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Summary. The neutral noncyclic, lithium-selective ionophore 
ETH 1644, which is structurally different from previously avail- 
able ionophores of this type, is a selective carrier of Li- in lipid 
bilayer membranes of various lipid composition. The ionophore 
forms a 2 : 1 carrier/cation complex, and the rate-limiting step in 
the overall transport process is the diffusion of the carrier/ion 
complex across the membrane. 

The selectivity sequence for lithium vs. other ions normally 
found in biological systems is: Li + (1) > Na" (0.017) -> K § (0.017) 
> C1- (0.001), Ca 2+ and Mg 2+ are impermeant. At neutral pH 
protons do not interfere with the LJ+-carrying ability of this 
ionophore. On the basis of structural differences and supported 
by conductance data, it is argued that the improved selectivity of 
Li + over the other alkali cations is due more to a decrease in the 
affinities of the ionophore for the latter cations that to an increase 
of its affinity to Li% This ionophore can also act as a carrier of 
biogenic amines (catecholes, indoles and derivatives), with the 
structure of the permeant species and mechanism of permeation 
similar to that observed with the alkali cations. The selectivity 
sequence is: tryptamine (18.1) > phenylethylamine (11.6) > 
tyramine (2.4) > Li+(l) > serotonin (0.34) > epinephrine (0.09) 
> dopamine (0.05) > norepinephrine (0.02), showing the 
ionophore to be more selective to Li + than to any of the neuro- 
transmitters studied. 
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Introduction 

Synthetic noncyclic ionophores for Li + have been 
available for the last decade. Until recently all mol- 
ecules [6, 16, 24] had a diether diimide backbone, 
differing among them only in the residues located at 
one of the N-imide positions (Fig. 1). These mole- 
cules act as Li+-selective carriers in lipid bilayer 
membranes, and (all) have a lyotropic selectivity 
sequence, but with differences in the magnitudes of 
selectivity [14-16]. The best of them, AS701, favors 
Li + over Na + by a factor of 13. 

Since the lithium ion has poor permeability 
through biological membranes, a selective Li + car- 
rier could, conceivably, be of use in any such sys- 
tem where an improved permeability of this ion is 

desired. In the short run, this would make the 
ionophore a useful research tool. In the long run, 
there are potential therapeutic applications, for ex- 
ample in the treatment of manic-depressive illness 
[8, 20, 21, 23] and in certain hematological disorders 
[5, 11, 22, 25]. To perform as such, an ionophore 
would have to select Li + over other physiological 
ions by a margin better than has been achieved so 
far. This rationale, and the availability of a new 
ionophore, ETH1644 [26], have lead us to study it 
as a potential carrier of lithium in a system modeling 
biological membranes: planar lipid bilayers. 

Our strategy was the following: first, test 
whether this ionophore can transport Li + (at all) 
across the bilayer and, if affirmative, to assess the 
type of mechanism. Next, provided the first step is 
satisfactory, determine the selectivity between lith- 
ium and sodium, which is the most-likely inorganic 
ion competitor in biological systems. Proceeding 
beyond this point would depend on whether this 
ionophore should prove to be as good as, or better 
than, the best of the former series. The third stage 
would include determination of the selectivity of 
lithium v s .  various ions which are normally present 
in a biological system, some of which we found to 
be carried by ionophores of the former design [12, 
17]. These ions fall, roughly, into three groups: mo- 
noatomic cations and anions--Na +, K +, Ca 2+, 
Mg 2+, CI-; protons; polyatomic quaternary 
amines--NH~- and biogenic monoamines (cate- 
choles and indoles). We have also added Rb § and 
Cs + to the list of ions studied. 

Materials and Methods 

The ionophore used in this study (ETH1644) was a kind gift from 
W. Simon�9 Glyceril monooleate (GMO) ~ and soybean phosphati- 

1Abbreviat ions used: DA--dopamine. EP--epinephrine. 
GMO--glyceril monooleate. NE--norepinephrine. PE--phos- 
phatidylethanolamine. PEA--phenylethylamine. Ser--sero- 
tonin. Trp--tryptamine. Tyr--tyramine 
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channel formed from two molecules would be too 
small to span the lipid bilayer [14]. 

To determine the stoichiometry of the charged 
species, we have followed the increase in mem- 
brane zero-current conductance with the increase in 
LiC1 concentration, at a constant ionophore con- 
centration. Typical results illustrated in Fig. 2b 
clearly show a first power dependence, giving an 
ion stoichiometry of I. 

