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Summary. The neutral, noncyclic Li-selective ionophore
ETH1810, which is a di-imide, differs structurally from previous
similar ionophores by removal of the intramolecular symmetry
of the N-imide substituents. Properties of this ionophore, as a
potential carrier of lithium, were probed through studies of iono-
phore-induced changes in electrical properties of lipid bilayer
membranes. ETH 810 was found capable of transporting lithium
and other monovalent cations, across lipid bilayer membranes,
forming 2:1 ionophore:ion membrane-permeating species. It
was found to be 10-fold more potent than ETH 1644, which was
the previous best ionophore of this type. The selectivity sequence
among alkali cations was found tobe: Li* (1) > Na* (0.009) > K~
(0.004) > Cs™ (0.0035). Among the physiological alkali cations, it
constitutes a 40 (vs. Na*) to 160% (vs. K*) improvement over
ETHI1644. ETH1810 was also found to be capable of acting as a
carrier of biogenic amines and related molecules, with the
following selectivity sequence: tryptamine (20) > phenylethylam-
ine (7.8) > tyramine (4.3) > serotonin (2.5) > Li* (1) > NH/
(0.013) > dopamine (0.012). It was found that protons, at physio-
logical concentrations, do not interfere with the lithium transport
mediated by ETH1810. The relationship between the improve-
ments in ionic selectivity and potency vs. the differences in struc-
tural features is discussed.
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Introduction

The lithium ion has been found to engage in numer-
ous activities in biological systems, interacting with
transport systems, with components of neurological
systems and with enzymes [2, 4, 25, 27, 28, 34].
Some of these activities have found therapeutic ap-
plications, most notable among them being the treat-
ment and control of manic-depressive illness [5, 14,
26, 31, 32]. Other therapeutic applications, still un-
der investigation, are alcoholism, neutropenia, drug
addiction, bulemia and anorexia [7, 8, 13, 29, 37].
Lithium is not a ‘‘physiological inorganic ion.”
A consequence of this situation is its poor permeabil-

ity through biological membranes, whereas the
physiological inorganic alkali cations, Na®™ and K,
permeate through selective transport systems nature
has designed for them. The poor permeability of
lithium could be one of the factors contributing to
the undesirable side effects accompanying lithium
therapy and is also an obstacle and limitation in
research into the biological activities of this ion [1,
3, 14-16, 21, 30, 31, 36, 39].

Conceivably, lithium permeation through bio-
logical membranes could be improved by the appli-
cation of lithium-selective transport systems. Such
systems could serve, in the short run, as useful re-
search tools and, in the long run, as aids in lithium-
mediated therapy.

In the course of the last 15 years, a variety of
noncyclic synthetic lithium-selective ionophores
have become available [6, 9, 11, 12, 23, 24, 33, 35,
41]. Among them, in the molecules developed by
Simon et al. [9, 23, 24, 41] and by Shanzer et al. [33],
imide oxygens, capable of acting as ligands for Li*,
arc found to be a conserved structural feature. In
contrast, both the backbone and the substituents on
the imide nitrogens have undergone considerable
structural changes throughout the years.

Currently, on a structural basis, these iono-
phores can be divided into two groups (to be denoted
groups I and II), as shown by the examples illus-
trated in Fig. 1. Besides differences in the backbone,
the major structural differences between the two
groups are most pronounced in the state of oxygens,
available for ion liganding. Members of group I have
considerably more oxygens per molecule than mem-
bers of group II. Within group I, besides offering
additional oxygens, the various N-imide substitu-
ents can produce inductive effects of the backbone
oxygens. Inductive effects of a similar type can also
be produced by the N-imide substituents in group
II. However, in the latter group these substituents
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Fig. 1. Structure formulas of lithium-selective ionophores. (A)
Molecules with a di-imide di-ether backbone. (B) Molecules with
a di-imide backbone

do not offer additional oxygens for ion liganding,
nor do they differ from one another to the extent
observed among the members of group 1.

