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Abstract. lon permeation properties of the mousgie tic ion permeation properties which are suggestive of its
NMDA receptor channel expressed Xenopusoocytes role in mechanisms of great physiological importance.
were studied using the outside-out patch-clamp techMonovalent cations permeate the channel with low se-
nique. In symmetrical Nasolutions, the single-channel lectivity, but major differences exist between?and
I-V relations were almost linear at low electrolyte con-Mg®* (Nowak et al., 1984; Mayer & Westbrook, 1987;
centrations, but rectified inwardly for N&oncentrations Ascher & Nowak, 1988). While Mg is a potent
above 50 mi. In symmetrical Na solutions, the “zero-  blocker of the channel, G&is permeant, provided that
current conductance” increased with Neoncentration the pore is in its open state (as a result of agonist bind-
and saturated according to a hyperbolic curve, the halfing), and that M§" is removed from the permeation
maximal saturating activityK,,(Na), being 14.2 m and  pathway. The requirement that both these conditions
the maximal conductances,,.(Na), 53.9 pS. When must be satisfied for G4 influx through the NMDA
Cé&* was present with Nain the external solution, the receptor channel, in addition to its demonstrated involve-
single-channel current was lower than in pure’Nal-  ment in the phenomenon of “long term potentiation”
though the reversal potential indicated a higher perme¢Bliss & Collingridge, 1993), has prompted the hypoth-
ability for Ca¢* than for N&. Using ion activities, B/  esis that one of its roles may be that of a “coincidence
Pna Was found to be about 17. THeV data were fitted detector,” a device invoked to account for important
with a model based on the Eyring’s rate theory, assumingeurological processes.
a one-ion pore with three energy barriers and two sites. It has also been shown that €&dons entering the
The Ky(Ca) andG,,,, (Ca) were 76.5um and 21.2 pS, cell via the NMDA receptor channel are implicated in
respectively. According to the estimated rate constants;excitotoxicity.” When cultured neurons were exposed
Ky for Ca&* is mainly determined by the binding strength to glutamate in the absence of Kfgand in the presence
of a site located 80% away from the channel opening abf glycine, cells endowed with NMDA receptors died,
the external membrane-solution interface, a positiorpresumably due to large €ainflux. It has been specu-
similar to that postulated previously for the Rfgblock-  lated that this type of cell death may occur during certain
ing site. pathological conditions (Rothman & Olney, 1987).

In view of the great interest for the NMDA receptor
Key words: NMDA receptor channel — lon permeation channel, it is important to elucidate its ion permeation

— Current-voltage relation — Eyring-liger model —  properties, especially for biological relevant ions such as

Surface charge — One-ion pore Na" and C&*. Using cultured mouse neurons, Ascher &
Nowak (1988) studied single-channel currents through

Introduction the NMDA receptor channel, and demonstrated that sub-

_ stitution of monovalent ions with G4 in the external
Among the various glutamate receptor channels, theq tion causes displacement of the reversal potential in
NMDA (N-methyl-0-aspartate) subtype has characteris-he positive direction, while also decreasing the inward
current. Similar effects of Gain the same type of chan-
I nel were reported later by Jahr & Stevens (1993), who
Correspondence toY. Kidokoro gave also a quantitative description of the data, using a
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model based on a semi-empirical perturbation approactthat this is a good model for studying the ion permeation
More recently, however, Zarei & Dani (1994) have pre- properties of the NMDA receptor channel. Furthermore,
sented a new study of the same channel in culturediue to the absence of other types of glutamate-sensitive
mouse neurons, analyzing the conductance at differeribnic pores in this expression system, the NMDA recep-
concentrations of Nif, as well as the permeability ratio tor channel events can be identified without ambiguity.
between C§ dimethyl-ammoniurfi (DMA*) and C&",
using bi-ionic conditions, and exploring a wide range of
concentrations for Csand DMA". From the behavior of
both the conductance and the bi-ionic potential, they in-

ferred: (i) that the NMDA receptor channel is a one-ion EXxPRESSION OFFUNCTIONAL NMDA RECEPTOR
pore, thus arguing against previous claims that the charSHANNELS IN XENOPUSOOCYTES

nel may be a multi-ion channel (Mayer & Westbrook, Capped cRNAs for the mouse NMDA receptor subupiande, were
€

1987’_,A5Cher & Nowak, 1988; Johnson &ASCher’_1990)'transcribedin vitro from linearized plasmids containing apzpropriate
and (") that Only a low surface Charge IS requ'red 10 cDNA inserts as described previously (Kutsuwada et al., 1992). Ap-
account for few minor deviations from the theoretical proximately 40 oocytes okenopus laevisvere injected at a time with
predictions of a model for a one-ion pore. a mixture oft, cRNA (13.5 ng per oocyte), ang (19.0 ng per oocyte)

The main purpose of the present study is to evaluatand were incubated overnight in Barth’s medium (20°C). To remove
certain basic parameters of the ion permeation propertie@e follicular membrane, oocytes were treateql with 0.5 mg/ml collage-

. . nase (Yakult, Tokyo, Japan) for 15-to-30 min at room temperature.

of _the NMDA receptor channel, a goal Wthh In our Then they were immersed again in Barth’s medium (20°C), and were
opinion requires a more systematic analysis of the elecgept there overnight.
trical properties than has been carried out so far. To  Two days after injection, a couple of oocytes from a batch were
achieve this goal, the single-channe\y relations were tested for expression of functional NMDA receptor channels by using
studied first in symmetrical solutions, with Nas the the two-microeIectrode-voltage-(?lamp techn_ique. When application of
sole permeant ion at different concentrations, and then i 0 pM L-glutamate and 1Qm glycine evoked inward currents of more

uti h A dually i din th than 300 nA, oocytes of the batch were used for single-channel current
solutions where was gradually increased In the ex- recording. Shortly before the patch-clamp experiment, an oocyte was

ternal medium, while Nawas maintained constant and immersed in a hypertonic solution for 3 min (Methfessel et al., 1986),
nearly symmetrical on both sides. The questions that wand the viteline membrane was manually removed using a pair of
tried to address are of the following type: What are thesharp forceps. The ionic composition of the hypertonic solution was
“dissociation constants” and the “maximal conduc- (in Mv): 280 NaCl, 5 KCI, 1 CaGl 25 Tris (pH was adjusted to 7.4
tance” of the NMDA-receptor channel, both for Nand """ HED-

for C&*? Is it necessary to postulate surface charges to

account for the permeation properties of the channelBINGLE-CHANNEL CURRENT RECORDINGS AND CURRENT
Assuming validity of the Eyring theory, what is the sim- AMPLITUDE MEASUREMENTS

plest model capable of giving a good fit to th data?