In order to identify the ion carried (i.e., Li + or 
CI-) we have measured the increase in zero-current 
potential of GMO membranes, in the presence of a 
constant ionophore concentration, under a LiCI 
gradient. If only one type of ion/ionophore per- 
meant complex is present in the system, the data 
should conform to the following equation: 

Fig. 1, Structure formulas of Li+-selective ionophores 

dyl choline type IV-S (asolectin) were purchased from Sigma 
Chemical Co. 

Membranes were formed on the aperture (usually 1 mm 
diameter) of a Teflon cell from lipid/decane solutions (25 mg/ml 
for GMO, 50 mg/ml for asolectin). Steady-state electrical proper- 
ties of the membrane were measured using previously-described 
methods [4, 14, 16, 17]. To avoid contamination of the aqueous 
phases, their pH was measured in aliquots of 250/xl, taken out at 
desired intervals (symmetrically, from each aqueous phase) in 
the course of an experiment. 

Results and Discussion 

IONOPHORE-MEDIATED TRANSPORT OF L i  ~ 

In the presence of 1 ~ LiCI, we have found this 
ionophore to induce considerable increase in the 
zero-current conductance of lipid bilayer mem- 
branes, independant of the lipid composition of the 
membrane. Typical examples are illustrated in Fig. 
2a. Furthermore, for all lipid compositions tested, 
the increase of conductance with the increase in 
ionophore concentration is regular and second or- 
der, indicating an ionophore stoichiometry of 2. The 
observation that the membrane conductance, for 
any given ionophore concentration within the re- 
gion studied, decreases from GMO to asolectin to 
PE, which is the direction of increase in membrane 
surface dipole potential as well as the magnitudes of 
the decrease, indicate that the permeant species is a 
carrier of a postively-charged ion [1, 7, 14]. Addi- 
tional support for a carrier rather than a channel 
mechanism, comes from the combination of the 
small size of the ionophore (recall Fig. 1) and a 
stoichiometry of no more than two (Fig. 2a): A 

R T n In a[ 
Vo = ~ z a-'] (1) 

where ' and" indicate parameters, in general, in the 
aqueous phases on both sides of the membrane, ai is 
the activity of an ion in an aqueous phase, n in the 
ion stoichiometry (1 in this case), and z is the net- 
charge of the permeant species. We have plotted in 
Fig. 2d the theoretical expectations, according to 
Eq. (1), for both ions in the system, CI- and Li +, 
and compared them to the experimental data, which 
fit unambiguously with the expectation for Li +. 
Thus, the overall stoichiometry and composition of 
the permeant complex ETH1644 forms, in the pres- 
ence of LiC1, is a 2:1 ionophore/Li + complex. In 
this respect, the present system is similar to all the 
ionophores of the former design [14-16]. Another 
similarity is in the type of mechanism. For the other 
Li+-carriers we have found the rate-limiting step in 
the overall transport process to be the diffusion of 
the carrier/ion complex across the membrane [14- 
16]. For this type of mechanism the increase of 
membrane conductance with the increase of the po- 
tential drop applied adross the membrane should be 
hyperbolic [10], as indeed found there [14-16] and 
in the present case, as exemplified by the data illus- 
trated in Fig. 2c. 

SELECTIVITY OF Li + vs. Na + 

The first indication of a considerable Li'- over Na + 
selectivity can be observed from the difference in 
the membrane zero-current conductances, in the 
presence of LiC1 or NaC1, as illustrated in Fig. 3 
(left-hand side) and from the conductance ratio of 
these ions listed in Table 1. To determine the ratio 
of the permeabilities of these two ions (PNa/PLi), we 
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Fig. 2. (a) Dependence  of zero-current  conduc tances  of  GMO, asolectin and PE membranes  on ionophore concentra t ions ,  in the 
presence of  I N LiCI. Ordinate:  Logari thm of  membrane  conductance .  A b s c i s s a :  Logari thm of  ionophore concentrat ion in the aqueous  
phases .  Points are experimental ,  lines drawn to a slope of  2. (b) Dependence  of  zero-current  conductance  of  GMO membranes  on LiCI 
concentrat ion in the presence of  I x 10 6 M ETH [644. Ordinate:  Logari thm of  membrane  conductance .  A b s c i s s a :  Logari thm of  salt 
concentrat ion in the aqueous  phases .  Points are experimental ,  line drawn to a slope of  1. (c) Conductance-vol tage  relationship of  GMO 
membranes ,  in the presence of  I N LiCI and I • 10 6 M ETH 1644. Ordinate:  The membrane  conductance  G, normalized to G " - - t h e  
membrane  conductance  at the limit of  zero-current .  A b s c i s s a :  The potential drop applied across  the membrane .  Points are exper imen-  
tal. The solid curve  is the theoretical expectat ion for the type of  mechan i sm discussed in the text, using a value of  P,. - 0.32 for the 
" 'barr ier-shape" parameter  (see reference 14 for details and for the quanti tat ive expression).  (d) Dependence of  the zero-current  
potential drop across  GMO membranes  on the gradient of  LiCI ("dilut ion potentials") .  Ordinate:  Membrane  potentials.  A b s c i s s a :  