We have previously investigated lithium-selec-
tive permeation of lipid bilayer membranes, medi-
ated by ionophores listed in group I and by ETH 1644
(of group 1II) [17-21, 40]. All molecules were found
to act as lithium carriers in these membrane systems
[18-20, 40]. The major difference among members
of group I are in the magnitudes of ionic selectivity.
While all select lithium over sodium, even the best
of them (AS701) does not show high selectivity, giv-
ing a lithium/sodium permeability ratio of 13 [19,
20].

ETH1644 (of group II) did not show any signifi-
cant improvement in potency (compared to AS701,
the best of group I) but has been found to induce
better selectivity, giving a lithium/sodium perme-
ability ratio of 60 in lipid bilayer membranes [40].
Yet, considering the levels of sodium concentration
in biological fluids [5], even this fivefold increase in

selectivity was not considered sufficient with respect
to expectations for in vivo performance. Therefore,
the search for Li *-selective ionophores which would
induce a better (relative to the available ionophores)
lithium selectivity in biological membranes is still
on. It should also be noted that, for in vivo applica-
tions, the search for improved lithium selectivity has
to be extended beyond sodium, to other ions also
normally present in a living system.

The present communication is another step in
that search. It is a report of molecular-level studies
conducted in planar lipid bilayer membranes with
ETHI1810, which is another representative of group
II. The first part of this report is focused at the
activity of this ionophore as a lithium carrier. The
second part is focused at the selectivity profile with
respect to ions and molecules regularly present in
biological systems such as Na*, K*, protons, and
biogenic amines.

Materials and Methods

The ionophore used in this study [ETH1810] was a kind gift from
W. Simon. Glyceril monooleate (GMOY)' and soybean phosphati-
dyl choline type 1V-S (asolectin) were purchased from Sigma
Chemical. All other reagents were of analytical grade.

Membranes were formed on the aperture (usually 1-mm
diameter) of a Teflon cell from lipid/decane (25 mg/mi for GMO
and 50 mg/ml for asolectin) solutions. Steady-state electrical
properties of the membranes and the pH of the bathing solutions
were measured using previously described methods [17, 19, 20,
40].

Results and Discussion

ETH1810 As A LiTHiuM CARRIER IN LIPID
BiLAYER MEMBRANES

The combination of the following two types of exper-
iments can provide an assessment of the ability of
ETHI1810 to act as a lithium carrier: (i) Membrane
conductance: The presence of the ionophore in a
membrane bathed by lithium salts should induce an
increase in membrane conductance, with quantita-
tive dependences on ionophore and salt concentra-
tions. (ii) Membrane potential: The dependence of
the electrical potential drop across the membrane,
on the gradient of lithium chloride as the single salt
in the system, should reflect the fact that the trans-
ported species is an ion with a net charge of + 1.

! Abbreviations: DA, dopamine; GMO, glyceril monooleate;
PEA, phenylethyl amine; Ser, serotonin; Trp, tryptamine; Tyr,
tyramine.
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Typical results for such experiments are illus-
trated in the three sections of Fig. 2. The increase
of membrane zero-current conductance, for GMO
membranes, with the increase in ionophore concen-
tration is illustrated in Fig. 2« for four sets of data,
differing from one another in the magnitude of the
constant lithium chloride concentration in the sys-
tem. The data illustrate quite clearly that there is a
substantial increase in the membrane conductance
induced by the ionophore. Moreover, the increase
is regular, showing a second power dependence on
ionophore concentration.

The increase in membrane zero-current conduc-
tance with the increase in lithium activity, at a con-
stant ionophore concentration, (replotted from data
of the type given in Fig. 2qa) is illustrated in Fig. 2b.
These data also show a regular increase of conduc-
tance with concentration, in this case to the first
power. Taking the ion and ionophore concentra-
tion dependences together indicates a 2:1 iono-
phore : ion stoichiometry for the membrane-perme-
ating species. This is similar to the stoichiometries
found for previously studied ionophores [20, 40].