Materials and Methods

. . All recordings were carried out with excised patches in the outside-out
In a wider context, the overall purpose of this StUdy mode at room temperature (approximately 25°C) (Hamill et al., 1981).

is to bl_JlId a _back_grour_ld of dat_a which will hopeful_ly A LIST EPC-7 patch-clamp amplifier was used. Patch pipettes were

serve, in conjunction with techniques of molecular biol- made from borosilicate glass capillaries and had resistances of about 10

ogy, to identify the molecular components responsiblevQ when filled with the normal internal solution. Single-channel cur-

for the permeation properties of the channel. rent traces were recorded in a PCM data recorder, and were digitized
The preparation used in this study is the heteromeri@ff-line at the rate of 5 kHz after filtering at 2 kHz.

Measurements of single-channel current amplitudes were carried
mOUS&Z/C1 NMDA receptor channel eXpressedmno_ out using the pClamp software (Axon Instruments, Foster City, CA).

p.usloocytes. Th!s receptor channel exmb”S_ Properti€sye.-to-ten channel events with sufficient durations were measured at

similar to the native NMDA receptor channel in cultured each potential level.

neurons. For example;glutamate and NMDA activate Junction potentials were measured or calculated with the Hender-

the receptor channel, while neither kainate aeamino- son’s equation, and the potential levels were corrected accordingly.

3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)

D-2-amino-5-phosphonovalerate (APV), blocks the glu-

tamate responses and so dO%Vlgnd zZritt (Kutsuwada  Thel-V data were fitted to the model using a SIMPLEX minimization

etal., 1992). The permeation properties of the expresse@jgorithm (Press et al.z _1988). To give an e;timate of' the parameters’

eL; NMDA receplor channel are also very simiar o &79%16.560 2 el approah kg o consderan he fac
i 1 M maxe

those of the nat!ve one. For example, the Chann.el : re almost independent of the number of barriers in the model. (For

almost nonselectively permeable to monovalent Catlonsexample, a two-barrier model predicted the same value¥f{pand

and is permeable also to €abut is blocked by M§*  G__ as our model, even though it fitted th& data poorly). However,
(Tsuzuki et al., 1994). It is thus reasonable to concludesince our three-barrier model depends on five rate constants, there are



M. lino et al.. NMDA Receptor Channel Properties 145

!
100 mv b it

A e ,wvﬂ &,A«W‘WM\ w B
- I

pPA
b W\ r’w
80 e i

7 Ve

o . Iw'wwi'\"‘w*! \FMUWNL ,

rl#\-‘twf’vwﬁyv‘w‘wqwﬁ")\ M
40 wid Y l

20 MM e A

membrane potential (mV)

-20 o Ao s popuigl

LT A

° 50 100 Fig. 1. Single-channel currents induced by L&
L-glutamate in the presence of 101 glycine. @A)
sample traces from a representative patch in the
outside-out configuration. The bath and the
electrode contained the standard external and
internal solutions, respectively. The Na
concentration was the same on both sides (154.5
mm). Signals were low-pass filtered at 2 kHB)(

I-V relation obtained from the same patch. The
data points were connected by straight lines. The
slope conductance was about 50 pS near zero
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unlimited ways in which these five parameters can be varied withoutwith 10 wm glycine, oocytes from the same batch were
changingKy, and G, Analyzing a few cases in which three rate (;ged for single-channel current recordings. Using the
constants were changed arbitrarily (the other two being determined bbutside-out excised patch configuration single-channel

the fixed values oK, and G,,,), we found that distortions of the event ere ob ed in the .. f case h
fitting curves became apparent for variations of about 15 to 20% from vents wer Serv In majority o S€s when a

the optimal values calculated by the computer. Thus, it seems reasorpemj'smg solution contained 3 glutamate and 1im
able to infer that a fraction of this order represents a fair estimate of theglycine. However, the frequency of channel events

parameters’ relative errors. tended to decline after several exchanges of the externa
solutions. Single-channel currents were recorded for
SOLUTIONS membrane potentials ranging from -100 to +100 mV

with 20 mV steps. The steady-state current-voltdeé)(

The ionic compositions of all solutions used in these experiments argq | 4iqns were thus constructed for various ionic condi-
listed in Table 1. In all the analyses, ion activities were used instead of .

concentrations. The activity coefficients of electrolytes were estimate ions, and W?re SUbsequemly analyzed using a,mOdeI
by the formula below (Robinson & Stokes, 1959). based on Eyring’s rate theory {uger, 1973). Occasion-
ally, substates with lower conductance could be seen, as
described previously for the NMDA receptor channel
(Cull-Candy & Usowicz, 1987; Jahr & Stevens, 1987;
wheref denotes the activity coefficient of the electrolytds the ionic ~ Tsuzuki et al., 1994; Stern et al., 1992), although they
strength (inv), while A andb are constants. Following Robinson and appeared rather infrequently. In this study we only dealt
Stokes (1959)A was 0.507, andb was 0.161 for NaCI, and 0.20 for W|th the major Conductance state.

CaCl, z; andz, are the valences of the two ions of the electrolyte.

The activity coefficients of the ions were estimated from those of the

electrolytes using of the Guggenheim convention. According to thisl_V CURVES IN THE SYMMETRICAL DISTRIBUTION OF

convention which is based on the Debyéeiel theory,fNa = fy.c, Na' 1oNS

whereas for 2-1 electrolytes such as Ca@l, = (fCaCb)2 (Butler, a
1968; Shatkay, 1968).

log f = -Alzz|01  +bl ()
1+

The sample traces in FigAland thel-V curve in Fig. B
Results refer to the case of a patch interposed between symmetri-

cal solutions with 153.8 (117) m Na* (The numbers
When whole cell currents exceeded 300 nA in a few testwithin parentheses, here and in the rest of the paper,
oocytes upon application of 1@m glutamate together indicate calculated ion activities). Due to technical dif-
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Fig. 2. Single-channel-V relations in symmetrical Nasolutions. The five Na concentrations were obtained by diluting the standard solution
(solution 1) and using sucrose (solution 3) to maintain osmolarity. Results from various experiments were pooled for 153.8 (17 B)
number of patches examined), 79.3 (63.2) (n = 5), 42.1 (35.1) mi (n = 7), 23.4 (20.2) m (n = 6) and 14.1 (12.6) m (n = 5), the numbers
within parentheses being the estimated activities fof. anooth lines are fits to the data with Eq. (A5). The rate constants foy dieded by

