 0/2 to the 115/2 extracellular solution. Figure 4.5A shows a typical set of 
NCXX currents activated in a rat CA1 pyramidal neuron using this experimental 
protocol.. At negative membrane potentials, the switch of the extracellular solution 
fromm 0/2 to 115/2 activated large inward currents. The current amplitudes decreased 
att more depolarized potentials and at even more positive membrane potentials, the 
currentt reversed and became outward. 
Accordingg to Ohm's law, the NCX current (INCX) can be described by: 

llNCX NCX 
gx(V-Egx(V-ENCXNCX) ) == ex (Equationn 4.3) 
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Figur ee 4.5: I V relat ion of N C X current de termined wi t h so lut ion swi tches at 

differen tt  m e m b r a ne potent ia ls 

(A)) A typical set of NCX currents activated at membrane potentials between -70 mV and +60 mV in 
aa rat CA1 pyramidal neuron by switching the sodium concentration in the extracellular solution from 
00 to 115 mM (0/2 to 115/2). The solution switch protocol and the voltage protocol are shown above 
thee current traces. (B) Mean IV relation of the NCX current (NCX current amplitude was determined 
ass described for Figure 4.2). Number of observations (n) for the black data points varied between 18 
andd 22 per data point. For membrane potentials more positive than 0 mV, the number of 
observationss varied between 3 and 9 (gray data points). Vertical bars indicate S.E.M. The line 
representss the fit  of Ohm's law to the black data points. The mean reversal potential (ENCx: diamond) 
wass calculated from the (extrapolated) ENCX of all individual cells and was +36  2 mV. This value 
wass not different from the expected ENCX (+34.8 mV). (C) Mean NCX conductance as a function of 
thee membrane potential. The whole-cell conductance of the neurons was determined both in the 0/2 
andd in the 115/2 extracellular solution by 25 ms voltage steps of +20 mV and -20 mV around each 
holdingg potential (see voltage protocol in A). NCX conductance was then determined by subtracting 
thee mean of the (leak) conductance in the 0/2 extracellular solution before and after the solution 
switchh from the conductance in the 115/2 solution. The mean NCX conductance over the voltage 
rangee between -70 and 0 mV was 1.77  0.05 nS (n = 18-22) (dotted line). 

wheree g represents the NCX conductance, which is a nonlinear, complex term that is 
dependentt on the sodium and calcium gradients over the plasma membrane and 
membranee potential (V) (Blaustein and Lederer, 1999). 
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Wee determined the NCX current amplitude at each membrane potential (as described 
forr Fig. 4.2) and constructed an IV relation for each neuron. Most currents were 
measuredd in the voltage range between -70 and 0 mV (Fig. 4.5B), where reasonable 
amplitudess could be recorded. In this voltage range, the IV relation did not deviate 
fromm a linear relation. At membrane potentials more positive than 0 mV, the IV 
relationn tended to flatten. The reversal potential of the current was determined for 
eachh cell by fitting (and extrapolating) the IV relation with Ohm's current equation 
(Equationn 4.3). The mean reversal potential of the NCX current activated by 115 mM 
[Na+]00 was +36  2 mV (n = 24) and is indicated by the diamond in Fig. 4.5B. For 
eachh cell, current amplitudes were normalized to the current activated at -70 mV. The 
meann IV relation was then constructed by scaling the mean normalized amplitudes for 
eachh membrane potential back to the mean current amplitude at -70 mV (Fig. 4.5B). 

NCXNCX conductance 

Too determine the NCX conductance as a function of the membrane potential, we 
measuredd the conductance of the neurons both in the 0/2 and in the 115/2 
extracellularr solution by 25 ms voltage steps of +20 mV and -20 mV around each 
holdingg potential (Fig. 4.5A). The NCX conductance was then determined by 
subtractingg the mean of the (leak) conductance in the 0/2 extracellular solution before 
andd after the solution switch from the conductance in the 115/2 solution. Figure 4.5C 
showss the mean NCX conductance as a function of membrane potential. The 
conductancee did not significantly vary with membrane potential in the range between 
-700 and 0 mV. The mean NCX conductance over this voltage range was 1.77  0.05 

nSS (n = 18-22) (dotted line in Fig. 4.5C). When cell capacitance was taken as a 
measuree of membrane surface, the corresponding specific NCX conductance 
(calculatedd as the conductance divided by the cell capacitance) in this voltage range 
wass 0.23  0.01 nS/pF (n = 18-22). 

