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ABSTRAcT A taste cell mucosal surface is regarded as a planar region containing
bound anionic sites and openings to ionic channels. It is assumed that the bulk
aqueous properties of the exterior phase are not continuous with the surface but
terminate at a plane near the surface. The region between the (Stern) plane and the
membrane is regarded as having a lower dielectric constant than bulk water. This
fact admits the possibility of ion pair formation between fixed sites and mobile cations.
Mobile ion pairs entering the region may also bind to a fixed anionic site. Thus, it is
assumed that mobile cations and ion pairs are potential determining species at the
surface. Binding cations neutralizes surface charges, whereas binding mobile ion pairs
does not. This competition accounts for the observed anion effect on stimulation of
taste receptors by sodium salts. The potential profile is constructed by superimposing
the phase boundary potentials with an ionic diffusion potential across the membrane.
The model accounts for the anion effect on receptor potential, pH effects, the re-
versal of polarity when cells are treated with FeC13, and the so-called "water re-
ponse," depolarization of the taste cell upon dilution of the stimulant solution below
a critical lower limit. The proposed model does not require both bound cationic and
anionic receptors, and further suggests that limited access to a Stern-like region con-
tinuous with membrane channels may generally serve to control transport of ions.

INTRODUCTION

Current thinking on the mechanism by which taste receptor cells are stimulated by
salts originated with a study by Beidler (2) in 1954. He observed that the integrated
neural response in the chorda tympani of the rat could be related to the concentration
of salt flowing onto the tongue by a simple adsorption isotherm. He proposed that
salts could adsorb to the membranes of taste receptor cells and that the response of the
cell is proportional to the amount adsorbed. In order to account for the fact that not
all salts are equally potent taste stimuli he elaborated a theory in which the receptor
cell is supposed to be stimulated by the cation and inhibited by the anion (2-5). Thus,
different sodium salts would not be equally stimulatory because of their differing in-
hibitory anions. Since changes in intracellular potentials elicited by salts were shown
to be linearly related to changes in frequency of discharge of the chorda tympani, inte-
grated activity of the nerve gives an indirect measure of receptor potentials (31).
Kamo et al. (15, 16) have recently demonstrated that the zeta potentials near the sur-

face of phospholipid vary with the salt in the media in a manner paralleling the varia-
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tion in receptor potentials of taste receptor cells in the same media. Like taste receptor
cell potentials, the zeta potentials of phospholipids are reversed by application of
FeC13. Furthermore, instead of simple salts depolarizing from negative potentials
toward zero, cells or phospholipids treated with FeCI3 are depolarized by simple salts
from positive potentials toward zero.
The theory that taste receptor cells have sites through which cations can excite and

anions can inhibit has difficulty in accounting for some of these observations. A phos-
pholipid film is essentially a sheet of negative charge. It should, therefore, attract
cations and repel anions. That is, the anion concentration in the immediate vicinity
of the lipid should be considerably reduced relative to that in the bulk solution. This
makes the anion unattractive as a candidate for interaction with the membrane. Treat-
ing the phospholipid with FeCl3 should convert it into a sheet of positive charge. De-
polarization by simple salts could then involve only anions, the cation of the salt being
excluded by electrostatic repulsion. We present here an alternative hypothesis. It is
proposed that the interaction of simple salts with the cells involves an initial change
in the surface potential caused by the binding of ions of charge opposite to that of the
membrane sheet. In the immediate region of the membrane, neutral ion pairs compete
with ions for binding sites on the membrane. As will be discussed below, this model
not only obviates the difficulty of trying to bring an inhibitory ion into contact with a
region from which it is electrostatically excluded, it is also able to quantitatively ac-
count for the receptor potentials, the effects of FeCl3 and ofpH on salt taste responses,
and the increased hyperpolarization with increased salt concentration (water response)
which often accompany the receptor potentials. It is also in accord with the evidence
against the existence of specialized receptor molecules for the recognition of salts by
taste receptor cells.