10° and listed in the ordep’ya (ST M™Y), Nya 59, na (5D, Plna (STMY, Mo (57, Wna (579, are: 1.48, 0.17, 0.028, 1.39, 0.072, 0.070.
The electrical distances, defined in FigA,&re:a = 0.23,8 = 0.54,y = 0.23. Note that since the rate constants are related by “microscopic
reversibility” (Eg. (A4)), and since the sum of the three electrical distances is one, the number of independent parameters is seven (and no
as it may seem at first sight from the list above).

ficulties of forming stable patches in zeroTathis ion  of thel-V curve, as we noted above, is steeper than near
was not buffered in the external solution, although itszero current.
concentration was measured in nominafGlee solu- To study the effects of ion concentration, a family of
tions, and was found to be approximately 0;&%. De- |-V curves was obtained by reducing the'N@ncentra-
spite the symmetry of the ion composition, th¥ rela-  tion symmetrically on both sides of the patch and main-
tion in the Fig. B is neither symmetrical nor linear, the taining isotonicity by replacing Nawith sucrose (Fig.
slope conductance being somewhat steeper when the cu2). Note that in this series of five experiments the ionic
rent flows in the inward direction. strength of the solutions was not constant, but varied in
The zero-current channel conductance in the experiparallel with the Na concentration. (The external Na
ments shown in Fig. B (pooled data at 153.8 (117)m  concentration was reduced by mixing solution 1 and 3,
Na" concentration) was estimated by connecting theand the internal Naconcentration was reduced by mix-
points at —10 and +10 mV, and was found to be about 50ng solution 6 and 7 in Table 1). In none of the five cases
pS. This value is identical to that reported previously (50are thel-V curves rigorously linear, although they be-
pS) by Tsuzuki et al. (1994), who performed the mea-come more straight at low ion concentrations. As is
surement in solutions with the same Ngoncentration, shown in Fig. 3, the zero-current conductance increases
but with 1 mv C&”* in the bath. The similarity between with Na" activity, and eventually saturates at a limiting
these two data, despite the known blocking effect ot'Ca value, G,,,,). estimated to be approximately 54 pS.
on the currentgeeFig. 4), is probably due to two com- Although it was difficult to perform accurate measure-
pensating features: inhibition by €aand the fact that ments at very low Naconcentrations, the data in Fig. 3
Tsuzuki et al. (1994) took their measurements at potensuggest that, as the Naconcentration decreases, the
tials between —40 and -60 mV, a region where the slopehannel conductance declines following a regular Mi-
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Table 1. Composition of solutions

HEPES*

External solutions NaCl NaF Call  Sucrose -NaOH EGTA
(1) Standard Na 150 0 0 0 10 0
(2) ca* 0 0 100 0 10 0
(3) Sucrose 0 0 0 260 10 0
(4) Na"-sucrose 100 0 0 86 10 0
(5) Na-Ca* 100 0 30 0 10 0
Internal solutions
(6) Standard 48 100 0 0 10 1
(7) Sucrose 0 0 0 260 10 1
*4.5 mm NaOH was needed to adjust pH to 7.4

60 1), and an internal solution of 153.1 (117MnNa* (so-

lution 6 in Table 1). The correspondirgV relation is
given by the dotted curve in Fig.B4 where, for com-
40+ parison we plotted also dfV curve obtained with 0 G4
and 153.8 (117) m Na' (solution 1 and 6 in Table 1) on
both sides of the patch. Figure 5 illustrates the effect of
20 gradually varying the Cd concentration in the external
bath from 0.3 (0.1) m (Fig. 5€) to 30 (8.6) v (Fig.
5A). (The intermediate concentrations of<Cavere pre-
i o - A o pared by mixing solution 4 and 5 in Table 1). The con-
Na Activity, mM tinuous lines are the theoretical fitting curves obtained
with the model. As one can see, the reversal potential
Fig. 3. Conductancg-activity relation for Na_The five conductance  ghifts to the right, indicating a high permeability tOPC,a
values were determined from the data in Fig. 2. The measured €103 result similar to that shown previously by Ascher &
current conduct:imces were 50 pS for 154.5 (11+M)m*, 46.1 pS for Nowak (1988) in cultured mouse neurons, and also by
79 (63.2) nm Na', 40.2 pS for 42.1 (35.1) mnNa", 33.2 pS for 23.4 . . v
(20.2) mv Na" and 26.5 pS for 14.1 (12.6)wnNa'". The continuous  1SUZUKi et al. (1994) in the same preparation as that
curve is drawn according to Eq. (2), wiky, = 14.2 mv andG,,,, = studied in this paper. In Fig. 6, the reversal potential is
54 pS. These values were not deduced from an independent fit, byplotted vs. the calcium activity in the bath; the smooth
were obtained by s_ubstituting in Eq. (3) and (4) the rate constants listefine is the fit to the data with Eq. (12). The estimated
in the legend of Fig. 2. permeability ratio, /Py, was about 17, a value con-
siderably higher than that reported previously (6.2 lino,

) ] Ozawa & Tsuzuki, 1990; 3.6, Tsuzuki et al., 1994).
chaelis-Menten curve with iy, of about 14.2 m. Ac-  prgpably, the main reason for the discrepancy lies in that
cording to the Gouy-Chapman theory, this simple behavyye ysed ion activities instead of concentrations. In fact,
ior would not be expectec_i if a significant surface chargeby using Eq. (1) to estimate the activity coefficient of the
were present on both sides of the channel (a surfacgjectrolyte, and then the Guggenheim convention to cal-
charge being designated “large” when it generates gyjate the jon activities, one finds &zactivities that are
SL_lrface p_otent_lal greater than RT/F, 25 mV, in solutions,,oh smaller than the respective concentrations. For ex-
with physiological ionic strength). However, as we shall ample, in a mixture of 30 m CaCl, and 100 rw NaCl
see later in the Discussion, an asymmetrical distributior}he es:timated 4 activity is only 8.6 nm. Using activ’—

of surfacg charges with a significant charg_e present OnlYty coefficients, also Mayer & Westbrook (1987) re-
on one side of the channel cannot be easily excluded. ported a relatively high value for &P, in cultured

mouse neurons, (BPy, = 10.2).

