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Abstract

The mechanism whereby lithium carbonate controls manic episodes and possibly influences affective disorders is not yet known. There is
evidence, however, that lithium alters sodium transport and may interfere with ion exchange mechanisms and nerve conduction. For these reasons
it was thought of interest to study its perturbing effects upon membrane structures. The effects of lithium carbonate (Li") on the human erythrocyte
membrane and molecular models have been investigated. The molecular models consisted in bilayers of dimyristoylphosphatidylcholine (DMPC)
and dimyristoylphosphatidylethanolamine (DMPE), representing classes of phospholipids located in the outer and inner monolayers of the
erythrocyte membrane, respectively. This report presents the following evidence that Li* interacts with cell membranes: a) X-ray diffraction
indicated that Li" induced structural perturbation of the polar head group and of the hydrophobic acyl regions of DMPC and DMPE; b)
experiments performed on DMPC large unilamellar vesicles (LUV) by fluorescence spectroscopy also showed that Li" interacted with the lipid
polar groups and hydrophobic acyl chains, and c¢) in scanning electron microscopy (SEM) studies on intact human erythrocytes the formation of

echinocytes was observed, effect that might be due to the insertion of Li" in the outer monolayer of the red cell membrane.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Bipolar affective disorder is a serious and enduring mental
health problem, which is associated with a high mortality rate
worldwide [1]. In spite of a narrow safety margin, lithium salts
are widely used in the treatment and prophylaxis [2,3], particu-
larly in the form of Li,CO;5 [4,5]. The mechanism whereby
lithium controls manic episodes and possibly influences af-
fective disorders is not yet known. There is evidence, however,
that lithium alters sodium transport and may interfere with ion
exchange mechanisms and nerve conduction [6]. Lithium ions
are rapidly absorbed from gastrointestinal tract, and plasma
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human erythrocyte membrane; LUV, large unilamenar vesicles; r, fluorescence
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lithium peaks are reached 2 to 4 h after administration. Toxicity
associated with lithium treatment is highly prevalent as 75 to
90% of patients have signs or symptoms of toxicity during their
treatment [7]. The occurrence of toxicity is related to the serum
concentration of lithium. Mild toxicity appears at levels up to
2.5 mM, and life-threatening effect is manifest at levels above
3.5 mM [8,9]; however, patients with concentrations as high as
6 mM [10], and even 9.6 mM [11] lithium serum levels fol-
lowing acute intoxication have been reported. The more com-
mon side effect involves the central nervous system [4]; chronic
lithium treatment affects some signal transduction mechanisms
such as cAMP, cGMP, Gi protein, and protein kinase C [3].
Lithium affects ion transport and cell membrane potential by
competing with sodium and potassium; these effects may alter
neuronal function [12]. Lithium is transported across cell mem-
branes by an exchange diffusion process referred to as Na'—Li"
countertransport, so called because sodium, at opposite with the
sodium pump, is moved toward the intracellular compartment.
This transport mechanism appears to be active in the membranes
of cells from many types of tissues and to play a significant role
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in the biological disposition of clinically administered lithium
[13]. Transmembrane ion movement via Na'—Li" countertran-
sport is impeded during lithium treatment because of reduced
affinity of the intracellular transport sites for lithium [14]. In
fact, lithium is a small ion with virtually no protein binding [8].
Lithium exchange activity has been extensively studied in
human red blood cells [14—16]. However, the structural effects
of lithium on the human erythrocyte membrane have scarcely
been reported.

In the course of in vitro systems search for the toxicity
screening of chemicals, different cellular models have been
applied to examine their adverse effects in isolated organs. This
article describes the interaction of lithium carbonate (Li") with
the human erythrocyte membrane as well as lipids of model
membranes. The cell membrane is a diffusion barrier that pro-
tects the cell interior; therefore, its structure and functions are
susceptible to alterations as a consequence of interactions with
foreign species. Erythrocytes were chosen because although
less specialized than many other cell membranes, they carry on
enough functions in common with them such as active and
passive transport, and the production of ionic and electric gra-
dients, to be considered representative of the plasma membrane
in general. With the aim to better understand the molecular
mechanisms of the interaction of Li" with cell membranes we
have utilized three well-established models. They regard intact
human erythrocytes and molecular models of the erythrocyte
membrane. The latter consisted of multibilayers of dimyris-
toylphosphatidylcholine (DMPC) and dimyristoylphosphatidy-
lethanolamine (DMPE), representative of phospholipid classes
located in the outer and inner monolayers of the human eryth-
rocyte membrane, respectively [17,18], and large unilamellar
vesicles (LUV) of DMPC. The capacity of Li* to perturb the
multibilayer structures of DMPC and DMPE was determined by
X-ray diffraction, while DMPC LUV were studied by fluores-
cence spectroscopy. Intact human erythrocytes incubated with
this compound were observed by scanning electron microscopy.
These systems and techniques have been used in our labo-
ratories to determine the interaction with and the membrane-
perturbing effects of other metal ions such as AI** [19], Pb*"
[20], Cd*" [21], Au®* [22], Ti*" [23], Fe*', and Fe*" [24].

