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Aida Abraha

Loyola University of Chicago

LITHIUM TRANSPORT, Mg** COMPETITION, AND PHOSPHOLIPID COMPOSITION

IN HUMAN ERYTHROCYTES: A MULTINUCLEAR MAGNETIC RESONANCE STUDY

Using °Li and 'Li NMR, the rate of transport of °Li* was faster than 'Li* by 16.7%.
Naturally occurring lithium carbonate consists of 93% 'Li and 7% °Li. Therefore, enriching
lithium salts with °Li could be one way of circumventing the slow action of lithium uptake. The
other possibility is using Li" selective ionophores, such as dibenzyl-14-crown-4. Using this
ionophore, the Li"/Na” selectivity ratios for RBC suspensions and synthetic PC vesicles were
1.47 + 0.10 and 2.26 + 0.07, respectively.

Li NMR spin-lattice (T,) relaxation and P NMR chemical shift measurements showed
that binding of Li" and Mg>* to ATP and ADP was through the phosphate moieties. 'H and
“C NMR chemical shifts showed that there was no binding of Li* and Mg* to the base and
ribose moieties of the nucleotides. The 'Li NMR relaxation times of Li*/Mg®* mixtures of ATP
and ADP increased with increasing concentrations of Mg**, suggesting competition between the
two ions for adenine nucleotides.

*'P chemical shift anisotropy (CSA) values increased from 51.3 ppm for membrane alone
to 69.2 and 83.7 ppm in the presence of 20 mM Mg and 200 mM Li*, respectively. Upon
titration with Li* and Mg®", an increase in CSA values, which was caused by motional rigidity
of the phosphate groups, was observed indicating binding of these ions to the membrane. ’Li
T, 1elaxation times of 5 mM Li" increased from 13.9 s for membrane alone to 19.5 s in the
presence of 2 mM Mg**. This result is indicative of a competitive mechanism between Li* and

Mg** for membrane phosphate binding sites.



Na*-Li* countertransport rates for 10 patients receiving lithium carbonate were
significantly lower than 10 matched normals (p < 0.0025). Patients’ membrane PS content and
T, relaxation times were slightly higher than normals (p < 0.10), whereas the PI content was
slightly lower for patients than normals (p < 0.05). No significant difference was observed
between patients and controls in PC, PE, and Sph composition and intracellular Mg** levels.
Na*-Li* countertransport rates showed positive correlation with PC and PI and negative
correlation with PS. These findings suggest that abnormal anionic phospholipid content of RBC
membranes of bipolar patients receiving lithium carbonate results in different degrees of Li*

interaction with the RBC membrane and slower rates of Na'-Li* countertransport.
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CHAPTER I

INTRODUCTION

LA History of Lithium

Discovery of lithium salts dates back to the early eighteen hundreds. The word lithium
derives from the Greek word "lithion", which means stone or mineral.

Li* is of widespread occurrence, being found in most rocks of igneous origin.
Approximately 0.006% of the earth crust consists of lithium (1).

Major sources of lithium are: 1) minerals, such as spodumene, amblygonite, lepidolite
and petalite, and 2) brines. Lithium is also found scarcely in mineral waters, biological tissues
and plant tissues.

Spodium, a lithium-aluminum silicate obtained in the form of raw ore, is crushed and
heated to between 1075 - 1110 °C. The chemical reactivity of the lithium-aluminum silicate is
thereby enhanced and, when mixed with H,SO, and roasted to 250 °C, it is converted to lithium
sulphate which may then be leached out of the ore residue with water (1). The lithium sulphate
solution is first puritied by processes which precipitate out magnesium and calcium salts and then
concentrated. Aluminum impurities are next removed. The Li" ion is next precipitated as the
relatively insoluble carbonate, extracted and dried (1). After further purification, it is this

carbonate form of lithium which is used in the treatment of manic depression (2).



2

In 1949, an Australian psychiatrist, John Cade, discovered lithium carbonate to be an
effective treatment for psychiatric patients (3). Urine from manic depressive, schizophrenic
patients, and normal controls was injected into guinea pigs. Urine from the manic depressive
patients proved the most toxic, and Cade concluded that the active chemical could be uric acid.
Thus, he decided to investigate uric acid toxicity. He started studying lithium urate for it is the
most soluble uric acid salt. He used lithium carbonate as a control chemical. Both lithium urate
and lithium carbonate made the guinea pigs less timid, calmer, and less responsive to
stimulation. Cade first took lithium carbonate himself and when he found it to be without toxic
effect, he administered it to psychiatric patients (3). In 1954, Mogens Schou and his colleagues
from Denmark were able to establish that lithium was a highly etfective therapeutic agent against

mania validating Cade’s findings (3).

LB Chemical, Physical, and Pharmacological Properties of Lithium Salts.

Li* is an alkali metal ion which shares many properties with other group IA ions, such
as Na*, K*, Cs”, and may resemble some group IIA ions, such as Mg** and Ca** as well.
Due to its high charge/mass ratio, it has a higher hydration energy than Na*, K” and Cs".
Some of the properties of alkali metals and alkaline earth metal ions are listed on Table 1.
The lithium atom has a silver-white appearance indicative of its metallic nature. Its atomic
structure is simple. Naturally occurring lithium salts, including lithium carbonate, contain two
stable, non radioactive isotopes of Li*, 'Li (92.6%) and °Li (7.4%), with Li-6 having one less

neutron than Li-7. The nuclei consist ot 4 neutrons (Li-7) or 3 neutrons (Li-6) and 3 protons.



Table 1.

Properties of Some Alkali and Alkaline Earth Metals.

Cation Tonic Hydrated Coordination # Charge Density Hydration Energy
Radius (A)  Radius (A) (10”C A% (KJ.mol™)

Li* 0.68 3.40 4,6 12.1 515

Na® 0.95 2.80 6 4.46 406

K* 1.33 2.32 6,8 1.62 322

Mg* 0.65 4.67 6 26.8 1940

Ca®* 0.99 3.21 6,8 7.9 1600

*Taken from references 4, 5.



Two of the three electrons occur in an inner shell while the third electron occupies an outer shell
from which it is readily lost. The easy loss of the second shell electron gives lithium its
powerful reducing ability. The metal reacts at room temperature with relatively inert elements,
for instance with nitrogen to form nitride. With more readily reactive oxidants the reactions are
even more easily achieved (1). It forms a stable hydride on reaction with H, and it combines
readily with all the halogens and vigorously with mineral acids. Lithium ions pack in body-
centered cubic lattices which permit a high degree of electron mobility and thus provide a low
electrical resistance (1). One unique physical property of lithium that should be mentioned is
ité physical ability to dissolve in liquid ammonia to produce a saturated solution possessing the
lowest known density of any liquid (1).

Usually the isotopes of an element are handled in the same manner in biochemical
processes, but because of their small atomic weights, the mass difference between °Li and 'Li
is large, second in magnitude to only hydrogen isotopes in the periodic table (6). °Li and 'Li
have different biochemical properties (6-15). An in vitro study on human RBCs using AA
showed that the quantity of °Li which entered the erythrocytes was greater than 'Li, with a ratio
of the concentration of °Li/’Li ranging from 5.4 - 8.5% (6). A study with cats done by AA also
showed that the average CSF/plasma ratio of Li-6 was higher than Li-7 (7). The inositol
metabolism of cerebral cortex in rats was more atfected by Li-6 than Li-7 (8). When equimolar
concentrations of Li-6 and Li-7 were administered to rats, a higher Li-6 concentration was also
observed in the cerebral cortex using AA (8). But when the Li-7 dosage was 150% more than
Li-6, the degree of change in inositol metabolism and cerebral cortex lithium concentrations were
the same (8). Using magnetic field gradients, the ratio of diffusion rates of Li-6 to Li-7 in

aqueous solution was calculated to be 1.003% (9). Due to its higher charge to mass ratio, Li-



5
6 has a higher hydration energy than Li-7 which gives it its higher degree of mobility. The
ratio of diffusion rates of Li-6 to Li-7 in aqueous solution is much smaller than the 5.4 -8.5%
observed isotopic ratio in biological systems. But one can not compare the two directly since
transport of ions across a membrane is more complicated than mere diffusion of ions in an
aqueous system. NMR results showed that Li*- Li* exchange is faster than just lithium uptake
by human erythrocytes (10).