The amplitude of both inward and outward currents
decreased as the external®*Caoncentration increased.
Similar effects of external G4 on thel-V curves were
The sample traces in pa# of Fig. 4 refer to single- observed in the glutamate receptor channel from cultured
channel currents for an outside-out patch interposed beembryonicDrosophilamyotubes (Chang, Ciani & Kido-
tween an external solution containing a mixture of 104.5koro, 1994). The two apparently conflicting effects de-
(78.5) mu Na* and 30 (8.6) mi C&* (solution 5in Table  scribed above: the inhibitory effect of €aon the N&

Go, pS

INTERACTION BETWEEN C&* AND Na' lons
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current, and the ability of Ca to shift the reversal po- barriers. It should be intuitively clear that, in the pres-
tential in the direction of positive voltages with a per- ence of only one permeant ion species, this model is
meability higher than that of Naare perfectly compat- characterized by three states of occupancy: the empty
ible with models for “one-ion” channels based on the state and two occupied states, with the ion located in
Eyring-Lauger theory, while they are inconsistent with either of the two available sites. It is also obvious that
the classic result obtained by integration of the Nernstthere will be two additional states (and thus a total of
Planck equation assuming constant field. five) when the permeant ion species are two, as in the
case of mixtures of Naand C&" (see alsdFig. 8B in the
Appendix). Using well-known methods (Lger, 1973;
see alsoAppendix), one easily obtains explicit expres-
sions for the ion fluxes and the current as functions of
membrane voltage and ion concentrations. For simplic-
I-V Relations ity, we used the assumption that the barrier peaks are
halfway between successive sites. With this assumption,
The experiments of Zarei and Dani (1994) suggest thaand in the case of only one permeant ion, the model has
the NMDA receptor channel behaves as a one-ion poreseven independent parameters: two independent electri-
at least for some permeant ions,Nend C&" included.  cal distances and five independent rate constants. In
Complying with this suggestion, and applying the Ey- fact, although three distances; B, vy, and six rate con-
ring-Lauger theory for singly occupied pores (iger, stantsp’, \', p’, v", \", u”, appear in Fig. 8, the former
1973), we have found that a “two site, three barrier” are subject to the condition that their sum is equal to one,
model, similar to that described previously for a gluta- while the latter are related by the condition of “micro-
mate receptor channel iDrosophila (Chang et al., scopic reversibility,” given by Eq. (A4) in the Appendix.
1994), gave a good fit to theV data for the NMDA  Equation (A5), which refers to the case of only one per-
receptor channel. A simpler “one site, two barrier” meant ion, was used to fit the data in Fig. 2. The five
model for the channel was also tested, but, as we discussngle-channel-V curves in this figure correspond to
later, was found to be much less satisfactory. We havdive different symmetrical concentrations of Nathis
thus pursued our analysis using the slightly more combeing the only permeant ion in the solutions. The rate
plex kinetic scheme with two internal sites and threeconstants that optimized the fit to th& relations in Fig.

A “T HREE-BARRIER, ONE-ION” M ODEL FOR THE NMDA
RECEPTORCHANNEL
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Fig. 5. Single-channelV relations for C&*-Na* mixtures in the external medium. The external dancentration was 104.5nmwhile the external

Ca&" concentration ranged from 0.3 to 30umiThe solution in the pipette was the standard internal solution (solution 6 in Table 1). Results fron
different patches are pooled for 30 (8.6Mr€a* (n = 4), 10 (3.2) nm C&* (n = 3), 3 (0.83) nu C&* (n = 3), 1 (0.33) nm C&" (n = 6), 0.3
(0.11) nm C&* (n = 6), the numbers within parentheses being the estimated activities for Taese solutions were prepared by mixing solution

4 and 5 in Table 1. The continuous curves represent fits to the data with Eq. (A9), all the rate constantshavihg been fixed at the values
estimated previously, and listed in the legend of Fig. 2. The fitting rate constants fardbaded by 18, and given in the same units and order
as those in the legend of Fig. 2 are: 26.5, 0.060, 0.0076, 19.3, 0.25, 0.0025.

2 are listed in the corresponding figure legend. ThesavhereK,,, the dissociation constant of the permeant ion
values were then substituted in the equation for the curfrom the channel, an¢,,.,, the maximal conductance,
rent in mixtures of two ions, Eq. (A9), which was used to can be expressed in terms of the rate constants by the
fit the |-V data in N&-C&* mixtures (Fig. 5), and thus to following equations,

deduce the rate constants for®aln the experiments

with Na'-Ca* mixtures, N& was maintained constant, TaTd
while C&* was varied from 0.3 to 30 min the external Ky==——= 3)
solution. Thel-V data in Nd-Ca&* mixtures, together p'H+p"
with the fitting curves obtained using Eqg. (A9), are o
shown in Fig. 5, and the calculated rate constants for 2e? AN
Ca&* are given in the corresponding figure legend. GmaX:W [E— = (4)
N+ NN+ 1)
Zero-voltage Conductance and Permeability Ratio The meaning of the rate constants in the above equations

should be clear from inspection of Fig. 8eg alsathe
o ) Appendix), and the bar on top is used to denote the
When only one permeant ion is present in the two soluyg)yes of the rate constants at zero voltage. Substituting
tions at the same concentration, it can be shown, usinghe nymerical values for the rate constants given in the
Eqg. (A5), that the channel conductance in the limit Oflegends of Fig. 2, one find#,,(Na) = 14.2 mu and

zero current becomes: GradNa) = 53.9 pS. A plot of the “zero current” con-
ductance is exhibited in Fig. 3. Note that the continuous
G.=G _a ?) curve in Fig. 3 is not an independent fit of the conduc-
o=

maXa+ Ky, tance data with Eq. (2), but is just the theoretical plot of
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quality, Q-,for C&*, the permeability ratio can be writ-
ten in the form
20 -
> el P p
g _— Fea_ (P_Ca> F6) )
:g 10 //,/ Na Na o
S g :
% // whereF(¢d) is
e O s T T T T T T T 1
T2 T d e s () = 2(®1%l0) -
2 / Ca2+ activity, mM Qna(0)Qca(P)
-10 4
and (R/Pua)o: the permeability ratio near zero voltage,