Logari thm of  the ratio of  the activities of  lithium in the aqueous  phases  bathing the membrane .  Points are experimental .  The solid lines 
are the theoretical expectat ions  according to Eq. (I), for Li + (positive slope) or for CI (negative slope) being the t ransported ion 

have measured the zero-current potentials of GMO 
membranes in the presence of a constant ionophore 
concentration and LiC1/NaC1 gradients (see refer- 
ences 10 and 14 for additional details of the experi- 
mental design and the data processing). Typical 
results are illustrated in Fig. 4. The points are the 
experimental data (each an average of 2-4 measure- 
ments) giving a ratio of 1.68 x 10-2; the curve is the 
theoretical expectation, drawn according to the fol- 

lowing equation for the magnitude of the ratio listed 
above: 

Vo = @~-In a'r%(PNJPLi) + a'Li 
a,~a(pNjPLi) (2) 

As can be seen in Fig. 4, there is good agreement 
between the experimental data and the theoretical 
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Table 1. Permeability and conductance  ratios of  the 2 : I carrier/ 
ion complexes  of ETH 1644 determined in GMO membranes  

Ion Pi/Pl., G','/G]'i 

Li + 1.00 1.00 
N a -  1.68 x 10 2 2.04 x 10 -2 
K + 1.68 • 10 -2 1.12 • 10 2 
Rb + 8.09 x 10-3 1.05 x 10 -.2 
Cs + 8.55 x 10 -3 7.94 x 10 -3 
NH~ 2.01 x 10 -2 1.58 • 10 -2 
CI 9.94 • 10 -4 2.24 x 10 -4 

expectation over the entire range of potentials 
measured and salt concentrations employed. This 
agreement indicates not only low experimental scat- 
ter but also that the permeabilities determined are 
true parameters, independent of membrane poten- 
tial and of salt concentration, as expected for the 
mechanism deduced from the data of the conduc- 
tance-voltage relationship (recall the previous sec- 
tion and Fig. 2c). The permeability ratio obtained is 
also in good agreement with the ratio of conduc- 
tance for these two ions, listed in Table 1. The fac- 
tor by which lithium is favored over sodium in this 
ionophore system, a fivefold increase from the best 
ionophore of the former lot, is encouraging in two 
respects: it justifies proceeding to the third step of 
this study (outlined in the strategy presented in the 
introduction); moreover, this ratio is of a magnitude 
realistic to consider studies in biological systems. 

S E L E C T I V I T Y  OF Li + v s .  M O N O A T O M I C  C A T I O N S  

AND A N I O N S  

Two independent types of data clearly show the 
high selectivity of Li + over K +, Rb +, Cs + and C1- 

(in addition to the already-discussed case of Na'): 
The increase of membrane zero-current conduc- 
tance with the increase in ionophore concentration 
in the presence of any of these ions, for which typi- 
cal data are illustrated in Fig. 3. The zero-current 
membrane potentials measured in a salt mixture of 
LiCI and a chloride salt of and any of these ions, for 
which typical data are illustrated in Fig. 4 (see also 
Table 1). It should be noted that, even though C1 
has poor permeability in this ionophore system, 
where relevant its contribution to the measured po- 
tential was taken into account. The theoretical ex- 
pectation for such systems can be expressed in the 
following form: 

t t t  ! 

RT ai(Pi/Pu) + acffPcl/Pt~i) + al.i 
V,, = F -  In a[(Pi/PLi) + a'cl(PcJPt.i) (3) 

where ai and acl are the activities of the ith ion and 
CI-, and Pi/PLi and PcI/PLi a r e  the corresponding 
permeability ratios. 