[Na[Na++ JJ00 dependence 

Inn a subset of the neurons, the [Na+]G dependence of the NCX current was 
investigatedd by measuring the current amplitude with bath switches from 0/2 to 
extracellularr solutions with different sodium concentrations (25, 50, 75, 95 or 115 
mM).. Figure 4.6A shows a typical example of NCX currents activated at -70 mV by 
switchingg the sodium concentration in the extracellular solution from 0 to 115 mM 
(0/22 to 115/2) or from 0 to 50 mM (0/2 to 50/2). The solution switch protocol is 
shownn above the current trace. The current amplitude was clearly dependent on 
[Na+]0,, as the switch from 0/2 to 50/2 activated smaller inward NCX currents than 
thee switch from 0/2 to 115/2. 
Sincee the reversal potential is determined by the electrochemical gradients of both Na+ 

andd Ca2+ over the plasma membrane, the reversal potential of the NCX current should 
shiftt upon switching to extracellular solutions with different sodium concentrations. 
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Figur ee 4.6: [Na+ ] 0 dependence of NCX currents 

(A)) Typical NCX currents activated in a rat CA1 pyramidal neuron by switching the sodium 
concentrationn in the extracellular solution from 0 to 115 mM (0/2 to 115/2) or from 0 to 50 mM 
(0/22 to 50/2). The solution switch protocol is shown above the current trace. Holding membrane 
potentiall  was -70 mV. (B) Examples of IV relations of NCX currents activated by a solution switch 
fromm 0/2 to 115/2 or a switch from 0/2 to 50/2 measured in the same neuron. When the voltage 
rangee was limited to membrane potentials where these IV relations were linear (black symbols), the 
extrapolatedd ENcx of the current activated in 50/2 (15.5  3.9 mV) was shifted approximately 20 mV 
too more negative potentials when compared with the ENCX of the current activated in 115/2 (34.6
2.33 mV). (C) Mean concentration-response curve of the NCX current activated at a holding potential 
off  -70 mV. This curve was fitted with a Hill equation (Equation 4.4, with Hil l coefficient fixed at 3) 
too describe the NCX current as a function of [Na+]0. The [Na+]„  binding constant was 62  7 mM 
andd the maximal current was 165 + 16 pA (n = 6-10). 

Forr instance, a NCX current activated by switching the extracellular solution from 0/2 
too 50/2 theoretically should result in an IV relation with a reversal potential of -28.3 
mV,, which is 63 mV more negative than the value in 115/2. 
Figuree 4.6B shows examples of IV relations of NCX currents activated by a switch 
fromm 0/2 to 115/2 or a switch from 0/2 to 50/2 measured in the same neuron. 
Firstly,, we note mat the NCX current activated by 50 mM [Na+]0 is always smaller 
thann the one activated by 115 mM [Na+]„ , confirming a sodium dependence. Secondly, 
itt is also clear from Figure 4.6B that the reversal potential shifts at most 20 mV to 
moree negative potentials. The reversal potential measured for the 115/2 condition was 
34.66  2.3 mV. For the 50/2 condition we estimated a reversal potential of 15.5  3.9 
mV,, but only when the voltage range was restricted to between —70 and -30 mV; 
abovee this voltage the IV relation already started to flatten. When determined for a 

66 6 



NCXX currents in dissociated rat CA1 pyramidal neurons 

largerr voltage range, the shift in ENCX became smaller and in many cells it was almost 
absent.. We have no explanation for the deviation from the theoretical shift in ENCX, 

butt suggest that it is related to our lack of understanding of the actual shape of the IV 
relationn at higher membrane potentials. 
Ass Ohm's law could not completely describe the IV relation of INCX we decided to 
describee the [Na+]0 dependence of this current in an empirical way. We therefore 
determinedd the mean NCX current amplitude for each [Na+]G and constructed the 
meann concentration-response relation. This curve was fitted with a Hil l equation to 
describee the NCX current as a function of [Na+]0 (Fig. 4.6C): 