is given by
Fig. 6. Dependence of reversal potential or?Cactivity. The reversal
potentials were estimated by linear intezrcpolation, using the data equiva( PCa> zNa2 GmaX(Ca) KM(Na)
lent to those shown in Fig. 5 at each“C&oncentration. They were 5 Jo~=
-8.7 mV for 0 mv C&", 5 mvior03 (0.11) m C&", -4.8 o for Prna/® zo? GmadNa) ku(Ca)
1 (0.33) mu Ca2* 0 mV for 3 (0.83) nm C&2*, 9.2 mV for 10 (3.2) mu
Ca* and 19.5 mV for 30 (8.6) m C&*. The continuous curve repre- By substituting in Eq. (8) the numerical valueskqj; and
sents the fit to the data with Eq. (12). The estimated permeability ratioG,__ .. both for N& and Cé&", one finds PcdPrnao = 18.
was 17. As we shall see later, a similar value is obtained by

fitting the reversal potential with an equation deduced

from the “constant field” theory. Using Eq. (3) and (4),
Eq. (2), using the calculated numbers #y; andG,,.x  and recalling the condition for “microscopic reversibil-
reported above. The correspondikg, and G,,, for ity” given by Eq. (A4), Eqg. (8) can also be written,
Cé&", deduced by substitution of the constants listed in

Fig. 5 in Egs. (3) and (4), aré&,,(Ca) = 76.5um and C:Ca> B 2.2 ECaFCaENa Qna0)
=

8

GradCa) = 21.2 pS. Due to obvious experimental re- { 5— —— (9)
max N 2 L v g Qea0)
strictions, one cannot measure the channel conductance ™ Zca p'NnaMnaMca a

in pure C&" solutions, and thus test the accuracy of the . )
values forK,, andG,,,, in the same way as it was done Expressing the rate constants in terms of the energy bar-

with Na*. However, as we shall see, a less direct, but1€rs, 6ee Eq(AL)), it could be shown that Egs. 6 to 9,
still valuable test for consistency can be obtained byand thus the permeability ratios, are independent of the
comparing the measured permeability ratig/P,,, de-  €Neray levels of the internal sites. This important feature
termined empirically using the constant field theory with IS Somehow hidden in the otherwise useful expression for
its theoretical expression in terms kf, andG,,,, (see  (PcdPnalo given by Eq. (8), since it may not be obvious
Eq. 8). that thg energy levels of the internal S|te_s cancel out in
As can be seen from Eq. (A9), in models for chan-t€ ratio Gpa,/Ky. Although R./Py, as given by Eq.

nels based on the Eyring:Lger theory, the permeability (6). depends on the membrane voltage, it can be shown
ratio generally depends on the voltage across the menjhat its value remains very close todfPya)o for mem-
brane. To obtain an explicit expression fQr Py, it is brane potentials within the range of those measured in

convenient to define the quantity: our experiments (-5 to 20 mV).

¢ Discussion
Qual$) :exp<zNa<v - OL)E)
I b A previous study of the NMDA receptor channel in cul-
+?Naexp< — 2z (o +B) E) tured CA1 hippocampal neurons reported measurements

HNa of the single-channel conductance using s well as

fNa ¢ measurements of bi-ionic potentials in the presence of
+= eXP<ZNa(B +V)§> (®5) Cs', DMA* (dimethyl-ammonium) and G4 (Zarei &
H'Na Dani, 1994). From the behavior of the conductance-

concentration curve, and from the constancy of the bi-
¢ is the voltage in units oRT/F,and the meaning of the ionic potential when the ion concentrations were
rate constants), [, as well as that of the “electrical” changed by proportional amounts in the solutions, it was
distancesg, B, y, are given in the Appendix, but can also argued that the channel behaved as a one-ion pore. Mi-
be guessed from inspection of Fig. 8. Defining a similarnor deviations from the theory could be accounted for by
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postulating a small surface charge near the opening dflenten type of equation, such as Eq. (2) whi€fgand
the channel (equivalent to 0.0002 electronic charg8s/A G, have been estimated by substituting in Egs. (3) and
These experiments are clearly important, because thefd) the appropriate rate constants listed in the legend of
provide relevant information about the channel withoutFig. 2. As we shall discuss later, the features of this
using specific models and assumptions. curve argue against the presence of a large surface charg
The data in this paper extend those of previous studen both sides of the channel.
ies by describing the single-channel current in a wide
range of voltages and concentrations, and using physi- . .
ologically important ions such as Naand C&*. N@ -Cé&" INTERACTION
However, in contrast to the type of the measurements
mentioned above (bi-ionic potentials and conductarsce  Except for the absolute value of the current, the proper-
concentration at constant voltage), a quantitative analysides Of thel-V relations in N&-Ca" mixtures are quite
of the I-V relationships requires the use of a specificSimilar to those of the glutamate receptor channel of
model. The simplest kinetic scheme that gives a satisProsophila(Chang et al., 1994). Cahas an inhibitory -
factory fit to our data is a one-ion model with two sites effect on the current, even though its permeability is
and three barriers, based on the Eyririgijer theory, hlghe_r than that _of Na While incompatible with the _
and quite similar to a model used previously for studyingdass_'c cons';ant-ﬂeld theory, the_se two features are quite
a different glutamate receptor channel drosophila ~ consistent with models for “one-ion” pores based on the
(Chang et al., 1994). Although it would be unrealistic to Eyring-Lauger theory. This can be seen in Fig. 5, where
claim uniqueness with this type of model (since, for ex-the smooth curves represent a fit to the data using our
ample, models with more than three barriers would probmodel which is based on that theory. More specifically,
ably also fit the data), it seems however reasonable téhe equation used was Eg. (A9), in which all the param-
expect that some basic information about the permeatiofiters for Nawere fixed at the values deduced previously
properties may be deduced by fitting the data with thePY fitting the data in Fig. 2. As in the case of the gluta-
simplest kinetic scheme that proves to be adequate. Afate receptor channel drosophila, the shift of the
even simpler model with only one site and two barriersfeversal potential observed upon changing the external
was also tested. Although it gave similar valueskgy ~ C& concentration could be accounted for by the high
andG,.,, it predicted supralinearV curves in the re- Permeability of the channel to €aions.
gion of measurable high voltages, a feature that is not

observed in the data. A COMPARISON BETWEENP. /Py, ESTIMATED FROM THE

EYRING MODEL AND THE CONSTANT FIELD EQUATION
THE CHANNEL CONDUCTANCE IN PURE Na* SOLUTIONS
Interestingly, it was found that the classic constant-field
theory describes very well the dependence of the reversal
potential on C&" activity, despite its manifest inability to
account for thd-V relations. Moreover, the value esti-