As to Ca z*, Mg > and determination of the per- 
meability ratio of chloride to lithium, the results of 
dilution-potential experiments in the presence of 
CaC12 or MgCl2 (data not shown) clearly identify the 
chloride ion and not the divalent cation to be the ion 
transported (however poorly) in these cases. Hence 
to the limit of the sensitivity of our instrumentation, 
these ions are impermeant in the present ionophore 
system (in lipid bilayer membranes). The permeabil- 
ity of chloride to lithium could be determined from 
membrane potentials measured in LiCI/CaCI2 or 
LiC1/MgCI2 gradients. Indeed, the data shown in 
Fig. 4 have been obtained from such experiments. 
The selectivity sequence we have obtained for the 
alkali cations is a permitted sequence in the Eisen- 
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Fig. 4. Zero-current potentials of GMO membranes in the pres- 
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ity ratios listed in Table I 
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Fig, 5. The effect of pH on the zero-current conductance of 
GMO and asolectin membranes, in the presence of I N LiCI and 5 
x ]0 ~ M ETHI644. Ordinate: Logarithm of the membrane con- 
ductance at a given pH normalized to the membrane conduc- 
tance at the pH of 5.1. Abscissa: pH of the aqueous phases 
bathing the membrane. Points are experimental, solid curves are 
the theoretical expectations, drawn according to Eq. (3), for the 
permeability ratios of proton to lithium listed in the figure 

man series [31 and similar to that obtained for the 
other lithium ionophores 114-16}. 

PROTONS 

We tested whether protons could interfere with the 
performance of this ionophore as a selective carrier 
for Li + under physiological conditions. To that end 
we have measured the effect of decreasing the pH 
symmetrically on both sides of the membrane, by 
HCL additions, on the membrane conductance in 
the presence of IN LiCI and the ionophore. For 
GMO membranes the pH range was 1-5, for asolec- 
tin 3-5. Under these conditions ionophore-indepen- 
dent proton conductance in phospholipids is not 
promoted [9]. The magnitudes of membrane con- 
ductance measured at various pH levels (normal- 
ized to the conductance at pH 5.1) were compared 
to the theoretically-expected normalized conduc- 
tances for various permeability ratios of protons to 
lithium, running over the range of I-104. The ration- 
ale for choosing the upper limit of this range was the 
following: In vivo, to avoid toxicity, plasma lithium 
concentrations should not exceed l m g  [20]. This 
gives a concentration ratio of 104 for Li+/H +, for 
which a permeability of protons exceeding that of 
lithium by two orders of magnitude or more would 
indicate the possibility of proton interference. The 
theoretical expectation based on ref. [25] is: 

o Gv~ = 1 + (PH/PLi)(aH) 
(4) 

G',.'~r 1 + (PH/Pki)(an)r~t 

where G'~H is the membrane conductance at any 
o " S  given pH and G~f i that conductance at a specific 

pH, chosen here to be 5.1. 
The expected conductance ratios, for several 

proton to lithium permeability ratios, together with 
the experimental data, are plotted in Fig. 5 (in the 
logarithmic form) vs. the pH (the differences from 
one experimental point to the other are due mainly 
to membrane breakages, the trend having no theo- 
retical significance). This comparison allows us to 
conclude that in lipid bilayer membranes the PI~/PLi 
ratio induced by the investigated ionophore would 
not cause any interference with its activity in trans- 
porting Li § under physiological salt conditions. 

NH2 AND BIOGENIC AMINES 

We have added NH~, dopamine, epinephrine, nore- 
pinephrine and serotonin and several of their deriv- 
atives (under pH conditions where these amines are 
fully protonated, carrying a net charge of + 1) to the 
ions studied in the course of this investigation. 
These species are present in biological systems, and 
several of the Li+-selective ionophores we have 
previously studied carry them [12, 17]. 
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We have found this ionophore to form 2 : 1 com- 
plexes with ammonium and with the biogenic 
amines studied, similar to its complexes with alkali 
cations and similar to the complexes of the other 
lithium ionophores with biogenic amines [12, 17]. 
This is exemplified for the ionophore stoichiometry 
by the data illustrated in Fig. 3. To determine the 
ion0phore-induced selectivity of each of these 
amines relative to lithium, thus estimating their po- 
tential for interference in biological systems, zero- 
current potentials of asolectin membranes were 
measured under LiCl/Biogenic-amine salt gradi- 
ents. Typical results are illustrated in Fig. 6, where 
the points are the experimental data and the solid 
curves are the theoretical expectations according to 
Eq. (2), for the magnitudes of the permeability ra- 
tios listed in Table 2. Since the experimental condi- 
tions required maintaining a constant ionic strength 
(I N CsCl was used) where relevant the contribu- 
tions of Cs + and C1- to the observed membrane 
potential were taken into account. The data clearly 
show that this ionophore induces a considerable 
span of selectivities among the biogenic amines. 