The dependence of the membrane zero-current
potential of GMO membranes, on the gradient of
lithium activity across the membrane, in the pres-
ence of the ionophore, is illustrated in Fig. 2¢. If
there are only one salt and one type of ion/ionophore
permeant species in the system, the dependence of
V, (the potential drop across the membrane) on the
ion activity gradient can take the following form:

RTn, 4]
y =20
o F Zln " (1)

i

where a; and a denote ion activities in the aqueous
phases on both sides of the membrane, z is the net
charge of the permeant ion and # is the ion stoichiom-
etry in the membrane-permeating complex. For the
present case, n = 1 has already been determined
(recall Fig. 2b). Therefore, in the presence of LiCl
as the single salt in the system, the slope of the
potential (in mV units) vs. the logarithm of the ion
activity gradient could take the values of either
—58.5 or +58.5, for Cl~ or Li", respectively. The
slope expected for a monovalent cation is illustrated,
along the experimental data, in Fig. 2c¢. The
agreement between the expectation and the experi-
mental data is clear support for Li* being the trans-
ported ion.

In conclusion, the experimental data show quite
clearly that ETHI810 is capable of transporting the
lithium ion across lipid bilayer membranes, forming
apermeating species witha 2 : 1ionophore : Li* stoi-
chiometry.
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Fig. 2. lonophore-induced zero-current conductances and poten-
tials of GMO membranes for assessment of the ability of ETH1810
to act as a lithium carrier. (¢) The increase in membrane zero-
current conductance with the increase in ionophore concentra-
tion, in the presence of LiCl in the membrane-bathing solutions.
at the concentrations listed on the figure. Ordinate: logarithm of
membrane conductance. Abscissa: logarithm of ionophore con-
centration in the aqueous phase. Points are experimental: lines
are drawn to a slope = 2. (b) The increase in membrane zero-
current conductance with the increase in activity of the lithium
ion, at a constant ionophore concentration of 0.1 uM, in the
presence of LiCl in the membrane-bathing solutions. Ordinate:
logarithm of membrane conductance. Abscissa: logarithm of Jith-
ium activity in the aqueous phase. Points are experimental; line
is drawn to a slope = 1. {¢) The increase in the zero-current
potential drop across the membrane with the increase in the
gradient of lithium activities across the membrane (**dilution po-
tentials™), at a constant ionophore concentration of 0.5 uM. Ordi-
nate: membrane potentials. Abscissa: logarithm of the ratio of the
activities of lithium on both sides of the membrane. Points are
experimental; data are pooled from three separate experiments
each represented by a different type of symbol; line is drawn to
the slope indicated on the figure

SELECTIVITY PROFILE: LITHIUM vs.
ALKALI CATIONS

Membrane Zero-Current Conductances in the
Presence of Alkali-Cation Salts

A measure of the ionic selectivity induced in a mem-
brane by an ionophore, acting as a carrier, can be
obtained by comparison of the membrane zero-cur-
rent conductances determined in a series of experi-
ments in which the salt entity is varied. A typical
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Fig. 3. Theiincrease in zero-current membrane conductance with
the increase im ienophore concentration, in the presence of I N
chloride saits of the alkali cations listed on the figure. Ordinate:
logarithm of ' membrane conductance. Abscissa: logarithm of io-
nophore caoncentration in the aqueous phase. Points are experi-
mental; linesare drawn to a slope = 2. (¢) GMO membranes. (b)
Asolectin membranes

case 1s illustrated in Fig. 3, where the increase in
zero-current conductances with the increase in iono-
phore concentration are illustrated for the chloride
salts of Li*, Na®, K* and Cs* in GMO and in
asolectin membranes. These data indicate a selectiv-
ity sequence of LLi* > Na* > K~ > Cs™. Similar to
the finding with lithium (recall Fig. 2a), the data for
the other ions also indicate an ionophore stoichiome-
try of 2.