THE MODEL

In constructing a model of salt taste reception, we recognize that the local ionic en-
vironment in the vicinity of the cell surface differs markedly from the bulk phases in
contact with it. There are two important reasons for this. First, the presence of fixed
charge mainly in the form of carboxyl and phosphate moieties; and second, the re-
stricted orientational mobility of water which, along with the non-polar membrane
lipid, results in a lower dielectric constant near the surface (24, 28). The role of surface
charge and the double layer of mobile ions has long been recognized as a major factor
in colloid stability (24,28). More recently the role of surface charge has been con-
sidered in treatments of ion permeability changes in nerve conduction (6, 12,21), the
kinetics of surface enzymic reactions (8, 9, 13) and cell adhesion (22). Fig. 1 represents
a taste cell outer surface showing fixed negative charge sites located within a region of
low dielectric constant of thickness B. The region beyond 6 extending to infinity is
assumed to be aqueous. We note the analogy with the so-called compact (Stern) and
diffuse (Gouy) regions often considered in electrochemistry and colloid science (24, 28).

It is well known that a variety of interactions between ionic species and surfaces can
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FIGURE 1 A schematic representation of a taste cell membrane. It is assumed that the outer
surface contains fixed anion sites. A compact region of thickness a is characterized by low di-
electric content. The diffuse region is aqueous.

occur. The most important is, of course, electrostatic. However, the quasi-nonaqueous
nature of the surface region opens the possibility to further interactions. These in-
clude covalent attachment to the surface, specific adsorption due to London-van der
Waals attraction and ion pair formation between mobile and fixed charges in the local
region of low dielectric constant. Ion pair formation between simple salts is well in-
vestigated in media of low dielectric constant, generally by potentiometric or conduc-
tance techniques (I 1, 25). The ion pair equilibria

Na+ + X I Na+X-,

where X- is chloride, formate, acetate, or propionate, have been studied and the re-
ported association constants in a medium of dielectric constant 19 are 187, 236, 297,
and 248, respectively (25). Triple ion associations of the form Y-M + X- are evi-
dently also possible and are consistent with the conductance data (27). It is clear that
while co-ions are nearly electrostatically excluded from the surface region, neutral ion
pairs (dipolar species) can readily approach the surface and perhaps further interact
with it by forming a triple-ion complex with surface fixed charges. The chances of this
occurring are improved if specific adsorption between similar hydrophobic moieties
of the mobile ion pair and the surface can occur. Rice and Nagasawa (26) have re-
viewed the evidence for specific interactions (site binding) between simple ions and
polyelectrolytes as opposed to nonspecific electrostatic association (volume binding).
They concluded that both types of association are possible and cite evidence for local
ion pair association. More specifically, Strauss and Ross (29,30) using both electro-

J. A. DESIMONE AND S. PRICE Modelfor Salt Stimulation of Taste Receptor Cells 871



phoretic and membrane equilibration methods provide convincing evidence for the
binding of alkali cations to synthetic polyphosphates. The law of mass action holds,
provided electrostatic weighting of the cation concentration is considered. Mikulecky
and Tobias (19), however, note the formal similarities between treatments which in-
clude ion pair association and those which include only electrostatic interaction. Our
treatment of taste cells will include the hypothesis of ion pair formation in what should
be a favorable local region near the surface. While the precise local conditions have
not been specified, the concept of ion binding is certainly consistent with current think-
ing on the nature of the taste receptor-ion interaction (2-5). There is evidence which
suggests that charged phospholipids such as phosphatidyl serine may be particularly
significant as receptor groups. The summated response in the rat to various concen-
trations of HCI and NaOH, gives as a function of pH, an apparent pK of about 1.8
suggesting a phosphate H + receptor (4). The role of charged phospholipids as media-
tors of ion permeability is well-established in the work of Mikulecky and Tobias on
Millipore phospholipid membranes (19, 32).

Designating the fixed ionic sites as R -, we have in addition to equilibrium I, cation
binding to the fixed sites,

R- +Na+ R-Na+, (Ila)
R- + H+ RH. (IIb)

Triple ion associations formed by mobile ion pairs and fixed sites are

R- + Na+X- R-Na+X-. (III)

It is important to note that processes Ila and lIb result in neutralization of surface
charge whereas process III does not. The binding of a cation can therefore lead to de-
polarization of the surface, whereas the binding of a neutral ion pair does not. The
fraction of surface bearing charge is given by

T = ([R-] + [R-Na+Xj])/([R-] + [R-Na+X-] + [R-Na+] + [RH]). (1)

From the equilibria I-III we have

k, = [Na+Xj]/9y2[Na+],[X-], (2)

k2a = [R-Na+]/[R- ][Na+]a (3)

k2b = [RH]/[R-][H+]6 (4)

k3= [R-Na+X-]/[R-][Na+X-]. (5)