The two isotopes are also known to exert different behavioral effects on biological
systems (11-15). Spontaneous motor activity of experimental animals is known to decrease
after treatment with Li* (11). Rats given the naturally occurring mixtures of isotopes of lithium
up to ten days showed a significant decrease in exploratory behavior and motility (11). While
both isotopes decreased motility of the rats, Li-6 initially produced a more profound effect than
Li-7 (11). This ditferential behavioral effect of the isotopes was time dependent; the effect was
most evident on the third day and disappeared on the fifth day (11). °LiCl and 'LiCl showed
maternal behavioral effects and early offspring development in rats (12). °LiCl treated rats were
more alert, groomed themselves and their pups more than natural LiCl and 'LiCl treated rats and
controls (12). Development of LiCl treated pups was delayed compared to untreated controls
(12).

When administered in isotopically pure form, °LiCl was more toxic after acute intake
than 'LiCl; LDy, of Li-6 in Swiss-Webster mice was 13.2 mEq/kg as opposed to 15.9 mEq/kg
for Li-7 (13). The mortality rate of rats on Li-6 was higher than rats on Li-7 (14). In contrast,
rats maintained on small quantities of Li-6 showed no obvious signs of toxicity and human

subjects have received Li-6 without any ill effects (15, 16).



LLC  Medical and Industrial Applications of Lithium

Lithium is used in the treatment of manic depressive patients. It is administered to
patients as lithium carbonate tablets (2). Patients receiving lithium take anywhere between 500 -
1900 mg a day to reach the therapeutic level of 0.5 - 1.2 mM in the plasma. Care is also taken
not to reach the toxicity level of 2.0 mM in the plasma. Lithium has adverse effects on the
kidneys, heart and thyroid (2).

Manic depression, currently known as bipolar affective disorder, is a psychiatric illness
characterized by recurrent episodes of disabling mood swings. Mania, a condition during which
one’s mood changes from its normal state to an extremely overactive state is often marked by
a feeling of elation, expansiveness and euphoria, a state described as being "on top of the
world." Depression, on the other hand, is a condition during which one’s mood changes from
its normal state to that of being very low, blue and unhappy. Bipolar disorder affects one in
every one thousand individuals in the USA (2). Even though the exact cause of manic
depression is not characterized, it is hypothesized to be the result of an inherited chemical
imbalance. Egeland and colleagues (17) reported evidence supporting the existence of a gene
conferring a strong predisposition to bipolar affective disorder linked to two loci present in the
short arm of chromosome 11, Harvey-ras-1 oncogene locus (HRAS) and insulin (INS) locus, in
an Old Order Amish pedigree. However, a more recent study on a larger population of the
same Old Order Amish pedigree showed no linkage between chromosome 11 and manic
depression (18). This more recent result was interpreted as being either due to the existence of
heterogeneity in the Old Order Amish family or, if it is assumed that the illness in the original
family and the new extension is genetically homogeneous, that there is no evidence for linkage

of bipolar affective disorder to the two marker genes in chromosome 11 (18). Moreover, other
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studies in non-Amish populations showed that the inheritance of manic depression is not
associated with chromosome 11 (19, 20).

Lithium is also used to treat granulocytopenic (low white blood cell count) conditions,
hyperthyroidism and certain types of headaches. The ability of lithium to increase the WBC
count has been utilized in the area of cancer chemotherapy where anti-cancer drugs often reduce
the WBCs count to dangerously low levels. Lithium is also effective in the treatment of Herpes
Simplex Virus (2). Lithium has also been used in conjunction with azidothymidine (AZT) to
treat acquired immune deficiency syndrome (AIDS) patients (21). A four fold decrease in viral
titer was observed when administered to a HIV positive patient with no AIDS related symptoms
(21). Lithium is also used in dermatology (22). It has two different effects on the skin
depending on how it is ingested. If it is taken orally, it exacerbates dermatological disorders.
On the other hand, when applied topically 6n the skin surface it exhibits anti-inflammatory
actions (22). The divergent clinical effect of Li* on the skin is not understood.

The major industrial use of lithium is in the form of lithium stearate as a thickener for
lubricating greases (23). These all-purpose greases replace a multitude of specialized greases,
and they have captured about one-third of the total automotive grease market. Another important
use of lithium compounds is in ceramics, specifically in porcelain enamel formulation. The
major action of the lithium ion in ceramics is as a flux. In ceramic mixtures, lithium carbonate
readily undergoes the reaction shown below, yielding Li,O as one constitugnt of the oxide
mixtures of which most ceramics are composed of (23).

Li,CO, ---> Li,O + CO,

LiOH is used as an additive to give longer life and higher output in the alkaline storage

batteries known as Edison cells. LiCl and LiF are used in welding and brazing fluxes; lithium-

copper and lithium-silver alloys are used as self-fluxing brazing alloys. LiClO, has been
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suggested as an oxidizer for solid-propellant rocket mixtures; it offers a higher percentage of
available oxygen than any other perchlorate due to the low atomic weight of lithium (23, 24).

61 i is used in neutron activation to produce tritium (4).

LD  Techniques of Lithium Analysis

Several analytical methods have been used to monitor lithium in biological tissues and
in aqueous solution. Some of these include AA, FE, UV/VIS, fluorescence, ion-selective
electrodes and neutron activation analysis (25, 26). These methods require physical separation
of intra and extracellular compartments and lysing of cell membranes to obtain intracellular
Li* concentrations (27, 28). These methods only provide information about total intra- and
extracellular Li* concentrations. The processing required- by most conventional methods results
in a loss of information about initial Li™ transport movement and is very time consuming.

. Absorption of radiation in AA and emission of radiation in FE involves electronic
transition within atoms. In emission spectroscopy radiation is emitted by atoms which are in
excited energy states, whereas in absorption spectroscopy atoms which can absorb energy from
a hallow cathode lamp are in the ground state. Flame emission and absorption measurements are
generally made with a tlame temperature below 3000 °C, and consequently most atoms are in
the ground state. It has therefore been argued that absorption should be virtually independent
of temperature, whereas the number of excited atoms and hence the emission intensity varies
exponentially with temperature. However, the dissociation processes which result in the
production of atoms from the sample molecules are also temperature-dependent. Because of this
the number of ground state atoms, .and hence the ainount of absorption will change with
temperature although not to the same extent as emission.  Absorption measurements are less

prone to inert-element interference effects. Each element, including lithium, emit or absorb



radiation at a wavelength specific to that element.

Alkali and alkaline earth metals including lithium are not colored; therefore, optical
and fluorescent dyes have been used (25). The major drawback of these techniques is that they
do not discriminate between Li* and Na* ions satisfactorily. In blood plasma Na* concentration
is 140 mM, whereas Li* is in the range 0.5 - 1.2 mM. Due to the drastic difference in
concentration and high similarity in chemical and physical properties between Na* and Li",
discrimination between the two ions is difficult using optical and fluorescent dyés 25).
However, Li" ion-selective electrodes have been used successfully for selectively monitoring Li*
action in the presence of a high Na* concentration (29-36).

Neutron activation methods are based upon the measurement of radioactivity that has
been induced in samples by irradiation with neutrons or charged particles, such as protons or
deut;erium or helium-3 ions (26). Thermal neutrons from a reactor or from a small radioactive
decay source are by far the most commonly used particles for inducing radioactivity in a sample.
The most common neutron reaction involves capture of a neutron by "Li to give an isotope with
a mass number greater by one accompanied by 7 ray emission,

TLi+ 'n--> %Li + %y

The other technique for Li* detection that is non invasive in nature is NMR
spectroscopy. It is a technique that detects nuclear spin reorientatiqn in an applied magnetic
field (37). Radiofrequency is applied to the sample followed by detection of the transient signal
from the nuclear spins. This transient is Fourier transformed to give the NMR spectrum.
NMR spectroscopy is very selective. Each nucleus has its specific resonatihg frequency and
gyromagnetic ratio. The NMR parameters are chemical shift (§), spin-spin coupling constant
(), area or intensity of the signal, linewidth, and two relaxation times, spin-lattice (T,) and spin-

spin (T,). The applications of NMR to biological systems are various and widespread. They
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include the measurement ot the concentration and isotopic composition of molecules in intact
tissue, intracellular pH, pKa values of individual groups on macromolecules, kinetics,
dissociation constants of ligands bound to macromolecules, structural information about
molecules, and molecular dynamics in a variety of systems including membranes. The method
is sensitive to environmental changes, but relatively large, concentrated samples are required
because the signals produced are very weak.