The magnitudes of membrane conductances in-
duced in the presence of ETHI1810, shown here,
were found to be 10-fold higher (under similar lith-
ium and ionophore concentrations, for the same
membrane composition) than those induced in the
presence of ETH1644 or AS701 [20, 40]. For exam-
ple, in GMO membranes, in the presence of 1 N
LiCl, 0.1 um ETHI810 induces a membrane con-
ductance of 1 x 107° Q7' cm~2 (Fig. 3) while 0.1
uM ETH1644 induces membrane conductance of
1 x 1072 Q"' cm~2 This is a clear indication of an
improvement in ionophore potency. The differences
between the asolectin and GMO data are attributed
to the membrane lipid composition, which lead to
differences in membrane fluidity and in membrane
surface potential [22].

Membrane Zero-Current Potentials in the
Presence of Alkali-Cation Salts

Typical results for the increase in the zero-current
potential drop across asolectin membranes, with the
increase in the activity ratio of lithium to another
alkali cation in the system, are illustrated in Fig. 4.
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Fig. 4. Zero-current potentials of asolectin membranes in the
presence of ETH1810 and salt mixtures. Both membrane-bathing
solutions are symmetrical with respect to the concentrations of
the ionophore (at 0.5 uM) and a single chioride salt of a desired
alkali cation, at 1 N. Constant ionophore concentration potential
drops across the membrane generated by additions of lithium
chloride to one membrane-bathing solution only. Ordinate: mem-
brane potentials. Abscissa: logarithm of the ratio of activities of
lithium to the other alkali cation at the lithium-containing side.
Points are experimental; solid curves are theoretical expectations
drawn according to Eq. (2) in the text for the magnitudes of
permeability ratios listed in Table 1

Similar results were obtained for GMO membranes.
Lithium-to-alkali cation permeability ratios were ob-
tained from data of this type according to the follow-
ing equation:

_ RT
[ F

ag; + (PIPy)a;

Vv
(P/P)aj

2)

where V, is the membrane potential drop, a;; and
a; are the activities of lithium and an alkali cation
(denoted i) and P/P,; is the corresponding perme-
ability ratio. The superscripts ' and ” differentiate
(recall Eq. (1)) between the two aqueous phases on
both sides of the membrane.

The permeability ratios obtained are listed in
Table 1, for both GMO and asolectin membranes,
and are compared there to the corresponding ratios
determined in the presence of ETH1644. The data
in Table 1 make it quite clear that ETH1810 induces
membrane ionic selectivity which, for the present
objectives, is improved compared to ETH1644. The
increase in selectivity is across the board, i.e., not
only lithium vs. sodium but also lithium vs. the two
other, larger, alkali ions tested. The trend observed
is independent of the lipid composition of the mem-
brane. The implications of the observed selectivi-
ties, with respect to structure-activity relationships
will be discussed in a later section. '
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Table 1. Permeability ratios of the 2: 1 carrier ; ion complexes of 80

ETHI1810 and ETH1644, determined in asolectin and in GMO

membranes 50| NH4+

lon PPy
Asolectin membranes GMO membranes
ETHI810 ETHI1644 ETHI810 ETH1644*
Li* 1 i 1 1
Na® 883 x 1077 1.25 x 107 1.19 x 107> 1.68 x 107
K* 442 x 107 1.14 x 107 6.21 x 107% 1.68 x 107*
Cs™ 347 x 1073 798 x 1073 5.32 x 1073 855 x 107}

¢ Data from [40].

SELECTIVITY PROFILE: LITHIUM vs.
B1oGENIC AMINES

Typical results for the increase in zero-current con-
ductance of asolectin membranes, in the presence
of salts of ammonium and of several biogenic amines
(or their models) are illustrated in Fig. 5. These data
indicate clearly that, similar to previously studied
ionophores [17, 20], ETH1810 is also capable of car-
rying protonated biogenic amines across lipid bilayer
membranes, in an ionophore stoichiometry of 2. The
data also indicate there is selectivity among the bio-
genic amines.