Here the constants k, are in liters per mole and 'y is the mean activity coefficient of
NaX. Assuming the ions in the aqueous region to be distributed according to the
Boltzmann Law we have

[M+]a = [M+].e-"6 for cations (6 A)

[A~]a= [A-] el6 for anions (6 B)
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where X = el/kT and e is the electronic charge, t is the potential, k is Boltzmann's
constant, and T the absolute temperature. Using Eqs. 2-6, the fraction of bound
charge is

- 1 + k,k3'y2[Na] (7)
1 + k1k332[Na7 ] . + (k2a[Na+]. + k2b[H+]o)e-06

where electroneutrality in the bulk phase requires [Na+ ] . = [X ] . The electrostatic
potential in the aqueous region is governed by Poisson's equation,

d2' 2/dX2 = - 47rp/E2, (8)

where p is the mobile charge density and E2 is the dielectric constant of the aqueous
phase. The boundary conditions at infinity are

412( O) dx2] 0. (9)

The boundary conditions at x = 6 are

dip, = d2d#2] (10)
dx J E x j

t1(6) = 12(6) = ,(6), (11)

where it, refers to the potential in the compact region. We shall assume that the vol-
ume charge density in the compact region is negligible. Therefore, the potential is ob-
tained from a solution of Laplace's equation (24,28). Thus, the region is essentially
modeled as a parallel plate capacitor with charge density a and plate separation 6,

Ojx) = {(a) - (47ra/Ej)(x- 6). (12)
The surface charge density is given by

a = -e#R,, (13)

where R, is the total surface site density.
Combining Eqs. 10, 12, and 13 we can write

d4)2] 4re2f3R,
dxJ6]a E2kT (14)

The potential in the aqueous region beyond the compact zone satisfies the Poisson-
Boltzmann equation. In specifying the charge density in this region we, of course, con-
sider ions of the test salt, Na+ and X-. Dissolved carbon dioxide will also contribute
H + and HCO ions. Accordingly the volume charge density is

p = e([Na+] + [H+] - [X] - [HCOj]).
Combining this relation with the Boltzmann relations (Eq. 6) and the boundary condi-
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tions (Eq. 9), the solution to Eq. 8 is

dO2/dx = -2Ksinh(02/2), (15)

where

K2 = 87re2([Na+]0. + [Hb+ )/c2kT,

and 1/K is the Debye length. Combining Eq. 14 and 15 we write

sin I [re2 11/2
2 L2f2kT([Na+], + [H+])J

Eq. 16 enables us to determine I, as a function of the bulk solution concentrations.
Boundary conditions in the form of Eq. 16, which determine the surface potential as a
function of the concentration of the potential determining ions, have been extensively
discussed (21, 22, 28).
By numerically solving Eq. 16 for 46 in terms of the bulk salt concentration, it is

possible to correlate the depolarization of the surface with increases in salt concentra-
tion. Indeed, Kamo et al. (15. 16) find that the c-potential of liposomes made from
tongue lipid extracts changes with salt concentration similarly to the observed receptor
potentials across taste cell membranes. The D-potential is similar to our 4i. Of course
changes in the surface potential can be correlated with measured membrane potentials
only because each may depolarize with increasing salt concentration. They are, in fact,
very different quantities although recent studies have shown that ion permeability
across membranes is greatly influenced by surface phenomena (18, 33). The receptor
potential is not a direct measure of the surface potential, but the latter may contribute
to it by determining in part the inner and outer phase boundary potential drops. This
point of view is developed in the next section.

REPRESENTATION OF THE RECEPTOR POTENTIAL

We now derive an expression for the membrane potential which allows us to quantita-
tively account for several key observations concerning the nature of salt taste recep-
tion; viz., the anion effect on the response of rat taste receptors to four different Na+
salts, the pH independence between values of 3-11 (23), reversal of polarization when
the cells are treated with FeCl3 and the water response wherein a salt concentration
regime exists for which dilution produces depolarization (4).
We assume that in addition to the fixed surface sites, the membrane contains a lower

density of pores. Moreover, the observable membrane potential is taken to be a super-
position of the inner and outer surface potential drops and a transmembrane diffusion
potential. This view is, of course, analogous to that encountered with ion exchange
membranes (14). For simplicity we assume the membrane to be perfectly cation selec-
tive and that ion fluxes are due to inward Na+ and outward K+ movements. Within
the membrane the transport equations are

Ji = -Did(dci/dx) + cj(do/dx)], i = Na+,K+ (17)
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where we have ignored cross-coupling effects including those relating to osmotic water
flow. In the zero current condition, ra + = -{ +. Integration of Eq. 17 across the
membrane gives the diffusion potential (7, 14). For simplicity we shall ignore contribu-
tions from interior cations other than K+, in which case we can write.