2. Materials and methods
2.1. X-ray diffraction studies of phospholipid multilayers

The capacity of Li" to perturb the structures of DMPC
and DMPE multilayers was evaluated by X-ray diffraction.
Synthetic DMPC (lot 140PC-224, MW 677.9), DMPE (lot
140PC-230, MW 635.9) from Avanti Polar Lipids, AL, USA),
and Li,CO; (p.a., Merck, Darmstadt, Germany) were used
without further purification. About 2 mg of each phospholipid
was introduced into 1.5 mm diameter special glass capillaries,
which were then filled with 200 pl of (a) distilled water and
(b) aqueous solutions of Li,COs5 in a range of concentrations
(0.1 mM to 10 mM). The specimens were X-ray diffracted after
1 h incubation at 37 °C and 60 °C with DMPC and DMPE,
respectively, in flat plate cameras. Specimen-to-film distances

were 8 and 14 cm, standardized by sprinkling calcite powder
on the capillary surface. Ni-filtered CuKa radiation from a
Bruker Kristalloflex 760 (Karlsruhe, Germany) X-ray generator
was used. The relative reflection intensities were obtained in a
MBraun PSD-50M linear position-sensitive detector system
(Garching, Germany); no correction factors were applied. The
experiments were performed at 19+1 °C, which is below the
main phase transition temperature of both DMPC and DMPE.
Each experiment was repeated three times, and in case of doubts
additional experiments were carried out.

2.2. Fluorescence measurements of DMPC large unilamellar
vesicles (LUV)

The influence of Li" on the physical properties of DMPC
LUV was examined by fluorescence spectroscopy using DPH
(1,6-diphenyl-1,3,5-hexatriene) and laurdan (6-dodecanoyl-2-
dimethylaminonaphtalene) (Molecular Probe, Eugene, OR,
USA) fluorescent probes. DPH is widely used as a probe for
the hydrophobic regions of the phospholipid bilayers because of
its favorable spectral properties. Its steady-state fluorescence
anisotropy measurements were used to investigate the structural
properties of DMPC LUV, as it provides a measure of the
rotational diffusion of the fluorophore, restricted within a cer-
tain region such as a cone, due to the lipid acyl chain packing
order. Laurdan, an amphiphilic probe, has a high sensitivity of
excitation and emission spectra to the physical state of mem-
branes. With the fluorescent moiety within a shallow position in
the bilayer, laurdan fluorescence spectral shifts provide infor-
mation of its molecular dynamic properties at the level of
the phospholipid polar headgroups. The quantification of the
laurdan fluorescence shifts was effected using the general
polarization GP concept [25].

DMPC LUV suspended in water were prepared by extrusion
of frozen and thawed multilamellar liposome suspensions (final
lipid concentration 0.4 mM) through two stacked polycarbonate
filters of 400 nm pore size (Nucleopore, Corning Costar Corp.,
MA, USA) under nitrogen pressure at 37 °C, which is above
the lipid phase transition temperature. DPH and laurdan were
incorporated into DMPC LUV by addition of 2 pl/ml aliquots
of 0.5 mM solutions of the probe in dimethylformamide and
ethanol respectively in order to obtain final analytical con-
centrations of 2 pM, incubating them at 37 °C for 60 min.
Fluorescence spectra and anisotropy measurements were
performed on a K-2 steady-state and time-resolved spectroflu-
orometer (ISS Inc., Champaign, IL, USA) interfaced to com-
puter, using the corresponding ISS software for data collection
and analysis. Measurements of LUV suspensions were made at
18 °C and 37 °C using 5 mm path-length square quartz cuvettes.
Sample temperature was controlled by an external bath cir-
culator (Cole-Parmer, Chicago, IL, USA) and monitored before
and after each measurement using an Omega digital thermom-
eter (Omega Engineering Inc., Stanford, CT, USA). Anisotropy
measurements were made in the L configuration using Glan
Thompson prism polarizers (I.S.S.) in both exciting and
emitting beams. The emission was measured using a WG-420
Schott high-pass filter (Schott WG-420, Mainz, Germany) with
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Fig. 1. Microdensitograms from X-ray diffraction patterns of DMPC (dimyr-
istoylphosphatidylcholine) in water and aqueous solutions of Li,CO3; (LA) and
(WA) correspond to low- and wide-angle reflections, respectively.