In order to obtain further quantitative data on
the selectivity, membrane zero-current potentials
were measured in the presence of a gradient of lith-
ium and a desired amine salt, at constant ionophore
concentrations and at constant ionic strength (held
by 1 M CsCl). Typical results of this type of data are
lustrated in Fig. 6. The desired permeability ratios
of the amines with respect to Li* were obtained
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Fig. 6. Similar to Fig. 4, except the following: amine concentra-
tions similar to those listed in Fig. 5. [onic strength (barring NH; )
was held constant by 1 N CsCl. Constant ionophore concentration
was held at 1 um. Theoretical expectations were drawn according
to Eq. (3) in the text for the magnitudes of permeability ratios
listed in Table 2

from data of the type illustrated in Fig. 6, according
to the following equation:

all.i + (PC.\/PL(')G(‘.\ + (Paminc/PL\)a::mmc

v =87
(PC.s/PLi)a'(I\ + (Pamine/PLi)agminc

=5 3)

where a;;, ac,, and a, ;. are the activities of lithium,
cesium and the specific amine in system, and P/
Pyiand P,/ P ; are the corresponding permeability
ratios. The latter are listed in Table 2 and are com-
pared there to similar ratios determined in the pres-
ence of ETH1644.

The data listed in Table 2 show quite clearly that
some of the biogenic amines tested here are more
permeant with this ionophore system than Li*. The
normal in vivo concentrations of these amines are
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Table 2. Permeability ratios of the 2: 1 carrier : ion complexes of
ETHI1810 and ETH1644 with biogenic amines and related mole-
cules, determined in asolectin membranes

Amine Pamine/PLi
ETHI1810 ETH1644
Li* 1 1
NHy; 0.013 0.045
Catecholes and derivatives
PEA 7.78 11.6
Tyr 4.29 - 2.39
DA 0.12 0.05
Indoles
Trp 20.3 18.1
Ser 2.46 0.34

sufficiently low, which suggests that their competi-
tion with lithium, on the ionophore, should not be
significant. Obviously, this issue, as well as the ef-
fects of the ionophore on the biogenic amines them-
selves requires further studies at levels of organiza-
tion higher than the molecular. On the other hand,
similar to members of groups I and ETHI1644,
ETH1810 does have the ability to act as a carrier of
biogenic amines. This ability could find applications
as a research tool and in the construction of selective
electrodes for the determination of such amines.

ProTONS

The effect of the pH of the membrane-bathing solu-
tions, on membrane zero-current conductance, in
the presence of constant lithium and ionophore con-
centrations was probed over the pH range of 1-6.
Data of this type were then used to assess whether
protons, under physiological concentration condi-
tions, might interfere with lithium transport medi-
ated by this ionophore.

If both protons and lithium are transported by
this ionophore, the ratio of the zero-current conduc-
tances determined at a given pH, to that determined
at another pH chosen as a reference point, can take
the following form [40]:

pH Gt (Py/Py)ay)
o ay + (Pu/PL)(ay)es

4

where Gy and GY,; are the zero-current membrane
conductances at any given pH and at that of the
reference (chosen to be 5.5), a;; and ay the lithium
and proton concentrations and Py/Py; the corre-

sponding permeability ratio.
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Fig. 7. The effect of pH on the zero-current conductance of
asolectin membranes in the presence of 1 N LiCl and 0.5 pwm
ETHI810 in the membrane-bathing solutions. Ordinate: mem-
brane conductance. Abscissa: pH of the membrane-bathing aque-
ous solutions. Points are experimental; solid curves are theoreti-
cal expectations drawn according to Eq. (4) in the text for the
proton/lithium permeability ratios listed on the figure

The experimental conductance ratios obtained,
for asolectin membranes, are illustrated in Fig. 7,
together with the theoretical expectations, calcu-
lated for selected proton-to-lithium permeability ra-
tios covering the range of 1-10%.