ƒƒ = max (Equation 4.4) 
\\ + (KD/[Na+] oy 

wheree Imax is the maximal current, KD is the binding constant for extracellular Na+ and 
nn is the Hill coefficient. Since we only have measured NCX currents in five different 
extracellularr sodium concentrations, a fit using three free parameters is almost trivial. 
Whenn current amplitudes were normalized on the current activated in 115/2, the fit 
yieldedd a Hil l coefficient of 3.0  0.7, which is in close agreement with the Hil l 
coefficientt of 3 that is expected for the coupling ratio of the NCX (3 Na+ for 1 Ca2+) 
(Blausteinn and Lederer, 1999; Hinata et al., 2002). Fitting the data points using two 
freee parameters with the Hil l coefficient fixed at 3 yielded a realistic concentration-
responsee relation. The mean concentration-response relation of the NCX current for 
thee rat CA1 pyramidal neurons activated at -70 mV is shown in Figure 4.6C. The 
[Na+]00 binding constant was 62  7 mM and the maximal current was 165  16 pA 
(nn = 6-10). 

ContaminationContamination of NCX current measurements by chloride conductances? 

Whilee the NCX current amplitude was clearly dependent on the sodium gradient, in 
mostt of the cells the observed shift of ENCX (AEN CX ) upon changing this gradient was 
smallerr than theoretically expected. We therefore investigated whether chloride 
currentss (e.g. carried by Ca2+-activated CF channels) interfered with our current 
measurements.. Possible CF conductances were blocked by adding 4,4'-
diisothiocyanatostilbene-2,2'-- disulfonic acid disodium salt (DIDS; 100 uM), a broad 
spectrumm anion transport blocker, to the extracellular solutions. DIDS did not 
noticeablyy affect NCX current amplitudes and no significant shift of ENcx was 
observedd when [Na+]Q was lowered from 115 to 50 mM. We then activated NCX 
currentss by voltage ramps or solution switches from 0/2 to 115/2 or 50/2, while [CF] 
inn both the intracellular and extracellular solutions (0/2, 115/2 and 50/2) was reduced 
too 30 mM. CF was equimolarly replaced by methanesulphonate for osmotic balance. 
Thesee concentrations result in a reversal potential for CF around 0 mV for all 
extracellularr solutions. As under normal chloride conditions, none of the cells showed 
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thee theoretically expected shift of ENCX upon changing the sodium gradient. In one 
celll  we observed a small AENCX (-32 mV in contrast to the expected -63 mV). In 
conclusion,, chloride conductances do not play a role in our measurements and cannot 
bee responsible for the deviations of AENCX-

[Ca[Ca2+2+]] 00 dependence 

Too investigate the dependence of the NCX current on [Ca2+]c„  we measured the 
currentt amplitude with bath switches from 0/2 to extracellular solutions with different 
calciumm concentrations (115/0, 115/2 or 115/10 mM; [Na+]D was always 115 mM in 
thesee solutions to guarantee large current amplitudes). The membrane potential was 
continuouslyy kept at —70 mV during current measurements. Figure 4.7A and B show 
typicall  examples of NCX currents activated in either an extracellular solution 
containingg 2 mM Ca2+ (first solution switch in A and B: 0/2 to 115/2), 10 mM Ca2+ 

(secondd switch in A: 0/2 to 115/10) or 0 mM Ca2+ (second switch in B: 0/2 to 
115/0).. The corresponding solution switch protocols are shown above each current 
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Figur ee 4.7: [Ca2 + ] 0 d e p e n d e n ce of N CX current s 

(A—B)) Typical examples of NCX currents activated in either an extracellular solution containing 2 
mMM Ca2+ (first solution switch in A and B: 0/2 to 115/2), 10 mM Ca2+ (second switch in A: 0/2 to 
115/10)) or 0 mM Ca2+ (second switch in B: 0/2 to 115/0). The corresponding solution switch 
protocolss are shown above each current trace. Holding membrane potential was -70 mV. (C) Mean 
NCXX current amplitude determined at different [Ca2+]<>. Current amplitude was clearly dependent on 
[Ca2+]0.. (D) A set of currents measured from a rat CA1 pyramidal neuron in extracellular solutions 
withh different [Ca2+]0 (115/0, 115/2 and 115/10) using a ramp protocol. The voltage protocol is 
shownn in the inset. The inward current increased when [Ca2+]0 was decreased. 
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trace.. The mean N CX current amplitude at - 70 mV was determined for each [Ca2+]G 

(Fig.. 4.7C). The current amplitude was clearly dependent on [Ca2+] (,: it increased when 

[Ca2+] 00 was lowered. This is in agreement with the calculated reversal potential that 

shiftss to more depolarized potentials when [Ca2+] () is decreased. 