Xi - 00 = ln [DNa+[Na+ ]O/DK+[K+]i)]. (18)

Here c/ and k0 are reduced potentials, respectively, at the inner and outer surfaces.
DNa+ and DK+ are membrane diffusion coefficients. [Na+]o is the concentration at the
outer channel entrances (identical to [Na+]a discussed previously), and [K+]i is the con-
centration at the inner channel entrances. The total membrane potential includes the
phase boundary contributions which must be added to Eq. 18. The outer compact zone
contributes

00- 06 = 47reab/1kT. (19)

This may be regarded as the potential drop across the exterior molecular capacitor.
Eq. 19 may be recast with the aid of Eqs. 10 and 15, viz.

0- 0, = (-2C2/E) Ksinh ( I OA /2). (20)

In the absence of significant triple ion complexing at the surface, the potential dif-
ference across the compact zone may tend to zero in two ways, each corresponding to
neutralization of surface charge. In the first case, increasing the salt concentration
causes 4& to asymptotically approach zero, i.e. maximum electrostatic shielding. In the
second case, decreasing the bulk salt concentration causes I5 to increase; this causes
the surface cation concentration to remain high. The high surface cation concentration
including surface H+ ion is then available to neutralize surface charge. In effect the
surface charge density can have a maximum at some critical salt concentration. At this
point the potential drop across the compact zone reaches a maximum negative value.
The effects of high surface potential on counterion concentration have been discussed
by Morawetz (20). In his analysis of the polyelectrolyte rod model of Fuoss, Katchal-
sky, and Lifson, he observes that over an eightfold dilution of polyelectrolyte, the frac-
tion of counterion found less than 15 A from the rod surface remains essentially con-
stant. The reason for this is the compensating effect of increasing surface potential in
the face of decreasing bulk counterion levels (in other words, an increasing Boltzmann
factor, e'#&, with dilution).
The last remaining contribution is the Gouy potential, i.e. the potential of the diffuse

double layer. This is

= In([Na+]X/[Na+]O). (21)

This part of the membrane potential is closely analogous to the Donnan potential dis-
cussed in the theory of ion exchange membranes (18). The two potentials arise as a re-
sult of a constraint on the mobility of a charged species. Whether the charge is dis-
tributed in a separate phase (the Donnan case) or constrained to a surface (the Gouy
case) does not affect, at least qualitatively, the distribution of mobile ions and the sign
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of the potential. A good example of this is the treatment of surface charge effects on
surfactant film pressures. Both the Donnan and Gouy approaches give essentially sim-
ilar predictions (1). Another example is the modeling of potentials across membranes
separating KCI solutions as discussed by Eriksson (10). Again both Donnan and Gouy
potentials fit the data well.
To complete the expression for total membrane potential we shall assume the same

surface considerations also apply to the interior. We therefore develop expressions
similar to Eqs. 19 and 20, viz.

0_^- ¢ = -47rea1b/1,kT, (22)

and

a- 0 = ln([K+]b/[K+]i). (23)

Here ai is the interior membrane charge density. The potential difference in Eq. 22 is
assumed across a region of thickness 5. The interior Gouy potential is given by Eq. 23,
where 0 is the reduced membrane potential, eV/kT, and Vis the measurable membrane
potential. Combining Eqs. 18, 19, 21, 22, and 23 gives

0 = - 47re23/R,5/E1kT + In [Na+] . + In(DNa+/DK+XK+[K+]h), (24)

where we have used Eq. 13 and defined XK+ by

InXK+ = 47rea5/etkT. (25)