The continuous curves in Fig. 2, drawn according to Eq
(A5), represent theoretical fits to thé/ data for the case

in which Na" was the only permeant ion present. The - ) .
, : . mated for the permeability ratio, HPy, (=17), is very
curves are fairly symmetrical at low N@oncentrations, close to that obtained using the Eyring model 18).

but show some inward rectification at higher concentra—.l_he similarity between these two values is not ciroum-
tions. As one can deduce from the fitting values of the y

rate constantssgethe legend of Fig. 2), the rectification 32%”;?'1?;; caEn b?ggf?g??hg/txi?ggvﬂng ;_(g]asz@er'
is related to the unequal depths of the two internal sites, j g £a.

In fact, denoting byK(= 1'/p) the dissociation con- mixtures (which is derived from the Eyring model), and

stant of the site close to the internal membrane interface',mposmg the condition of zero current, one finds:

and byK{(= n'/p") that of the site close to the external , ,

m_terface(f one finds 48.7 mfor K and 20.1 m for  Fca_[& NEXHCTp) — a'naXH )] (10)

KZ. On the other hand, at sufficiently low N@oncen- Pya 2d'cq

trations (and thus low occupancy, a condition in which

the current-voltage characteristics are expected to be irwhere the left-hand side is defined in Egs. (6-8). Note

dependent of the depth of the energy wells), the symmethat Eq. (10) cannot be solved explicitly fdr or V,

try of thel-V curves is consistent with the fact that peaksmainly because of the complex voltage-dependence of

of the two lateral energy barriers have almost equaP./Py, Moreover, even if B/Py, could be considered

height. In factp' = p", as one can see in the legend of almost constant in the range of measured potentials, (as

Fig. 2. is the case in our experiments: -5 to 20 mV), Eq. (10)
Figure 3 shows that the saturation of the “conduc-would still be a cubic equation in exp(2), and thus it

tance-activity” curve is well described by a Michaelis- would be impractical to solve it fod. However, using
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the Nernst-Planck equation, and extending the ‘“con-ionic strength in the adjacent solution will cause the sur-
stant-field” theory to mono-divalent mixtures, it can eas- face potential to diverge to highly negative values, while
ily be shown éeeAppendix) that the counterpart to Eq. the ion concentrations at the interface will remain finite
(20) is: (seee.g., McLaughlin, 1989). Thus, if a surface charge
is present at both interfaces, and if the effects of the
Pea  [a/na@XP3%,) — &'naeXH( )] o surface potential extend to the region near the mouth of
P_Na: 28" cost®/,) (11)  the channel, also the channel conductance will tend to
remain finite at low ionic strengths in the solutions.

The main difference between Egs. (11) and (10) is thAlthough it Yvas difficult_to measure the_con_ductance at
quantity cosh$/2) which appears in Eq. (11). However, V&Y low Na" concentrations, the points in Fig. 3 do not
since cosh/2) remains close to one between -5 and 205u99est this type of behavior. On the basis of these con-
mV, Egs. (10) and (11) are interchangeable in that range?ept& we have previously fqrmulated a theoretical crite-
implying that similar values for £/Py, will be obtained 0N t0 estimate an upper limit for the charge density,
from the two theories. The practical advantage of EqZmax that may be present at the membrane-solution in-
(11) is that it can be solved analytically ot thus yield- terfaces, even when conductance data at very low con-

ing an explicit expression for the reversal potential as &£€ntrations are not available (Chang et al., 1994). The
function of the permeability ratio and the ion activities. M&in results can be thus summarized: If the charge den-

The result is: sity, is given in electron charges?fand the dissociation
constantK,,, in moles/liter {1), one finds
V= 1
: 1
RIS L, J(f 3Y7, Peic)  omm 572 G (G ey - G} 13)
F 28y, 2 28\, 2 Pna@'Na

(12) whereG,,4 is the maximal conductance defined in Eq.
(4), and G, is the intersection with ordinate axi&{
Although we derived Eq. (12) independently, it was axis) of the straight-line tangent to the curve in Fig. 3,
called to our attention that it is a particular case of a moredrawn from any of its points. Although inequality (13)
general result obtained by Spangler (1972). As is showmolds true forG,,, values obtained from the tangents to
in Fig. 6, Eq. (12) gives a good fit to the data with a any point of the curve, the best estimatesdqy,, will be
permeability ratio equal to 17. This number is very closeobtained using straight-line tangents drawn from points
to that calculated by substituting in Eq. (8) the values forcorresponding to the lowest conductance experimentally
Ky and G, deduced by fitting thd-V data with our available. Applying this criterion to the data in Fig. 3,
model EeeTable 2). one finds approximatelyG;,, = 15 pS, and, using rela-
The notion that in the “constant-field” theory the tion (13)

equation for the reversal potential is more general than
the equation for the current has already been emphasizetinax < 0-00024 electron charges/A (14)
previously (e.g., Hille, 1984). However, while past dis- _ ]
cussions generally referred to mixtures of monovalentvhich is a value very close to that estimated by Zarei &
cations, here we have the example of an important sysPani (1994). Allowing for the presence of this small
tem in which similar considerations hold true also for charge density in our model, we found negligible

mixtures of monovalent and divalent cations. changes in the values of the fitting rate constants.
It is important, however, to recognize that the dis-

cussion given above is valid only if the charge is distrib-
EFFECTS OFSURFACE CHARGES uted symmetrically on both interfaces, the situation being

_ _ instead quite different if the charge is present only (or
To discuss possible effects of the surface charges on oredominantly) at one interface.

measurements, we will consider separately the cases of
symmetrical and asymmetrical surface charges. Asymmetrical Surface Charge

Symmetrical Surface Charges For simplicity (but without any loss of generality with
respect to the point that we wish to make), we shall now
As we mentioned before, the behavior of the conduc-consider a simpler “two-barrier” model with one inter-
tance in Fig. 3 suggests that it is unlikely that a largenal site, and will assume, for example, that a negative
surface charge is present on both sides of the channedurface charge exists only at the interface with the ex-
According to the Gouy-Chapman theory, if a negativeternal solution. In a “two-barrier” model, the kinetics is
charge is present at the membrane surface, decreasing tescribed by four rate constants, only three of which are
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Table 2. Parameters of the model

Kd, Kd” KM Gmax (PX/PNa)exp (PX/PNa)O(theor)
(mm) (mm) (mm) (pS)

Na* 48.7 20.1 14.2 54 1 1

Ce* 0.094 0.49 0.076 21.2 17 18

Fitting values for the “dissociation constants” of the two sitis. (= w"/p), K" (= /p"),
the overall “dissociation constant” of the chann&l,(=KyK4"/(Kq + K4"), the maximal
conductanceG,,, and the permeability ratio, (R/Py.)ex IS the value calculated by fitting
the data of Fig. 6 with Eq. (12); (2/Pya)ogneoniS the theoretical value calculated using Eg.