Nuclear properties of the nuclei used in this project are listed on Table 2. The two
stable isotopes of lithium are NMR active. Li-7 and Li-6 have nuclear spins of 3/2 and 1,
respectively, thus possessing quadrupole moments (37). Due to its spin of 3/2, Li-7 can undergo
three transitions. In general, in the presence of a magnetic field all three transitions are
degenerate. However, when the 'Li is placed in an asymmetrical electric field, the degeneracy
is lifted and only the central transition state, +1/2 <----- > -1/2, may be visible. In a very
asymmetrical environment, there may be an overall loss of 60% in intensity of the Li* signal
(38). 'Li is a high-receptivity nucleus (1540 relative to C) making 'Li NMR spectroscopy a
highly sensitive tool to monitor lithium action in biological systems. 'Li has a very narrow
chemical shift range for the paramagnetic and diamagnetic contributions to the chemical shift
tend to cancel out (38). The less abundant isotope of Li*, °Li has a receptivity of 3.58 relative
to °C (38). Isotopic enrichment of °Li is generally necessary to enhance its sensitivity to the
point that it can be conveniently monitored by ‘Li NMR spectroscopy. In general, quadrupolar
relaxation predominates over dipole-dipole and rotational relaxation mechanisms for nuclei that

possess a quadrupole moment (39).



Table 2. NMR Properties of Some Nuclei.”

Nucleus NMR Frequency (MHz) Nuclear Spin (I) " Natural Abundance  Gyromagnetic Receptivity®
at 7.0 Tesla ratio (y)°

H-1 300.0 172 99.9 26.75 1.00

Li-6 44.3 1 7.4 4.96 6.30x10*

Li-7 116.4 32 92.6 10.40 0.27

C-13 74.6 12 1.1 6.73 1.76x10*

Na-23 79.4 3/2 100.0 7.08 9.25x10”

P-31 121.5 172 100.0 10.83 6.64x10?

Cl-35 29.4 312 75.4 2.62 3.55x10°

*Taken from references 37-40. ‘unit in 10" rad T" s™.

‘Includes contributions from v, I, and natural abundance.

11



12

However, °Li has a small quadrupole moment which makes the quadrupolar relaxation
contribution negligible and thus making its detection possible even when bound to asymmetric
environments such as those most likely provided by biological ligands.

Discrimination between intra- and extracellular Li* pools in Li*-loaded human RBCs was
achieved by two distinct 'Li NMR methods. One NMR method involved the incorporation in
the suspension medium of cell-impermeable shift reagents, such as Dy(PPP),” (dysprosium(III)
triphosphate), or Dy(TTHA)* (dysprosium(IIl) triethylenetetraminehexaacetate), and recording
a standard one dimensional FT-NMR spectrum of the 'Li* nucleus (41-43). The other NMR
approach took advantage of the different relaxation properties of the two Li* pools and involved

a modified inversion recovery (MIR) pulse sequence (41).

LE Lithium Ionophores

Increasing attention is being focused on Li* ionophores as tools for biological
applications. Some ionophores are directly incorporated into biological media to speed up
lithium transport and to calculate selectivity ratios between Li* and Na® in synthetic vesicles
(44-46) or RBC suspensions (our laboratory). They are also used as extraction photometric
reagents for Li" bearing chromophores, such as nitrophenol and azophenol, that can selectively
extract Li" and its extraction can be monitored spectrophotometrically (47). Li* ionophores have
also been used to construct ion selective electrodes to monitor Li™ activity in biological and
environmental systems (29-36).

Ionophores are molecules that selectively transport ions across artificial or biological
membranes. Ionophoric materials can be divided into two categories, anionic and neutral. The

anionic ionophores have an ionizable group, generally a carboxylic acid or hydroxyl group, and
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can thus form a metal/ionophore complex which is electrically neutral. Neutral ionophores have
no ionizable groups and thus form a charged complex with the metal ions. Some of the Li*
selective ionophores include crown ethers, polyether open chain compounds, and cyclic
compounds with amide functional groups (Figure 1). Crown compounds are more effective
carriers than open-chain compounds. Crown ethers are neutral ionophores that have high
selectivity for Li*. 14-crown-4 crown ethers form 1:1 complexes with Li*. On the other hand,
the sizes of Na* and K" exceed that of the cavity. Therefore, they are likely to form 2:1
(cation-metal) sandwich type complexes, especially at high crown ether concentration (48, 49).
This selectivity can be attributed to several factors. The first is the often quoted size of cavity
versus size of ion argument, which states that the ion that best fits the crown ether’s cavity will
be the most tightly bound. Table 3 shows the diameters of crown ether cavities and their
corresponding ion selectivities. Cryptands constitute another example of neutral ionophores
with bicyclic ring structures (Figure 2). Cryptands have three-dimensional cavities that can
accommodate a metal ion of suitable size and form an inclusion complex. These compounds
demonstrate improved complexing behavior toward alkali metal ions (50). The cavity size of
cryptand 211 (C211) is consonant with the dimension of Li"; therefore, the C211.Li" complex
is more stable than C222 and C221 lithium complexes (51, 52). The disadvantage of this high
stability complex is its poor dissociative ability. Therefore, C211 is not the best ionophore to
deliver Li* across membranes (43).

Recent studies (32, 47, 50) have shown that the selectivity behavior is very
susceptible to solvent interaction, the side chain on the crown ether, and the stability of the ion-
pair complex. The complexation of cations by crown ethers has been attributed to the
electrostatic attraction between the cation’s positive charge and the negative dipolar-charges on

the hetero atoms in the polyether ring.



Figure 1.

Structures of Some Li™ Selective Ionophores
A) dodecylmethyl-14-crown-4
B) dibenzo-18-crown-6.

C) N,N’-diheptyl-N,N’-5,5-tetramethyl-3,7-dioxaazelaamide
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Table 3. Cavity Size and Metal Ion Selectivity of Crown Ethers and Cryptands".

Crown Ethers

Cavity Diameters/ A

Metal ion Selectivity

12-Crown-4

14-Crown-4

15-Crown-5

C211

C221

C222

1.2

1.2-1.5

1.7-2.2

0.8

1.2

1.4

Li* > Na* > K*
Li* > Na* > K*
Na*, K* > Cs*
Li* > Na*

Na* > K*

K > Cs*

*Taken from reference 4, 5, and 50.

91



Figure 2. Structures of Some Cryptands.
1) C211 (=1, m=n=0)
2) C221 (l=m=1, n=0)

3) C222 (I=m=n=1)
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A cobalt complex ionophore directly incorporated in a synthetic PC vesicle showed a Li*/Na*
selectivity ratio of 40 (44). Using different side chains, carrier induced Li" kinetic analysis fits
a pseudo-first-order reaction (45). Lipophilic 14-crown-4 derivatives bearing nitrophenol or
azophenol chromophores gave extraction equilibrium constants for Li* that were two orders of
magnitude higher than Na™ (47).

Body fluids are complex mixtures containing a wide variety of diverse substances. The
determination of the Li" composition of these fluids is essential for establishing a patient’s
metabolic condition and for facilitating .the diagnosis of altered states. The use of Li* ion-
selective electrodes in clinical medicine has grown rapidly in recent years. Using Li* ion-
selective electrodes in human serum, artificial serum and aqueous solution, Li*/Na™ selectivity

-

ratios ranged between 10-300 (29-36).

LF Modes of Action of Lithium

Several studies have been conducted on the possible effects of lithium salts in biological
systems. Some of the hypotheses that have been put forward include: competition between Li*
and other metal ions, binding of Li* to cell membranes, and interaction of Li* with second

messenger systems. Each of these hypotheses is described in detail below.

are involved in interneuronal communication. Intracellular K* is involved in maintaining the
capacity of cells to depolarize. Intracellular Na® is involved in depolarizing the membrane, or
discharging stored membrane energy. Intracellular Ca** is involved in executing the purpose of

the neuron’s depolarization, or release of neurotransmitters. Mg’* activates ATP, the source of
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energy, and GTP, the regulator of neurotransmitter stimulation of the second messenger.

Some studies have shown that Li* competes for Mg** binding sites (54, 55). However,
it is not clear whether competition between Li* and Mg®* ions is related to the mode of action
of Li*. The chemical similarity between Li* and Mg®" arises from the diagonal relationship that
exists between them in the periodic table. Reactions catalyzed by ATP-dependent enzymes
generally require divalent cations such as Mg** for activity. Mg’* is the predominant cation in
mammalian cells rangirig in total concentration from 2.5 - 8.5 mM in various cell types (56-
58). ATP is the universal currency of free energy in biological systems. Eighty percent of ATP
exist as Mg-ATP, which is the active form of ATP. Mg*" interacts with both the - and (-
phosphates of ADP and the «-, 8- and y-phosphates of ATP. However, Mg>* coordination to
the a-phosphate of ATP is weaker than to the 8- and vy-phosphates of ATP due to steric
hinderance (59, 60). Mg-ATP can have seven ditferent structural isomers, (a-, 8- and y-)
monodentate, (« 8-, 8 y- and o vy-) bidentate and (o 8 v-) tridentate (59). Binding of metal ions
to nucleotides is pH, temperature and ionic strength dependent (61-63). Lithium is known to
inhibit Mg** activated enzymes such as adenylate cyclase, phosphofructokinase and pyruvate
kinase (64-66). Therefore, magnesium binding sites in biomolecules are potential sites for
lithium interaction.