As a result of cell homeostasis the third term on the right-hand side of Eq. 24 can be
taken as constant. The term, ln[Na+] ., increases monotonically with external Na+
ion concentration. The first term can become more positive by any process which
causes, to decrease. This can occur upon increasing the bulk salt concentration, for
this increases the likelihood of ion pair charge neutralization. On the other hand f8
may also decrease upon dilution at low salt concentration. As already mentioned the
reason for this is that the nearly unscreened surface potential, 4,, can increase the local
Na+ concentration by the Boltzmann factor even as the bulk salt concentration de-
creases. The tendency toward ion pairing increases and , falls. This last effect, de-
polarization upon dilution, accounts for the "water response" (4) and will be described
more fully below. One further effect is in evidence if competitive triple-ion formation
occurs. In this case the first term may become more negative as the salt concentration
increases. This is due to an increase in , because charged triple ion complexes prevent
sodium ions from forming depolarizing ion pairs. Thus, it is conceivable that a taste
cell may produce its maximum salt response at some intermediate salt concentration
and thereafter decrease as the salt load increases. In any case the observed effect will
depend on the chosen values of k,, R, 5, e, , and E2 and the resulting sum of the first
two terms. Clearly a decreasing first term may be modified by an increasing second
term leading, for example, to an apparent saturation effect.
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FIGURE 2 Eq. 24 has been fit to the data of Beidler (5) for the observed response of rat taste
cells to sodium chloride (a), sodium formate (b), sodium acetate (c) and sodium propionate (d).
The equation and the data were normalized to a 100% response for 1 M NaCi. The constant term
in Eq. 24 expressed in millivolts is 141 mV, and 100% response is 71.8 mV. The values for the
parameters are as follows: R, = 3.3 x sites Ej = 20, E2 = 80, 6 = 3.8 A,k.2. = 3.45
M-',k2b= 103M-,pH = 6.5. The values forkIk3are (a)20M -2, (b) 40 M -2, (c) 70 M-2,
(d)9goM-2.

CORRESPONDENCE BETWEEN THEORY AND DATA

In Fig. 2 we give the membrane potential V as a function of the bulk salt concentration
for four sodium salts in contact with rat taste cells showing the "anion effect" dis-
covered by Beidler (2-5). A value of 3.45 was assumed for k2a which is consistent with
typical binding constants obtained by Strauss and Ross (29) forNas binding to syn-
thetic polyelectrolytes; k2b was taken as 103 , a value which sensibly fits the fact of
pH independence of salt taste reception between values of 3 and 11(2-5, 23). We need
not specify separately the constants k1 and k3 because only their product appears in
Eq. 7. The value ofk1 is of course strongly dependent on the local dielectric constant.
Kay (17) reports a value of 0.2 for NaCl in water, however at a dielectric constant of 19,
an ion pair association constant of 187 can be calculated for NaCl (25). It is unlikely
that sodium formate, acetate, or propionate show appreciable ion pairing in water. In
media of lower dielectric constant ion pair equilibria involving these salts do occur

(25). The constant k3measures the strength of association of the mobile ion pairs with
the fixed anionic sites. It is well known in the case of ion exchangers that the mem-

brane prefers the counterion with the nonionic moiety most like the nonionic parts of
the matrix (14). If taste cells behave analogously, it is reasonable to assume that k3
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should increase regularly in the series chloride, formate, acetate, and propionate, be-
cause this is the order of increasing lipophilic character. The products k, k3 were
chosen to produce the best fit of Beidler's data for rat taste cells. These are 20, 40, 70,
and 90 M-2. If the appropriate k, value for NaCl is about 200, k3 is on the order of 0.1.
In constructing the curves of Fig. 2, we have arbitrarily assigned a value of 100%
response to 1 M NaCl. Under these conditions zero response corresponds to a small
non-zero threshold concentration of salt. It is worth noting that plots of [Na+ ] . / V
vs. [Na+] .result in good linear fits for the concentration range used (as shown by
Beidler [5]), even though the membrane potential is not described by an adsorption
equation of the Langmuir type.

Fig. 3 shows the predicted pH dependence of the response at several NaCl concen-
trations. The pH effect is more pronounced on dilute salt solutions because H+ ions
may more favorably compete with receptor sites under these circumstances. It is clear
that the same basic phenomena occur if the membrane surface is rendered positive by
specific Fe3+ adsorption (5, 16). In this case the surface potentials reverse sign. The
effect is well known and it has been observed, for example, that treating negatively
charged glass beads with aluminum nitrate causes the c-potential to become positive
(24).