negligible fluorescence. DPH fluorescence anisotropy () was
calculated according to the definition: r=(f,—1,)/([;+21})
where [, and 7, are the corresponding vertical and horizontal
emission fluorescence intensities with respect to the vertically
polarized excitation light [26]. Laurdan fluorescence spectral
shifts were quantitatively evaluated using the GP concept (see
above) which is defined by the expression GP= (1, — I;)/ (I, + L),
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Fig. 2. Microdensitograms from X-ray diffraction patterns of DMPE (dimyr-
istoylphosphatidylethanolamine) in water and aqueous solutions of Li,COs; (LA)
and (WA) correspond to low- and wide-angle reflections, respectively.
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Fig. 3. Effect of Li,COj; on the general polarization (GP) of laurdan embedded in
DMPC (dimyristoylphosphatidylcholine) LUV (large unilamellar vesicles) at
18 °C and 37 °C.

where /,, and /; are the emission intensities at the blue and red
edges of the emission spectrum, respectively. These intensities
have been measured at the emission wavelengths of 440 and
490 nm, which correspond to the emission maxima of laurdan in
the gel and liquid crystalline phases, respectively [27]. Li,COj3
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was incorporated in LUV by addition of adequate (0.1 M)
aliquots of Li,CO; solution in order to obtain the different
concentrations used in this work. The samples thus prepared
were then incubated at 18 °C for ca. 15 min. Blank subtraction
was performed in all measurements using labeled samples
without probes. The data presented in Fig. 2 represents mean
values and standard error of ten measurements in two indepen-
dent samples. Unpaired Student’s #-test was used for statistical
calculations.

2.3. Scanning electron microscopy (SEM) studies on human
erythrocytes

In vitro interaction of Li" with erythrocytes was attained by
incubating red blood cell suspensions derived from healthy

(a)

human male donors not receiving any pharmacological treat-
ment. Blood samples (0.1 ml) were obtained by puncture of the
ear lobule and by aspiration into a tuberculin syringe without a
needle containing 50 units/ml heparin in 0.9 ml phosphate
buffered saline (PBS), pH 7.4. Red blood cells were then
centrifuged for 10 min, washed three times in PBS, resuspended
in PBS containing Li" in a range of concentrations and in-
cubated for 1 h at 37 °C. Controls were cells resuspended in
PBS without Li,CO3. Specimens were then fixed overnight
at 5 °C by adding one drop of each sample to plastic tubes
containing 1 ml of 2.5% glutaraldehyde, washed twice in
distilled water, placed on siliconized Al stubs and air dried at
37 °C for 30 min and gold coated for 3 min at 13.3 Pascal in a
sputter device (Edwards S 150, Sussex, England). Specimens
were examined in a JEOL (JEM 6380 LB, Japan) SEM. The

(b)

Fig. 5. Effects of Li,CO; on the morphology of human erythrocytes. Shown are scanning electron microscope images of: (a) untreated erythrocytes, erythrocytes

incubated with (b) 0.25 mM, (¢) 1 mM, (d) 5 mM, and (e) 10 mM Li,COs.
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data was expressed as meanz=standard deviation of 50 cell
counts.