In considering the role of ATP as an energy carrier, we can focus on its triphosphate
moiety. ATP is an energy rich molecule because its triphosphate unit contains two phosphate
anhydride bonds (Figure 3). A large amount of free energy is liberated when ATP is hydrolyzed
to ADP and orthophosphate (Pi) or when it is hydrolyzed to AMP and pyrdphosphate (PPi).
Phosphates are non selective metal ion binders. They are especially important and among the
most effective groups in attracting alkali and alkaline earth metal ions (67). Several workers

have noted an increase in both serum magnesium and calcium a short time following lithium



Figure 3.

Structures of ATP (A) and ADP (B).
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administration to humans (68-71). A general sedating effect with decreased manic behavior was
observed when two acute manic patients were administered with Mg** by infusion (68). Blood
samples showed an increase in plasma calcitonin, a small decrease in serum calcium, and an
increase in serum Mg®* (68). Therefore, it was hypothesized that magnesium could be
responsible for the antimanic etfect of lithium administration (68). It is known that Li* displaces
Mg** from ATP binding sites in human RBCs (55). Therefore, this increase of serum Mg**

may be due to Mg*™ being displaced by Li".

2) Binding of Li” to Cell Membranes. Its effects on membranes have been studied

(72-86). Most of the investigations on interaction of Li* with membranes have been conducted
with human red cell membranes because they represent a good model system for the
investigation of lithium action, due to their well known morphology, simplicity, and easy access
(78-80). It is also known that Li" transport in red cells has similar characteristics to that present
in nerve tissue (27). In an in vitro study, Ramasamy and Mota de Freitas (55) showed that Li*
displaced Mg** trom ATP binding sites in human RBCs and that the displaced Mg’* was
presumably binding to the membrane (55).

Li* and M¢’" binding to human cell membranes may be a potential site for lithium
action. Interaction ot metal ions with human RBC membranes and synthetic membranes made
up of phospholipids, such as PC, PI and PS, has been studied using 'Li, *P, *H NMR, AA,
fluorescence spectroscopy and neutron dittraction (72-86). The binding of rﬁetal ions causes
motional rigidity and small conformational changes of the phospholipid head groups which is
reflected in changes in relaxation times, chemical shifts, chemical shift anisotropy (CSA), and

in distinct changes of the quadrupole splittings.
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The strength of metal ion interaction increases with increasing charge and metal ion
concentration. PC is one of the most predominant phospholipids in membranes.
Thus, a large fraction of most membrane surfaces is occupied by PC groups. The interaction
of metal ions with the uncharged PC bilayer can be expected to be relatively weak compared to
those with negatively charged lipids, such as PI and PS, which are minor constituents of
membranes.
Previous studies have shown that the extent of binding of Ca**, Mgz;', Li*, Na* and
K* to deuterated bilayers of POPC and POPS decreased when going from Ca™ to K* (74).
Results obtained with pure DMPS and mixed bilayers with PC and PE at various NaCl or LiCl
concentrations indicate that interactions with Na* and Li* have very different effects on the
head group quadrupole splittings (75). CSA of resealed RBC ghosts is reported to be 45 ppm
(81). This value shows the extent of immobilization of the phosphate head group in resealed
human RBC ghosts. The strength of metal ion interaction with PC increased when going from
monovalent to trivalent cations such as Na*, Ca’* and La’* (82). The extent of Ca’* binding
to PC was examined using H NMR and AA spectroscopy (83). A linear relationship existed
between the quadrupole splitting and the amount of Ca™* bound per PC head group. The
quadrupole splitting at the saturation point corresponded to a binding stoichiometry of one Ca**
per two POPC (83). Addition of lanthanide shift reagents, such as La’* and Eu’*, and
K;Fe(CN)s to a PC bilayer changed the P NMR CSA and *H NMR quadrupole splittings
dramatically (84). The shift reagents are in direct contact with the PC membrane. Therefore,
they cause paramagnetic broadening. The addition of Ca*>* to PS causes rigid'lattice P NMR
spectra which corresponds to a strong and specific head group immobilization by the Ca** ion
(85). At pH 7.4 the hydrated PC from egg yolk and PS from human erythrocytes adopted the

bilayer phase while lowering the pH below 4.0 resulted in a transition from bilayer to the
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hexagonal (H,) configuration, which is an indication of a conformational change of the
phospholipid (85). Using differential scanning calorimetry and x-ray diffraction, it has been
shown that Li* interacting with liquid-crystalline PS bilayers forms a highly ordered crystalline
complex which retains the bilayer structure (86). The stability of the complex is indicated by
the high crystal to liquid-crystal transition temperature of about 90 °C and the high transition
enthalpy AH = 16.2 kcal/mol (86). It is clear that the interaction of PS with Li* mimics that
of Ca® and Mg** (86). |

Li* interaction with cell membranes can also be studied via 'Li spin-lattice (T,) and
spin-spin T, relaxation times (72, 76, 77). These two measurements are obtained with the
inversion recovery and Carl-Purcell-Meiboom-Gill pulse sequences (87), respectively.
Intracellular "Li* T, values in Li*-loaded RBCs are much higher than the corresponding T,
values (72, 76). It is well established that slow motions contribute only toward T, (87). Thus,
the large difference between T, and T, values is indicative of Li* binding to RBC components
(76). A viscosity contribution was ruled out because for Li* in water/glycerol mixtures with
viscosity adjusted to that of intracellular RBC showed no significant difference between T, and
T, relaxation times (72, 76). The observed relaxation times represent a weighted average of
bound and free lithium ions. Little or no change was observed on the 'Li T,’s and T,’s of ATP-
containing ghosts and ATP-depleted ghosts indicating that the interaction between Li* and ATP
is weak and is not responsible for the drastic difference between T, and T, relaxation times (76).
Moreover, the fact that the difference in relaxation times is present in both intact RBCs and RBC
ghosts indicates that this Li* relaxation behavior has to do with Li* binding to RBC membrane
and not to intracellular metabolites, such as ATP and hemoglobin, or membrane proteins, such
as spectrin-actin.

Studies carried out with human red blood cells postulated a membrane dysfunction
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hypothesis for manic depression (88-91). Some studies have shown characteristic changes in
the PL composition of bipolar patients (88). Manic depressive patients have lower PC and PS
and higher PE content than normal controls (88). It was previously suggested that Li* may
interact with phospholipids (92) or a membrane protein (93). Clinically relevant concentrations
of Li* significantly altered molecular dynamics on the erythrocyte membrane surface (73). It
could be that the hydrated Li* ion alters the electrostatic interaction of membrane surface
molecules, as well as the surrounding water structure, with a resultant increase in the molecular
motion of these molecules. Li" induced alteration in the molecular dynamics of normal
erythrocyte membranes may provide new insights into a possible molecular mechanism for the
therapeutic action of lithium given the previous findings of a possible membrane abnormality in
bipolar affective disorder (88-90).

A cell membrane dysfunction could alter Li* interaction with the membrane, and hence
the rate of Li* transport across the membrane. Indeed, we and others (94-97) have found that
the Na*-Li* countertransport rate is lower for manic depressive patients receiving lithium
carbonate than for matched controls. In contrast, some investigators failed to find a significant
difference between patients and controls (98-103). Interindividual differences (99, 101), as well
as intraindividual (104, 105) variations, have resulted in overlapping Na*-Li* countertransport
rates for patients and controls. Thus, decreased activity of erythrocyte Na*-Li* countertransport
may not be a reliable "biochemical marker" for affective disorder. Bimodal distribution of a
gene encoding for a Na"-Na" exchange protein having a binding site for Li" could explain the
published discrepancies for the rates of RBC Na*-Li" countertransport (93, 104). Differences
in RBC Na*-Li" countertransport rates were observed between the white and black populations;
the rate constant for Li* efflux through this pathway was found to be larger in whites than in

blacks (106). Thus, some of the interindividual variations may be related to racial dissimilarities
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in the cellular metabolism involving cation transport (96). Sodium-lithium countertransport
increased with aging in normal subjects (107). This increase is due to a phloretin insensitive
component that was not present in young erythrocytes and due to a marked increase in the
phloretin insensitive component upon aging (107). Ostrow et. al. (108) have demonstrated that
maximal Na*-Li” countertransport rate is unaffected by storage of erythrocytes for up to five
days in a buffered isosmolar KCl solution, but the intracellular sodium concentration decreased.
Since sodium-lithium countertransport rate measurements conducted using 'Li NMR or AA
spectroscopy showed a positive correlation (94), methodological variations were ruled out.