I nn addition, we measured currents during 2.8 s ascending voltage ramps from -120 

mVV to +40 mV in the 115/0, 115/2, or 115/10 extracellular solution (voltage 

protocoll  in inset Fig. 4.7D). Figure 4.7D shows a set of currents measured in a rat 

CA11 pyramidal neuron. The inward current increased when [Ca2+] 0 was decreased. 

Unfortunately,, it was impossible to measure a stable current in an extracellular 

solutionn without sodium and calcium ions (0/0) using this ramp protocol. This 

preventedd the calculation of the absolute magnitude of the INCX current. Nevertheless, 

ourr measurements confirm that the N CX current is dependent on [Ca2+] (). 

[Ca[Ca2+2+]i]i  dependence 

T oo investigate the [Ca2+] , dependence of the N CX current, we have measured N CX 

currentss using intracellular solutions with different calcium concentrations. Before 

startingg the N CX current measurements, the actual free [Ca2+] i in each cell was 

determinedd at - 70 mV in the 0 /2 extracellular solution using calcium ratio imaging 

(seee Experimental Procedures). Hereafter, the neuron was placed in front of the 

applicationn pipette and current measurements started. N CX currents were activated by 

switchingg the extracellular solution from 0 /2 to 115/2. Holding membrane potential 

wass - 70 mV. Typical examples of N CX currents measured in neurons with a low and 

aa relatively high [Ca2+] i are shown in Fig. 4.8A and B (left panels), respectively. The 

fura-22 fluorescence of these cells measured at 510 nm after excitation at 340 and 380 

nmm is shown in the right panels of Fig. 4.8A and B. [Ca2+] i was calculated for each cell 

fromm its calcium ratio using the calibration curve in Fig. 4.1. The fluorescence ratios 

wee have measured corresponded with values of [Ca2+] j up to 300 nM. 

Thee mean N CX current amplitude of each cell was plotted as a function of [Ca2^ in 

Fig.. 4.8C. A positive, but weak, correlation was found between the N CX current 

amplitudee and [Ca2+]i (Spearman rank correlation coefficient = 0.44 (P < 0.057), 

indicatingg that the N CX current amplitude increased with increasing [Ca2+]j . A linear 

regressionn analysis resulted in a fit of the data (line in Fig. 4.8C) and is characterized by 

INCXINCX = 0.35 X [Ca2+] i + 97 (P < 0.05). 
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Figur ee 4.8: [Ca2+] i d e p e n d e n ce of N C X current s 

(A-B )) Left panels: Typical examples of NCX currents measured in neurons with a low (A) and a 
relativelyy high [Ca2+], (B). NCX currents were activated by switching the extracellular solution from 
0/22 to 115/2. Holding membrane potential was -70 mV. Right panels show fura-2 fluorescence of 
thesee cells measured at 510 nm after excitation at 340 and 380 nm in the 0/2 extracellular solution 
justt before NCX current measurements. (C) Mean NCX current amplitude for each cell plotted as a 
functionn of [Ca2+]j . Each data point represents the mean value for a single neuron (bars indicate 
S.E.M.).. NCX current amplitude increased with increasing [Ca2+]L. The solid line represents the linear 
regressionn line of the fit  of the data and is characterized by I\cx - 0.35 X [Ca2+], + 97 (P < 0.05). 