These data make it quite clear that the perme-
ability ratio of protons to lithium does not exceed,
for the present case, the magnitude of 1. This rela-
tively low ratio gives an acceptable measure of con-
fidence that there would be no significant interfer-
ence of protons in ETHI1810-mediated Ilithium
transport under currently applied conditions. As al-
ready mentioned, in order to avoid toxicity and un-
desirable side effecs, plasma-lithium ratios should
not exceed 1 mm [5]. This gives a lithium-to-proton
concentration ratio of 10*, for which a Py/P,; of 1 is
quite safe. Moreover, this ratio of 1 is sufficiently
low to prevent any significant interference, even if
future developments (such as the application of an
ionophore) would allow a reduction of one or two
orders of magnitude in the administered lithium
doses.

GENERAL DISCUSSION: STRUCTURE-ACTIVITY
RELATIONSHIPS

Two distinct findings indicate that with respect to
activity as a lithium carrier, ETH1810 is an improve-
ment over previously studied ionophores. Com-
pared to ETH1644, ETH1810 is 10-fold more potent
and induces a higher lithium vs. sodium selectivity,
resulting in a 40% increase in the corresponding per-
meability ratio. Compared to the structural differ-
ences between ionophores of the group I and
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ETH1644 (recall Fig. 1), those between the latter
and ETH1810 seem less drastic: a departure from
symmetry in the N-imide substituents, achieved
through the replacement of isobutyls by cyclohex-
yls, on one of the N-imides. Yet, being the only
difference between the two ionophores, this replace-
ment has to account for the increases in selectivity
and in potency.

The replacement of isobutyls by cyclohexyls
could affect several nonmutually exclusive molecu-
lar properties: hydrophobicity—which is expected
to affect ionophore solubility in the membrane; elec-
tron density at the oxygen atoms and cavity
size—both of which are expected to affect selec-
tivity.

The magnitudes of the Hansch Hydrophobic
Substituent Constant (), which can be used as a
measure for relative hydrophobicities [10, 38], are
1.8 and 2.51 for an isobutyl and a cyclohexyl, respec-
tively. This increase in the 7 value, from isobutyl to
cyclohexyl, implies that ETHI810 is more hy-
drophobic than ETH1644. The increased hydropho-
bicity of ETH1810 should make it more soluble (vs.
ETH1644) in the membrane, which should increase
the partition coefficient of the ionophore : ion com-
plex into the membrane. For similar conditions, this
should result in a higher membrane conductance,
and therefore a higher potency of ETHI8I0 vs.
ETH1644, as was indeed observed.

The magnitudes of the Taft Electronic Substitu-
ent Constant {o*), which reflects an inductive effect
of a substituent are —0.13 and —0.15 for isobutyl
and cyclohexyl, respectively [10, 38]. This slight
increase in electron density at the oxygen ligands
does not seem sufficient to account alone for the
improvement in selectivity.

The Taft Steric Parameter (Es¢), corrected ac-
cording to Hancock, is proportional to the diameter
of the substituent [10, 38]. The magnitudes of this
parameter, —2.48 and —2.64 for isobuty] and cyclo-
hexyl, respectively, imply a modest increase in di-
ameter for the cyclohexyl substituent. If replace-
ment of the isobutyls by the larger cyclohexyls
would decrease the cavity accommodating the com-
plexed ion, this could account for improvement in
ionic selectivity (with minor support of the inductive
effect).

The observed improvement in lithium selectiv-
ity could be due, for the most, not because ETH1810
binds lithium better but because it binds other ions
poorer, than ETH 1644 (recall Table 1, with respect
to larger ions, such as potassium and cesium). More-
over, for performance in vivo as a carrier, it is prefer-
able to strive for improvement in selectivity by de-
creasing, rather than by increasing, binding
constants. Increase in binding might result in the

introduction of (or increase in) kinetic limitations
[20].

In conclusion, the novel structural features of
ETHI1810 result in a carrier which is better, in terms
of potency and lithium selectivity, than former ones.
It is proposed that this ionophore can well serve,
in terms of its performance as a lithium-selective
carrier, as a research tool. It is also proposed that
its favoring of lithium over sodium is of sufficient
magnitude to merit serious consideration of ex-
tending molecular-level studies with ETH1810 to in-
vestigations at higher levels of organization.
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