3. Results
3.1. X-ray diffraction studies of phospholipid multilayers

Fig. 1 exhibits the results obtained by incubating DMPC
with water and Li,COj3. As expected, water altered the structure
of DMPC, as its bilayer width increased from about 55 A in its
dry crystalline form [28] to 64 A when immersed in water, and
its low-angle reflections, which correspond to DMPC polar
terminal groups, were reduced to only the first two orders of
the bilayer repeat. On the other hand, only one strong reflection
of 4.2 A showed up in the wide-angle region which corresponds
to the average distance between fully extended acyl chains
organized with rotational disorder in hexagonal packing. These
results were indicative of the fluid state reached by DMPC
bilayers. Fig. 1 discloses that after exposure to 2.5 mM and
higher concentrations of Li,COj3 there was a gradual weakening
of the low- and wide-angle DMPC reflection intensities (indi-
cated as LA and WA in the figure, respectively) which at 10 mM
practically disappeared the low-angle reflections while that of
4.2 A remained although with a considerable reduced intensity.
From these results it can be concluded that Li" produced a
significant structural perturbation of DMPC bilayers, particu-
larly to the lipid polar group region. Results from similar
experiments with DMPE are presented in Fig. 2. As reported
elsewhere, water did not significantly affect the bilayer structure
of DMPE [28]. It can be observed that increasing concentrations
of Li" gradually reduced DMPE reflection intensities; however
all of them were still present at the highest 10 mM Li,COj3
concentration assayed.

3.2. Fluorescence measurements of DMPC large unilamellar
vesicles (LUV)

Li" concentration-dependent effects on DMPC LUV were
explored at two different depths of the lipid bilayer: at the
hydrophilic/hydrophobic interface level, estimated from the
laurdan fluorescence spectral shift through the general polari-
zation (GP) parameter, and in the deep hydrophobic core,
determined by the DPH steady-state fluorescence anisotropy
(). Fig. 3 shows that Li" induced a decrease of the general
polarization at 18 °C and 37 °C, implying an increase in the
environmental molecular dynamics and/or water penetration at
the glycerol backbone level, a result that can be attributed to a
disordering effect induced by Li” on DMPC polar head groups.
On the other hand, the effect of Li" on the DPH anisotropy
shows a different pattern at both temperatures. As it can be seen
in Fig. 4, increasing concentrations of Li" cause a decrease of
the fluorescence anisotropy at 18 °C, when the bilayer is in the
gel—crystalline state, while a biphasic pattern is observed at
37 °C, when the bilayer is in the much more fluid liquid—
crystalline state: initial increase of this parameter occurred up to
0.1 mM Li,COs;, followed by a decrease at higher concentra-
tions. These latter results imply that Li* first ordered the

phospholipid acyl chain packing arrangement and afterwards
disordered them as the Li" concentration increased.

3.3. Scanning electron microscopy (SEM) studies on human
erythrocytes

The SEM examinations of red blood cells incubated with
Li,CO; indicated that they presented cell shape abnormalities of
the echynocitosis type, consisting in the formation of blebs or
protuberances on the erythrocyte surface. As it can be observed
in Fig. 5, the cell shape change increased with Li" concentra-
tion. In fact, 0.25 mM Li,COj3 induced a 10%, 1 mM 20%,
5 mM 45-50% and 10 mM 70% echynocitosis.

4. Discussion

In order to understand the structural effects of Li* on the
human erythrocyte membrane Li,CO5; was incubated with intact
erythrocytes and bilayers built-up of DMPC and DMPE,
phospholipid classes present in the outer and inner monolayers
of the erythrocyte membrane, respectively. Analysis by X-ray
diffraction showed that 2.5 mM and higher concentrations of
Li,CO; induced structural perturbations of the polar head
groups and to a lower extent of the hydrophobic acyl regions of
DMPC. On the other hand, the effects on DMPE bilayers were
almost the same, although the perturbing effects were observed
at higher Li,CO; concentrations. Chemically the two lipids only
differ in their terminal amino groups, these being "N(CH3); in
DMPC and "NH; in DMPE. Moreover, both molecular con-
formations are very similar in their dry crystalline phases: their
acyl chains are mostly parallel and extended with the polar
groups lying perpendicularly to them; however, DMPE mole-
cules pack tighter than those of DMPC. This effect, due to the
DMPE smaller polar group and higher effective charge, makes
for a very stable multilayer arrangement that is not significantly
perturbed by the presence of water [28]. On the other hand, the
gradual hydration of DMPC bilayers leads to water filling the
highly polar interbilayer spaces. Consequently, there is an
increase in its bilayer repeat from 54.5 A when dry to 64.5 A
when fully hydrated at a temperature below that of its main
transition. This condition promoted the incorporation of Li"
ions into DMPC highly polar interbilayer space and the ensuing
molecular perturbation of the phospholipid bilayer structure.
This hypothesis is supported by the fluorescence spectroscopy
measurements on DMPC LUV. In fact, at about the same con-
centration range and temperature (18 °C) as the X-ray experi-
ments, as well as at 37 °C, Li" induced structural perturbations
in both the polar and acyl chain regions of DMPC bilayers.