().

however independent due to “microscopic reversibility” G, = (F/gy) p/AY4CY4 (18)

(p' p' = p" 1"), and by two electrical distances,and

B, subject to the obvious condition that+ 3 = 1. Us-  Thus,G, decreases to zero with as the 0.75th power of
ing_ion concentrations instead of activities definikg ~ C, regardless of the value of the surface charge density.
by w'/p" (= w"/p"), and denoting the surface potential by A qualitatively similar behavior can be seen in Fig. 7,
¢ it is shown in the Appendix that, in the case of a where the same data of Fig. 3 are fitted using Eq. (15),
single type of monovalent permeant cation at the sameand assuming the presence of a negative surface charg
concentration in the two solutions, the “zero-current” density on the external interface of 0.002 electron

conductance is given by: charges/&. This value is 10 times larger than the charge
5 _ density estimated using criterion (13) for the “maximal”
(F R p"Cexp(_(bslz) symmetrical surface charge densityeé relation 14).
G, = — In the physical situation that corresponds to Fig. 7, there

[V _ would be a large negative surface potential at the exter-
eXp(ad)S/ 2)+ - expl Bd)S/Z) + nal surface, the Naconcentration at that interface would
c 'L— be much greater than in the bulk solution, agwould
— exp(“"d)s/z) +iexp{(3 — 2)4)5/2} bg 30 mu, twice as large as computed from our model
Ku Ty (15)  with no surface charges.
Thus, Fig. 7 shows that the same data that in Fig. 3

As is well known from the Gouy-Chapman theory (e.g., are well described by a model without surface charges,
seeMcLaughlin, Szabo & Eisenman, 1971), if only one can also be fitted with a model with a relatively large
monovalent electrolyte is present (e.g., NaCl), the sursurface charge at one interface (0.002 electron charges
face potential is expected to vary with the electrolyteA®). It may be worth emphasizing again that it would be

concentrationC, according to the equation; impossible to fit the data of Fig. 3or Fig. 7 with a similar
charge at both interfaces.

Although at present there is no compelling reason
for preferring a model with asymmetrical surface charges
) to the simpler one described in this paper (also because
whereA depends on the surface charge densityand i would be difficult, with that model, to fit the symmetri-
the temperatureT. If T is room temperature, i€ is  ¢g| |-v data of Fig. 2 at low N& concentration), the
expressed in moles/litem], and if the surface charge apove considerations suggest that some caution is appro
density,o, is given in electron charges?Athe numerical priate when drawing conclusions about surface charges
value ofA is from the conductances. concentration plot. In particu-
A= Q720)? 17) lar, even when it is found that the conductance tends to

- zero with the ionic strength, the presence of a surface

) . . ) charge at one of the two interfaces cannot be excluded.
With the aid of Eq. (16) and (17) it can be easily proved

that (.30’ given b.y Ea. (15.)’ decreases withas a power The cDNAs for, ande, were the gift of Professor Masayoshi Mishina,
function of C, with a positive exponent generally Sm?”er Department of Pharmacology, University of Tokyo. We thank Dr. Hi-
than one. For example, considering a symmetrical “tWo-roshi Kuromi for helping us by measuring €aconcentrations in our

barrier” channel, sothat” = W’ anda = B = ¥2,and  nominally C&*free solutions.

assuming that the permeant ion is monovalent, it can be

shown geeAppendix) that at low ion concentrations EQ. This research was supported by a grant from the Mitsubishi foundation
(15) becomes approximately: and grants-in-aid from the Ministry of Education, Science, Sports and

exp-do) = 1+ Afoc +[Alc + A ac?] V2 (16)
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wherez is the valency is the voltage across the chann@l? is the Ma &
electrical distance between the site and the peak of the barrier, and a bar +=exp {ZNa(B +v) E} (A6)
is used to denote the voltage-independent component of the rate con- a
stants. The indicesand”, when applied to the rate constants, denote p— r
outward and inward directions, respectivebe¢also Fig. &). The Ru(d) = =2 |:exp[zNa(a + )/} + =2 explzyle — B)/o}
voltage-independent factor of the rate constants (2/gn Eq. (A1), (YN Na
is related to the free energy of activation per unit malg, and to the )\_Na
temperatureT, by the equation: + = exp{zyaa + B)*/2} (A7)
a
N = (T )expClry) (A2) - o
PNa & ANa b
Sud(®) == | expizya(a +v)%/2} + = exp{zyB —v)*/2}
k, h and R being the Boltzmann, the Planck and the gas constants, Mna | a
respectively. Note that the two rates for entering the chamheindy” Aa N
are proportional to the ion activities, so that we will have: + E expzy (B +v)¥/2} (A8)
a
v o= pa, 1" = pa” (A3)  The meaning of all the rate constantsy,p. as well as that of the
electrical distancesa,B,y, should be clear from inspection of FigA8
implying that the dimensions of the two quantitipsandp”, (s *M™), If we now denote the numerator and the denominator of Eq. (A5) by
are different from those of the rate constaitsand i, (s™). Due to Nya @andDy,, respectively, the equation for the current in the presence
“microscopic reversibility,” we shall have: of solutions containing NaC&* mixtures, with C&" in the external
solution only, is given by:
ENTErIT (%) o) — -
Nna = 2 <Q a) (|e|)\"<:aP"<:a/ Heaa'ce™®
Using well known methods (e.gseeChang et al., 1994), the current- i = ca (A9)
voltage relation for the case of only one permeant ion (e.g’) Na Dpa+ <%>a"%&a
given by: Qca
o a'c, is the activity of C&* in the external solution\"cp" ca ' ca are
|l priahia 1anaEXH /) — ataexp("*/o)} (A5) rate constants for G4 while Q. and %, (where the specification,
Bl } . (), that they are voltage-dependent, has been omitted to shorten the
Ml Qe 6) * BvaRe(6) + 8ia Sl )] equation) are similar to the quantities in Eqa6 and @A8), provided
, . . . that the subscript Na is replaced by Ca, and fgis replaced by
where ay,and ay, are the activities of internal and external Nae Equation (A9) was used to fit the data in ion mixtures.