NCXNCX currents in CA1 pyramidal neurons from an epileptic patient 

Wee once had the unique opportunity to measure NCX currents in acutely dissociated 
CA11 pyramidal neurons from a patient with complex partial seizures undergoing 
temporall  lobe surgery for pharmacoresistant temporal lobe epilepsy. This tissue 
becamee available during surgical resection of the mildly sclerotic hippocampus (Wyler 
gradee 2; (Wyler et al., 1992)), which was performed to achieve seizure control. The 
patientt was selected for epilepsy surgery according to the criteria of the Dutch 
Epilepsyy Surgery Program (Debets et al, 1991). All procedures were performed with 
consentt of the patient and were approved by the Committee for Scientific Research on 
Humanss of the University Medical Center Utrecht. 
Figuree 4.9 shows current traces (A) and the corresponding IV relation (B) of a CA1 
pyramidall  neuron from this epileptic patient, closely resembling the IV relation of the 
dissociatedd rat CA1 pyramidal neurons (Fig. 4.5B). The solution switch protocol is 
shownn above the current traces in Figure 4.9A. The voltage protocol was comparable 
too the one used in Fig. 4.5A. The reversal potential of the current was +32 mV (trace 
indicatedd by the arrow in Fig. 4.9A). The NCX currents that we were able to record in 
twoo CA1 pyramidal neurons from this patient were very comparable. Unfortunately, 
thiss low number of observations did not allow further analysis. 
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Figur ee 4.9: IV relation of NCX current in a CA1 pyramidal neuron from an 

epilepticc patient 

(A)) Solution switch protocol and current traces. The voltage protocol was slightly adapted from 
Figuree 4.5A. (B) IV relation of the NCX current. The line indicates the fit  of the IV relation 
withh Ohm's law. The reversal potential of the current was 32 mV (see also arrow in (A)). 

D I S C U S S I ON N 

MainMain findings 

I nn acutely dissociated rat CA1 pyramidal neurons, we have characterized a current that 

representss sodium-calcium exchange activity. Voltage-activated ion channels, the 

sodium-potassiumm pump, N C K X and PMCA were (pharmacologically) blocked and 

didd not interfere with the current. 

Thee current had a characteristic essentially linear voltage dependence and was found 

too be clearly dependent on both the sodium and the calcium gradient over the plasma 

membrane.. Most of the calcium extrusion via the N CX takes place after cell activity, 

whenn membrane potential has returned to its resting value. Therefore, for most of our 

N CXX current measurements we fixed the membrane potential at —70 mV, which 

correspondss with resting membrane potential in neurons. 

NCXNCX conductance is small and not voltage-dependent 

Thee N CX exchanges one Ca2+ ion for three Na+ ions and is therefore electrogenic. As 

aa consequence, the ion concentrations for Na+ and Ca2+ inside and outside the cell 

determinee the reversal potential, where the current reverses sign. The difference 

betweenn the actual membrane potential and the reversal potential acts as the driving 

forcee for the current. No theoretical current-voltage equation is available for this 

exchanger.. As a first approach, we assumed Ohm's law to hold and expected a linear 
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relationn between current and driving force, implying a constant conductance. This 
approachh was valid for membrane potentials in the range between -70 mV and 0 mV 
butt at membrane potentials more positive than 0 mV, the IV relation tended to 
flatten.. A possible explanation is that at membrane potentials close to ENCX, the NCX 
currentt amplitude is relatively more sensitive to small changes in this reversal 
potential,, which could arise from relatively small, local variations in [Ca2+]i . 

ATCXX  distribution 

Inn our experiments we recorded from dissociated cells, which mainly consist of a 
somaticc compartment. The NCX appears to be particularly prevalent in regions of 
neuronss where relatively large amounts of Ca2+ must be transported, such as 
presynapticc nerve terminals and dendritic spines. At these locations high densities of 
calciumm channels seem to be balanced by high densities of calcium extrusion proteins 
(Blausteinn et al., 2002; Blaustein and Lederer, 1999; Reuter and Porzig, 1995). The 
calciumm signal that ultimately results and activates secondary processes depends on the 
surface-to-volumee ratio and the local buffering properties (Baba et al., 2002). The non-
uniformm distribution of the NCX between the soma, dendrites and axon will certainly 
resultt in differential calcium dynamics. However, there is no reason a priori  to believe 
thatt the fundamental properties of the NCX are different between these cell 
compartments. . 