In human RBCs, Li* ion transport takes place via some of the transport pathways used
by the Na” ion since Li" and Na® have similar chemical and physical properties. Na*-Li*
countertransport is the major pathway when Li" is transported out of the cell. This pathway
is inhibited by phloretin, furosamide, and quinine (109). On both sides of the membrane the
affinity of Li* is 15 to 18 times greater than Na* (110). This means that in the plasma of
patients receiving lithium carbonate where Na® is maintained at 140 mM and Li* is
approximately 1 mM, the external transport site will predominantly be Na*. On the other side
of the membrane, the Na* to Li” concentration ratio (8 mM vs. 0.5 mM) more closely matches
the affinity ratio so the Li" is likely to be carried out of the cell. It is this efflux which
maintains intracellular lithium levels lower than in the plasma (27, 110-112). The energy needed
to move Li* against an electrochemical gradient, as found in Li*-loaded RBCs, is derived from
the large Na” gradient which is maintained by the Na"-K* pump. Other pathways responsible
for Li" efflux are the leak pathway and the Na*-pump (89, 112). Li" is transpbrted into the cell
via a passive leak pathway, and the chloride exchange (or band three) protein (89, 112). The
latter pathway is not shared by Na” for Li" is transported as an anion complex of carbonate,

LiCO,, exchanging for CI'.
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3) Interaction of lithium_ with the two prominent second messengers systems,
adenylate cyclase and phosphatidylinositol turnover. The neurotransmitter-sensitive adenylate

cyclase is a transmembrane signaling system, which consists of five functional proteins.
Stimulatory receptors (8-adrenergic-, dopamine D, serotonin 5-HT -, vasopressin- and glucagon
receptors) and inhibitory receptors («2-adrenergic-, dopamine D,-, opiod- and muscarine M,
receptors) either stimulate or inhibit adenylate cyclase activity (113,114). Urine levels of cAMP
are reported to be elevated in mania, and reduced in severe depression (115). Palmer et al.
(116) showed that lithium in vitro at a concentration of 2 mM reduced noradrenaline-stimulated
cAMP accumulation in rat brain slices. B-adrenergic adenylate cyclase, which is sensitive to
lithium at therapeutic levels, may play an important role in the therapeutic action of lithium,
while those enzymes less sensitive to lithium, e.g., dopamine-stimulated adenylate cyclase, might
be linked to the adverse effects occurring at hiéher lithium levels. On the other hand, a
dampening of dopaminergic neurotransmission may be involved in the action of antimanic drugs
(117).

Several neurotransmitter receptors are coupled to the hydrolysis of phosphatidylinositol-
4,5-biphosphate (PIP,) yielding inositol 1,4,5-triphosphate (1,4,5-IP,) and diacylglycerol (DG),
which perform second messenger roles in cells (118). It has been shown that lithium treatment
reduces the levels of inositol in the brain and that this reduction is accompanied by an increase
in IP, (118). Inhibition of inositol-1-phosphatase leads to a depletion of inositol, the precursor
in the resynthesis of PIP,. Reduction of the resynthesis of PIP, may affect the signaling
mechanisms operating through the phosphoinositide system. Lithium decreased apparent
interaction of neurotransmitter receptors with G-proceins (119). It was found that Li* blocks the
activity of two types of guanine nucleotide binding proteins (G proteins), G, and G, or G,. These

two different types of G proteins may provide a common site for both the antimanic and
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antidepressant therapeutic effects ot lithium (119). Li" at therapeutic levels (0.6 mM) completely
blocked isoproterenol eftects on GTP binding to G,, with no effect on basal GTP binding (120).
Atropine-blockable, carbamylcholine-induced increases in GTP binding capacity were found to
be abolished by lithium (120). Since the muscarinic system is known to be coupled to G
proteins other than G, i.e., G, and G,, lithium abolishment of carbamylcholine effect on GTP
binding reflects its interaction with the latter G proteins (120). Li* could interfere with the
activity of G-proteins by competing with Mg** ions, which are essential for the binding of GTP
to G-proteins.

In summary, the modes of biological action of lithium may involve competition with
other electrolytes, binding to membrane receptor sites, and/or influencing second messenger
systems such as adenylate cyclase and phosphatidylinositol turnover. It is not known at the
present time which ot these mechanisms are responsible for the therapeutic effects of lithium.
Lithium action is likely to be felt in different organs and to different degrees. However, at a
molecular level a simple competition between Li* and Mg®* ions may account for most Li*

interactions in biological tissues.



CHAPTER 11
STATEMENT OF THE PROBLEM

The purpose of this ‘investigation is three fold: 1) to propose methods by which the
slow onset of Li* action can be enhanced, 2) characterize the competition between Li* and
Mg** ions for biomolecules, and 3) to find correlations among slow Na*-Li* countertransport
ratéi amount of Li* bound to cell membrane, abnormal membrane makeup, and free intracellular
Mg®* levels in manic depressive patients that would lend support to a membrane dysfunction
theory.'

It takes 5-14 days for lithium to reach its effective therapeutic level (2). The
characteristically slow onset of lithium action may necessitate the enrichment of lithium carbonate
tablets in °Li isotope and the temporary use of a faster acting antipsychotic drug. Naturally
occurring lithium carbonate salt consist of 93% 'Li and 7% °Li. Using atomic absorption
spectroscopy, it has been shown that the quantity of °Li that entered the erythrocytes is greater
than "Li, with a concentration ratio of °Li/’Li ranging from 5.4 - 8.5% (6). Using magnetic field
gradients, the ratio of diffusion rates of °Li to 'Li in aqueous solution is calculated to be 1.003%
(9). Several studies have shown that °Li is more toxic than 'Li, thus ekerting different
behavioral effects (11-13). Since lithium-6 is known to diffuse into the red blood cell faster than

lithium-7, obviously the intracellular concentration of lithium-6 is going to be higher than
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lithium-7 for the same dosage and period of medication. In fact, lithium toxicity should be
compared for the same starting intracellular Li* concentrations and not the same starting
extracellular Li* concentrations. I will show using °Li and 'Li NMR spectroscopy that enriching
lithium carbonate tablets with the °Li isotope can enhance Li* absorption into tissues and speed
up the slow onset of Li* action in human RBCs.

The therapeutic level of lithium in serum is 0.5 - 1.2 mM and the toxic level is 2.0
mM. Na® concentration in human serum is 140 mM. Due to the high similarity in chemical
and physical properties and drastic difference in concentrations between Na® and Li%,
discrimination between the two ions is difficult. Over the years several ion selective ionophores
have been studied (29-36, 44-48). 14-crown-4 crown ether ionophores are known to be the most
selective for Li* of all reported ionophores (31, 48, 49). The selectivity ratios of Li*/Na* using
these ionophores range between 10-300 (29-36). Previous ionophore studies were conducted
using a synthetic membrane (44) or used ionophores .to measure serum lithium level by
constructing Li* selective electrodes. The goal of this project is to identify a molecule that can
selectively pick up Li* and transport it rapidly across the red blood cell membranes. A non-
toxic drug delivery system that is isostructural with the 14-C-4 ionophores may then be
incorporated in the lithium carbonate tablets and improve Li* absorption in tissues.

Several studies show that Li* competes with Mg** for biological ligands (54, 55).
Besides the fact that Li* and Mg** have similar chemical properties due to the diagonal
relationship that exists between them in the periodic table, it is also known that Li* inhibits
Mg** activated ATP dependent enzymes, such as adenylate cyclase, DNA polymerase and
phosphofructokinase (64-66). Eighty percent of ATP exists as Mg-ATP, which is the active
form. Therefore, my study of Li*/Mg*" interactions with ATP and ADP in aqueous solution

represents a simple model system that can partially depict what goes on in RBCs and nerve
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tissues. I hypothesize that one of the mechanisms by which Li" exerts its antimanic effect is by
competing with Mg"". The first step would be to determine whether Li* and Mg** bind to the
phosphate groups of ATP and ADP using *P NMR spectroscopy. Due to their high negative
charge, phosphate groups are expected to attract alkali and alkaline earth metal ions (67) and be
the major binding sites in ATP and ADP. "C and 'H NMR studies would show if there is any
binding of Li* and Mg’ to the base or sugar moieties of ATP and ADP. 'Li NMR relaxation
times would confirm whether there is displacement or ternary complex formation of Li* and
Mg** with adenine nucleotides.