spectively. g| is the absolute value of the electron charge,, Aa,

andp"y, are the voltage-independent factors of rate constants definecberivation of Equatior(ll) and (12) from the
in Fig. 8A, and the three functions of the voltag@y.($). Pna(d) and Goldman-Hodgkin-Katz Equation for the Current
Sua(®), in the denominator, are:

The G-H-K equation for the flux of an ion with valenayis:

_ Ma { ¢} aexpzo) - a"
A(d) = expzyay — )/} + = expi —zula + B) 5 -
Qna(d) = explzy(y = )*/5} . Pl e+ B)3 J=zPb— ozb) — 1 (A10)
A B
15
<1|[‘210-
5 00
3 7] Na| O
T}
g internal a external
& 0< O |Na
internal Ny external Ca|O
O |Ca
-10

Electrical Distance

Fig. 8. Diagram of the three-barrier modeR)(a three-barrier, two-site model. The heights of the barriers and the depths of the sites (both for Na
solid line and for C&", dotted line) were estimated from the fitting values of the rate constants, using Eq. (A2). The free energies in the ordin
are in units of RT T = 300° K) (B) states of occupancy of the channel in the presence of two permeant ions.
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where ¢ is the membrane potential normalized in unitsRf/F.In a C(0)
mixture of N& and C&*, the membrane current per unit area will be: Rﬁa:K_M explad/2) (A15)
I = F(Ja*23c0) (A11) _

C(d)
Substitution ofJ,, and J., with their expressions given by equation Sﬁa:K_M? exp—Bd/2)
(A10) yields an explicit equation for the current per unit area. Equation H
(11) of the text can be easily arrived at by imposing the condition of o _
zero current, approximating the concentrations of internal calcium withKy being defined ag."/p", or (due to microscopic reversibility)’/
zero C'c, = 0), and taking note of the fact that [exd(P— 1] (which p". Equation (15) of the text can now be obtained by substituting Eqs.
appears in the denominator &f,) is equal to [expd) — 1] [exp(d) + (A12) and (A13) in Egs. (A14) and (A15), dividing by the total mem-
1]. Finally, Eqg. (12) is obtained by recognizing that Eq. (11) is a brane potentialy; (which is related to the normalized potentidk;, by
quadratic equation in exp, and solving it with the usual elementary VT = RTd4/F), and finally taking the limit forVy — 0.
methods. To obtain Eqg. (18), one must only note that at IGAEq. (16) is

approximated bye¢s= A/C, that the only surviving term in the de-

Derivation of Equation(15), the Channel nominator of Eq. (15) at lowC is the second, and that, because of

i i ibilityp” "/’ = p'.
“Zero-Current Conductance,” for a Membrane MICTOSCOPIC TEVErsibillyp™ ik = p
Bearing a Negative Surface Charge Density on the
Interface with the External Solution Note Added in Proof

For simplicity we shall now consider a “one-site, two-barrier” model

for a channel, assuming: (i) that a negative surface charge density if1 & recent and very interesting study of the same channel
present only on the external interface, (ii) that the solutions are symexpressed ih(enopusmcytes, Premkumar and Auerbach
metrical and (jii) that they contain only one monovalent electrolyte, the(]_gge) found single-channel conductances (86 pS) in the
cation in the electrolyte being the sole permeant species through thﬁresence of 100 mn Na' on both sides that are much

channel. Conditions (ii) and (iii) were satisfied in the experimental | . . . .
conditions corresponding to Figs. 1 and 2. Since a negative surfacglgher than those reported in this paper (50 pS with 153.8

o+ . .
potential will be present at the interface with the external solutior ( mm Na ) While the dlscrepancy may be partIy due to
d), the cation concentrations at the two interfaceg0) andC(d),  the fact the authors used external EGTA to buffef'Ca

will be their titration curves indicate that the conductance re-
mains high even for G4 concentrations equal to 5 x
C(0) = CandC(d) = Cexp(bg) (Al2) 1077 or 10°® m, values that are similar to those present in

where C is the concentration of the electrolyte (and thus also of theOur experiments with nomma”y pure Na(abOUt 0.55

i
permeant cation) in the bulk solutions, ahg, is the surface potential, MM ca”, F'QS_- 1,2 and 3). Thus, the full reason for the
normalized in units oRT/F. The normalized potential difference be- discrepancy is not well understood, although it seems

tween the two bulk solutions (inside-outside) will be: appropriate to emphasize that the conductance values
found in our study are in agreement with several ones
br =& +ds (AL3) reported previously in the literature on the same channels

where the first term on the right hand sidg, is the transmembrane under S'm'lar conditions in the absence of external"Ca
potential difference between the two membrane-solution interfaces(55.5 pS in cultured mouse neurons, Ascher & Nowak,
One can now follow a procedure completely analogous to that used td 988; 65.6 pS, in cultured rat neurons, Jahr & Stevens,
derive equation (A5), recalling however that in a “two-barrier” model 1993; 70 pS inXenopusoocytes, Ruppersberg et al.,

there are only four rate constants;u',p",.", related by microscopic 1994).

Moreover, although Premkumar and Auerbach

reversibility,p'’ = p" ", and only two electrical distances,8, with
the obvious condition that + 3 = 1. The equation for the current is
B a (1996) do not show a curve for the conductance as a

found to be: - 4+ L . .
function of N& concentration in symmetrical solutions,

o' lel[CO)expd/2) - C(d)exp-d/2)] they report a value foK,, (same as ouK,) which is nine

i= it Rint S (Al4)  times higher than ours (129nminstead of 14.7 m), and
ten times higher than that found by Zarei and Dani

where (1994) for NH," (12 nm). Since the authors of the last

quoted study used EGTA and EDTA in the external so-
lutions, it is not clear whether the use of the divalent
chelator is the sole cause for these discrepancies.

Qta= eXH-a/2) + 2 exp(Ba2)
-