Beidler (4) has shown that the salt taste receptors of certain species may sometimes
decrease in spontaneous activity as the concentration of certain salts in contact with
the cells increases. He interprets this effect as the superposition of inhibitory anion
and excitatory cation binding to separate receptor sites. Potassium benzoate on rabbit
taste receptors causes an initial hyperpolarization with increasing salt at low concentra-
tion (between 0 and about 10 mM) followed by depolarization at higher concentra-
tions. An alternative interpretation in terms of the present model arises from the fact
that H+ and Na+ determine the surface charge density by specific association in addi-
tion to the electrostatic screening effect of the double layer. As already described, in
the absence of significant triple-ion competition, high salt screens the surface and
thereby lowers the surface potential, but the higher density of cations still results in
significant surface cation concentrations. Therefore IS, the fraction of surface charge, is
lowered by cation binding with depolarization resulting. We have also seen that low
salt concentration leaves the surface unscreened, resulting in higher surface poten-
tials . The surface cation concentration is always higher than the bulk by the
Boltzmann factor, so in the manner previously described dilution of the bulk results in
increased surface cation concentrations. The increased surface cation concentration
again results in a lower density of fixed sites, , decreases, and depolarization again re-
sults, this time with dilution. Fig. 4 shows the effect for two cases involving only H+
and Na+ competition (no triple-ion competition). Curve 1 has 6 = 2.2 A and curve 2,
6 = 22 A; in each casee = 2, and k2 = 0.1.
The work of Kamo et al. (16) on Millipore filters containing bovine tongue lipids

and liposomes prepared from bovine tongue lipids suggests an important role for phase
boundary potentials in the measured receptor potential of taste cells stimulated by
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FIGURE 3 Response as a function ofpH for NaCI for each of the concentrations shown. Param-
eters are the same as given in Fig. 2.
FIGURE 4 (a) Right-hand ordinate: Membrane potential as a function of salt concentration
showing depolarization above and below 50 mM salt. Parameters are Rt = 6.6 x IO" sites/cm2,
e i = 2, E2 = 80, a = 22 A, k2a = 0.1 M-l, k2b = 103 M-, k3 = 0. (b) Left-hand ordinate: Mem-
brane potential with a minimum at about 10mM salt, 6 = 2.2 A. Potentials are normalized with
the value at I M salt.

salts. They have also modeled the reversal of sign that occurs in the potential of mem-
branes when treated with FeCl3. On the other hand, the Millipore-lipid membrane
does not show conductance changes similar to those produced by salts on taste cell
membranes. Whereas diffusion potentials may be small in the Millipore model system,
ion permeation is probably quite important in vivo. Therefore a diffusion potential
should also be included to account for the current passed across the membrane. Kamo
et al. (16) also discuss this possibility. We have focused mainly on Beidler's classic data
which was obtained from a series of sodium salts. Since taste cells respond to other
cations it is possible that these too are permeable and if present contribute to the diffu-
sion potential. The present analysis can easily be generalized to include several cations
(e.g. see ref. 7 or 14) and does not assume the existence of exclusive sodium or potas-
sium channels.
The model presented in this paper supposes that ions may bind to fixed sites present

on the membrane. In this respect there are similarities to Beidler's taste equation based
on the binding of cations as in Langmuir adsorption (1-4). If the receptor sites are
negatively charged, the surface concentrations of both Na+ and H+ ions are higher
than in the bulk phase. If the bulk salt concentration is lowered at constant pH, the H+
ion concentration near the surface increases. This results in neutralization of surface
charge. At higher salt concentrations Na+ binding likely predominates. A plot of
surface charge density vs. NaCl concentration should show a maximum negative value
at an intermediate salt concentration. Such a plot is presented by Kamo et al. (16) con-
structed from c-potential measurements on liposomes. Thus in considering salt bind-
ing to taste cell membranes, the local salt concentration is the important quantity and
local pH effects may be critical particularly at low salt concentrations.
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SUMMARY

The effects of differing anions, pH, charge reversal, and the water response in salt taste
reception can all be interpreted in terms of a simple physicochemical model. The essen-
tial features are: (a) the region near the cell outer surface allows neutral ion pairs to
compete with cations for a single anionic receptor; (b) the receptor-ion and receptor-
ion pair complexes are potential determining; (c) the receptor potential is a super-
position of phase boundary and diffusion potentials; (d) nonpolar adsorption can ac-
count for increased triple ion binding constants in order to explain anion effects; (e)
pH and charge reversal effects are readily understood; and (f) the water response can
be interpreted as a local effect due to the interplay of electrostatic screening and specific
binding of cations.
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