Since the biogenic amines studied are either 
carried better than NH~ or comparable to it, it 
seems obvious that more than the favorable electro- 
static interaction of the quaternary amine head with 
the imide oxygens of the ionophore is involved 
here. We suggest hydrophobic interactions of the 
lipophylic moieties of a biogenic amine with similar- 
natured regions of the ionophore, as discussed in 
detail elsewhere [12, 171. 

As to the possible interference of these biogenic 

Table 2. Permeability and conductance ratios of the 2 : l carrier/ 
biogenic-amine complexes of ETH 1644 to the lithium complex. 
determined in asolectin membranes 

A m i n e  Pi/PLi G ; ' / ( ] I  i 

Tryptamine 18.10 25.12 
Phenylethylamine I 1.56 25.12 
Tyramine 2.39 3.98 
Serotonin 0.34 0.60 
Epinephrine 9.10 x 10 -2 5.10 x 10 2 
Dopamine 5.09 • 10 "- 8.53 x 10 
Norepinephrine 1.65 x 10 -' 8.53 x 10 : 

amines in the transport of Li" this ionophore could 
mediate in a biological system: The low permeabil- 
ity of the neurotransmitters among the biogenic 
amines studied, together with their low in vivo lev- 
els [18, 19] indicate that a serious interference is 
unlikely. Also, in this respect the present ionophore 
is better than AS701 (which is the best for lithium, 
among the former), since ETH1644 is less selective 
to biogenic amines than AS701 [17]. 

M O L E C U L A R  FACTORS INVOLVED IN THE 

IMPROVED SELECTIVITIES INDUC ED BY E T H I 6 4 4  

The data presented in this report show that 
ETHI644 is presently the best Li+-selective carrier 
among the noncyclic, neutral, synthetic ionophores 
available. It selects Li + over Na + by a factor of 60 
and has the least possibility of interference from 
other ions normally present in a biological system. 
These findings and the structural differences be- 
tween this ionophore and the others (recall Fig. 1) 
raise the following question: Can those structural 
differences account for the improvement in selec- 
tivity? 

Owing to the replacement of the ether oxygens 
by carbon units in the "backbone" of ETH1644, a 
molecule of this ionophore has only two oxygenic 
ligands, whereas the other ionophores have four or 
more per molecule. Among the alkali cations lith- 
ium can form stable complexes with a coordination 
of four [2], which can be supplied in any of the 
available ionophores (of both designs) by the four 
"backbone" imide oxygens present in a 2 : 1 carrier/ 
ion complex. In fact, analysis of thermodynamic 
data of hydration and solvation of alkali cations [ 13, 
14] has lead to the conclusion that for Li + these 
imide oxygens are the major iigands. Yet 
ionophores such as ETH149 and the AS-R series 
have additional oxygens which can accommodate 
cations larger than lithium, requiring a coordination 
of six or more. Thus, the abundance of ligands in 
these ionophores, together with their noncyclic 
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s t ruc tures  which enables  the format ion  of cavit ies  
to fit the size of any  given ion, makes  it possible  for 
these ionophores  to bind several  species of alkali 
ca t ions  with similar  affinities, at the expense  of the 
span in select ivi t ies  [14-16]. In this respect ,  
ETH 1644 is quite different.  It has no excess  of oxy-  
gen l i g a n d s - - o n l y  two per  ionophore  molecule ,  suf- 
ficient to satisfy the l iganding needs  of  Li+, but  not 
of  larger cat ions.  An exper imenta l  obse rva t ion  that 
bears  on this issue comes  from m e m b r a n e  conduc-  
tance.  If one  compares  the c o n d u c t a n c e s  observed  
in the present  case with data  of similar  type and 
exper imenta l  condi t ions  for the o ther  ionophores  
[14-16],  it can be seen that the l i thium conduc-  
tances  are of similar  level,  but those of the o ther  
alkali ca t ions  in this sys tem are much lower in the 
presen t  sys tem.  

Tak ing  the issues  d i scussed  above  into consid-  
e ra t ion ,  we p ropose  that  the improved  Li + select iv-  
ity of the p resen t  i onopbore  is not  due to an in- 
crease  in the b ind ing  of  l i th ium to the ionophore ,  
but  ra ther  to a decrease  in the b ind ing  of the o ther  
alkali ca t ions  to it. 
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