MaintenanceMaintenance ofCa2+ balance 

Assumingg a uniform distribution over the plasma membrane of the soma, the whole-
celll  conductance of the ion transporter NCX which transports Ca2+ against the 
electrochemicall  gradient is expected to be much smaller than the whole-cell 
conductancee of passive ion permeabilities (e.g. gating ion channels) (Hille, 1992). The 
electricall  contribution of the NCX current to the membrane potential is therefore 
negligible.. The specific whole-cell conductance of the NCX in the dissociated rat CA1 
pyramidall  neurons (using cell capacitance as a measure of membrane surface) was 0.23 

 0.01 nS/pF, which is only 2-3% of, for example, the whole-cell maximal 
conductancee of voltage-dependent transient peak sodium currents (8-12 nS/pF, even 
att reduced Na+ gradient (Chapter 2 and 5)) or calcium currents (Chapter 5: 7 
nS/pF)) in this same type of neuron. Nevertheless, since the amount of calcium influx 
mustt be matched by calcium extrusion, the NCX (together with the PMCA) should be 
capablee of extruding —on the long run— all calcium ions that have entered the neuron. 
Severall  factors contribute to equalize the apparent imbalance. Firstly, the open 
probabilityy of ion channels is very low, while the NCX is continuously operating. 
Secondly,, the NCX current underestimates the actual Ca2+ flux by a factor of two, 
sincee the NCX transports one Ca2+ ion (and three Na+ ions) per one net transported 
elementaryy charge, while the calcium channel carries one Ca2+ ion per two transported 
elementaryy charges. Thirdly, the temperature dependence (Q10) of the exchanger is 
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2-33 times higher than that of ion channels (Fierro et al., 1998). Our experiments were 
performedd at room temperature. A direct extrapolation of our data to body 
temperaturee would therefore probably lead to a relative underestimation of the NCX 
currentt when compared with the current carried by ion channels. Finally, in our 
experimentss we mostly used a physiological gradient for Na+, but [Ca2+], never 
reachedd values higher than 300 nM. If, as literature suggests, the affinity of the 
exchangerr for intracellular calcium is around 1 \iM (Juhaszova et al., 2000) and the 
[Ca2+],, dependence of the NCX is described by a first-order Hill function, then the 
NCXX will operate at up to 23% of its maximal calcium extrusion rate depending on 
thee actual [Ca2+],. In conclusion, the NCX seems capable of, on average, generating a 
sufficientlyy large calcium efflux to balance calcium influx under normal conditions. 

SodiumSodium dependence 

Thee [Na+]0 dependence of the NCX current in acutely dissociated rat CA1 pyramidal 
neuronss was characterized by a binding constant of 62  7 mM, which is comparable 
too values reported in myocytes (Niggli and Lederer, 1993) and somewhat higher than 
thee values previously reported for mammalian brain: 18-34 mM (Blaustein and 
Lederer,, 1999). This difference may be related to the fact that our measurements were 
performedd in the absence of ATP. ATP is known to modulate NCX activity by 
increasingg the affinity for [Na+]„  (Blaustein and Santiago, 1977). In marine 
invertebrates,, for instance, the binding constant of the NCX for extracellular Na+ is 
muchh higher when ATP is absent: KD = 110-140 mM, while KD = 50-80 mM in the 
presencee of ATP (Blaustein and Lederer, 1999). 

CalciumCalcium dependence 

Thee main physiological role of sodium-calcium exchange in neurons is calcium 
extrusion,, in particular in response to an enhancement of [Ca2+]i . In this study, we 
demonstratedd the dependence of INcx on the calcium gradient by either manipulating 
[Ca2+]00 or varying [Ca2+]i . NCX current amplitudes decreased when [Ca2+]„  was 
increasedd (as expected). Different pipette solutions were used to manipulate [Ca2+]i 
andd the actual value of [Ca2+]j was determined by ratio imaging. Practical limitations 
(e.g.. the presence of fluoride in the intracellular solution) restricted the range in which 
[Ca2+]ii  could be varied to relatively low values (up to 300 nM). The affinity of NCX 
forr intracellular Ca2+ is much lower: KD = 0.6-2 \sM (Juhaszova et al., 2000). 
Thereforee we never succeeded in activating the exchanger in its optimal range and 
couldd not determine the value of the binding constant for Ca2+. Nevertheless, we 
foundd a positive, but weak correlation between [Ca2+]i and the NCX current 
amplitude:: the NCX current amplitude increased when [Ca2+]i was increased, as 
expected. . 
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AExcxAExcx upon ion gradient changes 

Thee reversal potential of the N CX current (ENCX) is determined by the concentration 

gradientss of sodium and calcium over the plasma membrane and should shift over the 

voltagee axis when these gradients are altered. The reversal potential of the current 

measuredd using our standard solutions was in agreement with the calculated H\cx-

Thee N CX current amplitude was clearly dependent on the sodium and the calcium 

gradientt over the plasma membrane. However, in most of the cells the observed 

A E N CXX upon changes in [Na+] f , was variable and much smaller than theoretically 

expected.. This was not dependent on the type of voltage protocol that we used and 

couldd also not be explained by the presence of chloride conductances. 