The Li" induced mild decrease in Laurdan fluorescence
parameter GP indicates a small, although significant, increase in
the membrane hydration at the hydrophilic hydrophobic inter-
face, i.e. the phospholipid glycerol backbone level, where
laurdan fluorescent moiety is located. The effect of a monova-
lent cation on membrane surface properties has been hypoth-
esized by Kraayenhof et al. [29] to be related to its own
hydration tendency and potency to stabilize or destabilize
the hydrogen-bond network along membrane surface, i.e. the
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ordered water interfacial hydration layer, suggesting that a small
hydrated ion can fit well within the water lattice without dis-
rupting the hydrogen-bond network. The above mentioned Li"
effect, sensed by laurdan, can be rationalized in this context as a
small perturbation in the ordered water interfacial hydration
layer which influences the hydration and/or molecular dynamics
at the neighbor hydrophilic hydrophobic interface. The latter
interface is assumed to be at a somewhat deeper level of the
interfacial layer. This perturbation also influences, although to a
lesser extent, the fatty acid acyl chain packing order, as sensed
by the milder change in DPH fluorescence anisotropy. How-
ever, our previous results [20,21,23], and of other authors [30]
indicate a lack of correlation of head group hydration with acyl
chain order in different membrane models.

According to the bilayer couple hypothesis [31], shape
changes are induced in red cells due to the insertion of foreign
species in either the outer or the inner monolayer of the eryth-
rocyte membrane. Thus, spiculated shapes (echinocytes) are
observed in the first case while cup shapes (stomatocytes) are
produced in the second due to the differential expansion of the
corresponding monolayer. Given the extent of the interaction of
Li" with DMPC, a class of lipid preferentially located in the
outer monolayer of the erythrocyte membrane, echinocytes
were expected of erythrocytes incubated with Li,CO5;. SEM
examination of specimens showed that in fact Li" induced a
change of shape of the normal biconcave erythrocytes. Al-
though some echinocytes were observed with 0.1 mM Li,COs,
the number of equinocytes considerably increased with higher
Li" concentration, reaching a 50% of the cells with 5 mM
Li,COs, and 70% with 10 mM Li,COs.

Studies on the interaction of lithium with the human eryth-
rocyte membrane are indeed very scanty. SEM observations
indicated that Li" induced shape alterations with tendency to
crenation, an effect that was not observed with Na* or K* [32].
These authors disregarded the interaction of Li* with phospha-
tidylcholines and phosphatidylethanolamines present in the
erythrocyte membrane. In another study, carried out by NMR,
Pettegrew et al. [33] reported that lithium did not interact
significantly with hemoglobin, the erythrocyte membrane, or
artificial phospholipids membranes. However, using fluores-
cence anisotropy Pettegrew et al. [34] concluded that 2 mM Li*
significantly altered molecular dynamics on the erythrocyte
membrane surface, with less striking changes in the hydrocarbon
core. However, the interpretation of their findings was based on
that hydrated Li" altered the electrostatic interaction of mem-
brane surface molecules, as well as the surrounding water
structure. Additional studies have been performed on phospho-
lipid bilayers, particularly with phosphatidylcholine and phos-
phatidylserine artificial membranes [35—-39]. Data indicated that
Li" ions interact with choline and serine groups [36], binding to
the phosphate and carboxylate groups of saturated and
unsaturated phosphatidylserines loosing their water of hydration
[38,39]. Li" chemistry can be largely understood on the basis of
its exceptionally small radius (0.6 A) having thus a large
effective charge. In this context, we postulate that electrostatic
interactions of Li" ions with choline—polar groups located in the
outer monolayer of the erythrocyte membrane are at least one of

the major factors responsible for the cell shape change into
echinocytes. This conclusion is also being supported by the
studies performed by NMR and fluorescence measurements on
human erythrocytes [40]. Such Li*-induced effects may result in
perturbations of receptor function at the membrane surface, and
modulation of ion channel activity at the membrane interior.
These findings may provide an insight into the possible
molecular mechanism for the therapeutic action of Li".
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