It was previously shown in an in vitro study done on human RBCs that Li* displaced
Mg®* from ATP and the displaced Mg~ was presumably bound to the membrane (55). I tested
this hypothesis directly. Using P NMR spectroscopy, I studied the mode of binding of Li* and
Mg** to human RBC membranes.

It has been hypothesized that Mg™* could be responsible for the antimanic effect of Li*
(68). Therefore, monitoring tree intracellular Mg** levels of patients and of matched controls
is ideal to interpret the effect of Li* on Mg** distribution or vice versa. Studies carried out with
human red blood cells suggest a membrane cell dysfunction in manic depression (88-91).
Characteristic changes in the membrane phospholipid composition of bipolar patients have been
reported (88). Manic depressive patients have lower PC and PS content and higher PE content
than normal controls (88). Some investigations show that Na"-Li* countertransport rate for
manic depressive patients is lower than normal controls (94-97). I hypothesize that if there is
higher anionic phospholipid content in the inner leatlet of the RBC membrane, the extent of
intracellular Li™ interaction with the cell membranes may be stronger resulting in lower rates
of Li* transport across the membrane and higher free intracellular Mg** due to displacement by

Li*. In order to understand the above problem I characterized the interaction of Li* with human



33
RBC membranes using 'Li NMR relaxation times, monitored free Mg’* level by *P NMR
chemical shifts, measured Na*-Li* countertransport rates using AA, and determined phospholipid

composition using *'P NMR.



CHAPTER 111

EXPERIMENTAL METHODS

II1. 1. Materials

III. 1A. Reagents

Tris salts of adenosine triphosphate (ATP) and adenosine diphosphate (ADP), Tris
chloride, Tris base, sucrose, glucose, choline chloride, Chelex-100 cation exchange resin,
ouabain, 4,4’-diisothiocyanostilbene-2,2’-disulfonic acid (DIDS), and phosphatidylcholine (PC)
were purchased form Sigma. Lithium chloride (LiCl) 99.999%, magnesium chloride (MgCl,)
hexahydrate 99.999%, potassium chloride (KCl), tetramethylammonium hydroxide
[(CH,),NOH], tetramethylammonium chloride [(CH,),NCl], sodium chloride (NaCl), D,098.8%,
trimethyl phosphate (TMP), trimethyl silane (TMS), tertiary butanol [(CH,);COH], sodium
triphosphate (Na,PPP), dysprosium chloride (DyCl;), and HEPES [4(2-hydroxyethyl)-1-
piperazineethanesulfonic acid], were purchased from Aldrich. Dibenzyl-14-crown-4 was
purchased from the Dojindo Laboratory, Japan. Lithium-6 chloride enriched (°LiCl, 95.7%)
was purchased from Oak Ridge National Laboratory.

All chemicals were of the highest purity. No further purification was needed except

for Na,PPP. Na,PPP was recrystallized three times from 40% ethanol and dried in a rotor
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evaporator.
I1I. 1B. Subjects
Human red blood cells (RBCs) were from Life Source, Chicago section. Whole blood
samples from bipolar patients and normotensive controls were obtained with the help of Drs. J.
Silberberg, W. Dorus, W. Whang, G. Borge and the nurse E. Elenz from the Department of
Psychiatry, Loyola University Stritch of Medicine and Hines Veterans Administration Hospital.
Bipolar patienté were diagnosed according to Diagnostic and Statistical Manual of Affective
Disorders (DSM-IIIR, 1990) (121). The standard procedures for experiments involving human
blood were approved by the Institutional Review Boards for the Protection of Human Subjects,
Loyola University of Chicago, at both Lake Shore and Maywood campuses, and by the

corresponding committee at Hines Veterans Administration Hospital, Hines, IL.

III.2. Instrumentation
III. 2A. Nuclear Magnetic Resonance Spectroscopy

'H, °Li, "Li, “C, ®Na, *P, and **CI NMR measurements were made at 300, 44.6, 116.5,
75.6, 79.1, 121.4, and 35.7 MHz, respectively, on a Varian VXR-300 NMR spectrometer
equipped with a multinuclear probe. For the aqueous solution experiments, samples were
locked with 16% D,O and the spin rate was 18 Hz for the 10 mm probe and 20 Hz for the §
mm probe. All experiments that involved blood samples were run non-spining to avoid RBC
settling. All experiments were run at 37 °C. Table 4 shows some of the NMR parameters of
used. T, and T, measurements were made according to published methods (87).. Figure 4 shows

the pulse sequences used to conduct 1-dimensional, T,, and T, measurements.



TABLE 4. NMR Parameters of Nuclei Investigated at 7.0 T.

'H *Li Li BC ®Na *p *cl
Resonating frequency /MHz  300.0 443 116.4 74.6 79.4 121.5 29.4
AT /s 3.8 1.7 1.2 1.3 0.15 1.5 0.15
Av,, /Hz <1 1 1 <1 4 5 14
PW 90 /us 20 36 33 17.5 18 12 55
T, /Is 0.01 - 0.03 10-160 3-20 0.01 -1 < 0.06 0.1-55 10*-0.2
NT 1 100 1 100 1 1 7

9¢



Figure 4.

Pulse Sequences for 1-D (A), T, (B), and T, (C) NMR experiments.

37



Pw
D, AT
P, PW
1801 90°
D, D, AT
PW P, P
90° 180° 180°
D, D, 2xD,
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II1. 2B. Atomic Absorption Spectrophotometry

Li*, Na" and K" absorption measurements were made at 670.8, 589.0, and 766.5 nm,
respectively, on a Perkin Elmer 5000 spectrophotometer equipped with a graphite furnace and
flame source. Na*-Li* countertransport rate measurements were done according to Canessa et
al. (122). The AA parameters for Li*, Na*, and K* measurements are summarized on Table
5.
III. 2C. Flame Emission Spectrophotometer

The PFP7 is a low temperature, single channel emission flame photometer designed for
routine determination of Na*, K™ with additional filters available for the determination of Li".
It was also used to determine intracellular Li* concentrations and Na*-Li" countertransport
rates.
III. 2D. UV/VIS Spectrophotometer

An IBM UV/VIS 9420 spectrophotometer was used to measure the Mg-ATP affinity
constant using the Mg** specific dye, antipyrylazo III, at 680 nm (61).
III. 2E. Vapor pressure Osmometer

A Wescor Vapor Pressure Osmometer model 5500 was used to measure the osmolarity
of all suspension media. The osmolarity of all suspension media was adjusted to 295 + 5
mOsm using sucrose.
II1. 2F. Hemofuge

Cell volume (hematocrit) was measured using a IEC model MB IM116 hemofuge.



TABLE 5. Li*, Na*, and K* AA Parameters.

Li* Na* K*
Wavelength /nm 670.8 589.0 766.5
Slit width, high /nm 1.4 1.4 1.4
Fuel C.H, C.H, C,H,
oxidant air air air
fuel/oxidant flow rate 45/50 45/50 45/50
Sample volume /mL 1.5 1.5 1.5
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Using micro glass capillary tubes, blood samples were drawn with a syringe and centrifuged for
3 min. Hematocrit was defined as the ratio of the volume of packed red cells to the volume
of the whole suspension medium times 100. The results were read from a micro-hematocrit

reader chart.

III. 2G. Refrigerated Centrifuge
Washing of blood was done using a Savant Refrigerated High Speed Model HSC10000
bench top centrifuge. Ghosts were prepared using a Beckman J2-21 refrigerated centrifuge

equipped with J-20A and JA-14 fixed angle rotors.

III. 2H. pH Meter

An Orion pH meter was used to check the pH of all suspension media and samples.

II1. 2I. Lyophilizer
K,PPP and ((CH,),N),PPP were prepared from Na,PPP using a cation exchange column.
The K,PPP and (CH,),N),PPP salts were frozen and then dried using a FDX Flexi-Dry freezer

dryer model 1-54.

III. 2J. Analytical Balance
A Mettler AE100 analytical balance that has the capability of weighing samples as low

as a tenth of a milligram was used.
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IIL. 3. Sample Preparation
II1. 3A. Metal nucleotide complexes in aqueous solution
ATP and ADP concentrations were either S or 10 mM, and metal ion concentrations

ranged from 5 - 150 mM for LiCl and 0.5 - 50 mM for MgCl,. Nucleotide concentrations did
not exceed 10 mM in order to avoid base stacking (67). The pH was adjusted to 7.4 using
either tetramethylammonium hydroxide or HCI. Ionic strength was adjusted to 0.15 M using
Tris/HCI, which is also used as bufter. For the "C and '"H NMR experiments no Tris/HCI was
added for the Tris peak was overlapping with the nucleotide peaks. All experiments were run
at 37 °C.
II1. 3B. Preparation of Suspension Media for:

Isotopic Effect on Lithium Kinetics

100 mM LiCl (°Li or 'Li), 5 mM ((CH,),N),Dy(PPP),, 10 mM glucose, and 10
mM HEPES, pH 7.4.