Severall  authors have reported experimental (A)E\c\ values that substantially deviated 

fromm the predicted (A)E^cx (Convery and Hancox, 1999; Hinata et al., 2002; 

Matsuokaa and Hilgemann, 1992). In ventricular myocytes, Hinata et al. reported 

smallerr values for AENCX than theoretically expected (Hinata et al., 2002), comparable 

too our observations. They attributed the effect to space-limited rapid diffusion under 

thee membrane close to the exchangers: Ca2+ and /or Na+ accumulation or depletion 

underr the membrane would cause a virtual deviation from the actual ENCX- However, 

neuronss are quite different from myocytes, so it is presendy unclear whether such an 

explanationn is equally valid for our neurons. 

NCXNCX contribution to Ca2+ extrusion 

T oo determine the contribution of sodium-calcium exchange to total Ca2+ extrusion of 

aa neuron, Ca2+ decay rates (after Ca2+ loading) in the presence and in the absence of 

extracellularr sodium should be compared. An (important) contribution of the N CX to 

Ca2++ extrusion was reported in other neuronal cell types (Fierro et al., 1998; Lee et al., 

2002).. In Purkinje cell somata from rat cerebellar slices, the relative contribution of 

thee Ca2+ extrusion mechanisms to Ca2+ clearance from the cytoplasm was found to 

varyy as a function of [Ca2+] j (Fierro et al., 1998), which is not surprising regarding the 

differentt Ca2+ affinity and transport capacity of the Ca2+ extrusion mechanisms (see 

Introduction).. The N CX was found to be a dominant Ca2+ extrusion mechanism 

whenn [Ca2+] , exceeded 500 nM, while at lower [Ca2+] , the PMCA (and SERCA pumps) 

andd N CX contr ibuted equally to Ca2+ removal (Fierro et al., 1998). This implies that 

whilee the N CX is already operating in neurons at rest, in which [Ca2+]i is around 100 

nMM (Brini et al., 2002), its functioning wil l be especially relevant after a burst of action 

potentials,, during which [Ca2+] i increases to values far exceeding 500 nM (e.g. epileptic 

seizures). . 

NCXNCX currents in neurons 

Althoughh investigations of N CX currents in myocytes using the giant patch technique 

aree extensive, up til l now we only know of one study reporting INCX measurements in 

mammaliann cortical neurons. In cultured mouse neocortical neurons, Yu et al. 
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measuredd NCX currents with a specific current amplitude (or "current-density") of 
1.99  0.3 pA/pF (Yu, S.P. and Choi, 1997). This is much lower than the specific 
currentt amplitude we report for the acutely dissociated rat CA1 pyramidal neurons in 
thiss study (19.5 4 pA/pF). This difference can partly be attributed to the larger 
drivingg force for the NCX (V-ENCX) in our study when compared with the study of 
Yuu et al. In addition, it may reflect differences between the two species or cell types 
usedd in these two studies. 

Preliminaryy data showed that NCX currents can be measured in acutely dissociated 
CA11 pyramidal neurons from a patient with complex partial seizures undergoing 
surgeryy for pharmacoresistant temporal lobe epilepsy. Investigating NCX functioning 
inn epileptic patients or in animal models for chronic epilepsy is an interesting topic for 
futuree research, regarding the important role for both Ca2+ and Na+ ions in epileptic 
seizuress and the persistent alterations in voltage-dependent calcium current 
characteristicss that have been reported to occur in CA1 pyramidal neurons from 
chronicc epileptic rats (Gorter et al., 2002). 

Conclusions Conclusions 

Inn acutely dissociated rat CA1 pyramidal neurons, we have characterized a current, 
whichh exhibited essentially linear voltage dependence. The current was found to be 
dependentt on both the sodium and the calcium gradient over the plasma membrane. 
Basedd on these characteristics we conclude that this current represents NCX activity. 
Preliminaryy data have shown that this NCX current can also be measured in 
dissociatedd hippocampal neurons from epileptic patients, which is a promising topic 
forr future experiments. 
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