Ionophore Induced Li* Transport

140 mM NaCl (shift reagent contribution included), 5 mM LiCl, 0.3 mM
dibenzyl-14-C-4, 0.1 mM Ouabain, 0.1 mM DIDS, 10 mM glucose, and 10 mM HEPES, pH
7.4 3 mM Na,Dy(PPP), when needed). Suspension medium for the control experiment
consisted of all of the above except for the ionophore dibenzyl-14-C-4,

Na*-Li* Countertransport Rate Measurement

1) Choline Wash Medium: 112 mM choline chloride, 85 mM.sucrose, 10 mM
glucose, and 10 mM HEPES, pH 7.4.

2) Li"-loading medium: 150 mM LiCl, 10 mM glucose, and 10 mM HEPES,

pH 7.4.



43
3) Na” medium: 140 mM NaCl, 10 mM glucose, and 10 mM HEPES, pH 7.4.
4) Choline medium: 140 mM choline chloride, 10 mM glucose, and 10 mM
HEPES, pH 7.4.
Human RBC Membranes
1) Washing medium: 150 mM NaCl, 5 mM HEPES, pH 7.4.
2) Lysing medium: 5 mM HEPES, pH 8.0.

3) Resealing medium: 1 mM MgCl,, 5 mM HEPES, pH 8.0.

III. 3C. Li*-loaded RBC

Whole blood from patients and matched controls was centrifuged at 6,000 g to separate
the RBCs from the plasma and WBCs. Packed RBCs were washed three times for 5 min each
by centritugation, at 6,000 g, at 4 °C, using choline wash solution. Supernatant and buffy coat
were removed by aspiration.  Two Li" loading procedures of RBCs were adapted from the
literature: one involved incubating cells at 50% hematocrit (Hct) in a Li*-loading medium for
3 hrs in a 37 °C water bath to achieve 1 - 1.5 mM intracellular lithium (94), and the other
incubating the cells at 13% hematocrit to obtain 6.5 - 7.0 mM Li" inside the red blood cell
(122). After incubation was complete, the Li"-loaded cells were washed five times using choline
wash solution by centrifugation at 6000 g for 5 min to remove extracellular lithium.
III. 3D. Preparation of Shift Reagent

The Na,Dy(PPP), complex was prepared from DyCl, and Na,PPP in a ratio of 1:2.5.
Sodium triphosphate was added dropwise to DyCl, until complete formation of the complex
which is indicated by the clarity of the solution (41, 42, 123). The tetramethylammonium and
potassium forms of triphosphate were obtained by passing the sodium form of the triphosphate

through Dowex-50W columns saturated with (CH,;),NCI and KCI, respectively. The columns
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respectively. The columns were rinsed with deionized water for complete removal of the ligand
and freeze-dried overnight. Preparation of the K* and (CH,),N* forms of Dy(PPP),” were the
same as for the Na* form as stated above.

I11. 3E Preparation of Human RBC Membranes

Washing of RBCs is the same as section III. 3C except 5 mM HEPES, and 150
mM choline chloride, pH 7.4 isotonic washing solution was used. Procedures used to prepare
human RBC membranes were taken from Steck et al. (124). Washed-packed RBCs (5 mL) were
lysed using 30 mL of hypotonic lysing medium, 5 mM HEPES pH 8 (SH8). The suspension
medium was centrifuged three times for eight min. each at 18,000 g and 4 °C using a Beckman
J2-21 centrifuge and J-20A rotor, until the white membrane was observed.-
II1. 3F Preparation of Large Unilamellar Vesicles

PC from egg yolk was dried under N, to remove all the hexane. PC (1.4 mL)
was dissolved in 20 mL of 2:1 (v/v) chloroform-methanol, and the mixture was dried to a thin
film under a stream of N, and then put under vacuum for 5 hrs to remove the residual traces of
organic solvents (125). NaCl (150 mM) or LiCl (150 mM) or a mixture (75:75 mM) of the two
salts, and 10 mM HEPES, pH 7.4 (4 L) was degassed with N, for over 12 hrs. The lipid film
was dissolved in 4.5 mL of the desired buffer and 0.3948 g octyl-8- glucopyranoside (a
detergent used to fuse the vesicles) and placed in dialysis tubing. The above mixture was
dialyzed twice for 12 hrs against 2 L of the desired buffer. To remove residual detergent and
extracellular Li* and Na* ions, the sample was dialyzed in 150 mM KCI, 10 mM HEPES, pH
7.4 for 24 hrs. Vesicles were forced through a syringe equipped with a 0.45 um filter to
homogenize the size.

Dialysis tubing were prepared by placing strips of tubing twice in each of the following

solutions for 1 hr at 60 °C. 1) 50/50 (v/v) ethanol-water; 2) 10 mM NaHCQO;; 3) | mM
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Na,H,EDTA; 4) double distilled water; 5) 0.02% NaN,.
III. 3G. Extraction and Analysis of Phospholipids
RBC membranes were prepared according to section III. 3E. RBC membranes (1 mL)
was added slowly to 17 mL of methanol and mixed for 10 min. Methanol was purchased from
Aldrich Chem. Co. in a sure-seal bottle and the chloroform was distilled. All extracting solvents
consisted of 50 mg/L of butylatedhydroxytoluene (BHT) as an antioxidant. Chloroform (33 mL)
was added and the entire mixture was mixed for 15 min (126-128). "I'he resulting extract was
filtered through a medium size sintered glass funnel. The extract was washed with 50 mL of
a chloroform, methanol mixture (2:1) to reextract the residual phospholipids. The filtrate was
mixed thoroughly with 0.74% KC! of 0.2 times its total volume to remove all non lipid
impurities. The bottom chloroform layer was separated using a separatory funnel fitted with a
teflon stopcock. The purified phospholipid was dried in a rotary evaporator at 30 °C. The final
lipid extract was stored at -20 °C in 2 mL of deuterated chloroform. To this 2 mL c;f deuterated
chloroform consisting of the lipid extract, 1 mL of 1:4 deuterated EDTA:methanol solution
was added. Phospholipid analysis was done according to Glonek et. al. (128) using *'P NMR.
NMR suspension media were prepared as follows (128). The free acid EDTA was titrated to
pH 6 using tetramethyl ammoniumhydroxide to a tinal concentration of 0.2 M. The sample was
freeze-dried in a lyophilizer. The solid was redissolved in a minimum amount of D,O and
freeze-dried in order to exchange the two labile hydrogens for deuterium. The base and the acid
were prepared in D.O. The sample was placed in a 10 mm NMR tube and let stand for a few
minutes for the aqueous phase to separate. The turbine was adjusted so that oniy the chloroform
phase. covered the NMR window. *P NMR was run at a resonating frequency of 121.5 MHz
in a Varian VXR-300 MHz instrument. Spectrometric conditions used were as follows: 1-D

pulse sequence, pulse width of 10 us (45° tlip angle), AT 6f 1.4 s, D, of 1.5 x the longest T,
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(2.5 s) were used. Samples were run locked on D,O, at ambient temperature and spinning at

16 Hz.

III .4. Data Analysis

I11. 4A. Determination of Mg-ATP and Mg-ADP association constants
A combination of *'P and optical spectroscopy studies were used to calculate the Mg**
associatioﬁ constants (61). The concentration of free Mg*" was measured from the absorbance
of the Mg**-specific dye, antipyrylazo III. The Mg*" association constants K, to ATP were
given by (61):
K,= (Mg”l)' (1-¢)/¢ 1
¢ = [ATP], / [ATP], )
¢ = (8,50bs - 6,MgATP) / (5,ATP - 6,,MgATP) 3)
where 6_,0bs is the observed chemical shift difference between the «- and 8- phosphate
resonances in Mg’ -nucleotide solutions that are not saturated with Mg®"; 6_,ATP and
6.,MgATP are the maximal and minimal values of this difference without and with Mg’
respectively; [ATP], is the total ATP concentration; and [ATP], is the sum of the concentrations
of all ATP species not chelated to Mg**. Similar expressions were used to calculate Mg-ADP
association constants.
Association constants of 1:1 Li* complexes of ATP and ADP, using the first model
(stoichiometry of 1:1, Li":nucleotide), were calculated based on the following equations:
ban = Yo Bure + Kuiare Suznr @ |
[Li"]., + Kyare[Li"lJATPL, - [Li'], = 0 ®
Similar equations were used to generate Li" association constants based on 2:1 species, using

the second model (stoichiometry of 2:1, Li":nucleotide):
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ban = Xuredare + Fuiprobupre ©
[Li*], + 2KyumlLi'lJATP, - [Li], = 0 ™
where 6,rp, Oparp, and 6Liz‘"’ represent the limiting chemical shifts for the free ATP, LiATP,
and Li,ATP species; Xurp, Xpiarp, and Xyare ar€ the mole fractions for the same species; K;,,1p
and Ku;m’ are the association constants for the LiATP and Li,ATP complexes; and subscripts
eq and o represent the equilibrium and starting Li* concentrations.
III. 4B. °Li and 'Li NMR Determination of Li"™ concentration
Intracellular °Li and "Li concentrations, [Li],, were calculated by integrating the areas,
A;and A, under the NMR intra- and extracellular resonance curves, and by taking into account
the total isotopic composition of the LiCl used, [Li*};, and the hematocrit level, Hct:

[Li*]; x (1 - Het) x A,

[Li'), = @)

Het x (A, + Ap

Initial rates of Li” uptake were calculated from the slopes of the plots of [Li*], vs. time t for
each isotope. The rate constants, k, were calculated from the equation:

In [Li*}, / [Li*); = -kt )]
III. 4C. NMR and AA Determinations of Li*, Na*, K*, and CI concentrations

For the AA experiments, the extracellular Li*, Na*, and K* concentrations
were determined by placing 500 pL aliquots at 15 min intervals in precooled culture tubes.
The aliquots were centrifuged at 2000 g for 4 min at 4 °C and the supernatanfs were collected,
diluted with deionized water, and analyzed directly for metal ion concentration by AA. Li,
Na*, and K" standards prepared in the SR suspension medium were used to construct calibration

curves and to determine extracellular metal ion concentrations. For the NMR experiments, intra-
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and extracellular ion concentrations ({I"],, or [I"],,) in RBC suspensions were calculated from
the following equations:

(. = A, x [IL,/ (A, x Ht x v) (10)

M. = A x [11,7 {A, x (1 - Ht)} (11)
where A, and A_,, are the peak areas under the intra- and extracellular 'Li* or ®Na* NMR
resonances, and [I], and A, are the concentration and peak area of the standard solutions (0.15
M LiCl or NaCl plus 5 mM DyCl;) measured separately. Relative peak areas were obtained
by means of the integration routines included in the software provided by the manufacturer for
the Varian VXR-300 NMR spectrometer. The NMR determined concentrations of Li* and
Na* take into account the hematocrit, Ht, and the visibility factor (v = 0.8 for ®Na and 1.0
for 'Li) for intracellular metal ion RBC resonances (41). In the case of *CI NMR, only the
extracellular CI' concentration could be determined because the intracellular **CI' NMR resonance
is invisible in human RBC suspensions (129). The extracellular Cl'concentration was calculated
from equation (11) above where [I7], and A, are the concentrations and peak areas of standard

CI" solutions measured separately.

For RBC suspensions, the pseudo first order rate constants, k, were determined from
linear regression analysis of plots of In ([M"]/[M"],) versus time, where [M*], and [M"],
represent the initial extracellular Li” or Na' concentration and those after time t. For vesicle
suspensions, the pseudo first order rate constants were determined from linear regression analysis
of plots of In A/A, versus time, where A and A, represent the initial peak areas of the

extravesicular metal NMR resonances and those after time t (44).

III. 4D. Calculation of Free and Total Mg*” in Human RBCs

Free Mg*' concentration was calculated using Gupta’s equation (61).
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¢ = (6,RBC - 6 ,MgATP) / (6 ,ATP - 6, ,MgATP) (12)

Mg”] =Ky / (¢ /1 -¢) 13)
where 6,RBC is the chemical shift difference between the - and 8- phosphate resonances in
RBCs; 6 ,ATP and 6 ,MgATP are the maximal and minimal values of this difference without
and with Mg®* in aqueous solution, respectively (5 mM ATP and 15 mM MgCl,); Mg*" is the
free magnesium concentration, and K, (50 uM) is Mg-ATP dissociation constant calculated
using equations in section III. 4A (61). Total intracellular Mg®>* was measured by the standard

addition method using AA.

HI. 4E. Quantitation of Phospholipids in Human RBC Membranes Using *P NMR
Phospholipids were extracted from human RBC membranes using procedures in section
1. 3G (126-128). The peak areas under the P NMR spectra were integrated using the
integration‘sot‘tware of the NMR spectrometer. Each phospholipid peak in the RBC membranes
was identified either by running standards alone or spiking the samples with standards purchased

from Sigma Chemical Co.

IIT .4F. Protein Determination

Determination of protein was done using the Bradford Assay (130). To summarize the
method briefly, standards of protein, 2.5 - 15 ug/uL, were prepared from 1mg/mL bovine
albumin serum (BSA) in a Bradford working butfer (final vol. 2 mL). The Bradford working
buffer consisted of H,O, 95% ethanol, 88% phosphoric acid, and Bradfofd stock solution
purchased from Bio-Rad Chem. Co. After proper dilution, samples were mixed with the

Bradford working butfer and the absorbance was read at Ay, using UV/VIS spectroscopy.
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III. 4G. Statistical Analysis

The statistical signiticance of the differences between the transport data for the
stable isotopes of Li", and for the Li* transport parameters between bipolar patients and matched
controls were analyzed using a Student’s t-test. Correlation among Li* transport, phospholipid
composition, and [Mg®"] parameters for RBCs from bipolar patients and matched controls were

obtained using a Pearson correlation matrix.



CHAPTER IV

RESULTS

IV.1 Isotopic Differences Between 'Li and °Li Ions in Transport Across Human Red

Blood Cell Membranes

IV. 1ALi and °Li NMR Spectra of Human RBCs

Figure 5 shows "Li (5A) and °Li (5B) NMR spectra of human RBCs in "LiCl and °LiCl _
containing media at 1, 5 and 11 h of loading. The horizontal axis is in ppm units which
represent the chemical shift of the extracellular Li* (Li;) resonance from that of intracellular
Li* (Li,) arbitrarily placed at zero. Figure 6 is a plot of intracellular concentrations of the two
Li* isotopes vs time. Table 6 shows the intracellular °Li* and "Li* concentrations at time t.
The data given in Figure 5 and 6 and Table 6 clearly show that Li-6 diffuses faster inside
the RBCs than Li-7.

During the NMR measurements on these suspensions, the sample temperature was
maintained at 37 °C. The NMR spectra were obtained with a single pulse sequence, D-P-
AQ, where D is the delay time between successive signal acquisitions, P is the radiofrequency

excitation pulse (60°), and AQ is the time (1 s) during which the emitted rédiofrequency
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Figure 5. 'Li (A) and °Li (B) NMR spectra of human RBC suspended at 26% hematocrit
in 100 mM LiCl, 5 mM((CH,),N),Dy(PPP),, 10 mM glucose and 10 mM HEPES, pH 7.4.
The intracellular resonances are labeled I while the extracellular ones are labeled E. 'LiCl
(92.6% Li) and °LiCl (95.7% °Li) were used in Figure A and B, respectively. The intensity
scale for °Li NMR spectra is 1.033 (95.7/92.6) lower than that for 'Li NMR spectra to take

into account for the difference in isotopic composition.
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Figure 6. A Plot of intracellular °Li* and 'Li* concentrations in RBCs vs time. Each point
represents the average of three experiments performed on separately prepared samples. The
error bars indicate the range of concentration values obtained. Open squares denote °Li* and

closed circles 'Li*.
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Table 6. Time Dependence of Intracellular °Li* and 'Li* concentrations Using NMR®.

Time /h [°Li*] /mM ['Li*] /mM
1 6.01 + 0.9 1.24 + 0.81
3 9.39 + 0.47 3.82 + 0.66
5 13.01 + 1.64 6.66 + 0.77
7 15.00 + 1.38 9.47 + 0.83
9 19.32 + 2.20 11.88 + 1.04
11 21.49 + 1.44 14.39 + 0.78

*Human RBCs were suspended at 26% hematocrit either in 100 mM 'LiCl or °LiCl, 5 mM

((CH,),N),Dy(PPP),, 10 mM glucose and 10 mM HEPES, pH 7.4. Osmolarity was

maintained at 295 + 5 mOsm. Triplicate samples were prepared.
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signals are collected. The D values used (15 s for ’Li and 60 s for °Li) allowed for complete
relaxation of the intracellular 'Li* and °Li" NMR resonances before the next pulse P was
applied. ’Li and °Li NMR spectra were obtained after 450 and 120 scans, respectively, each
requiring a total of 2 h. The delay time and the total number of scans used in °Li NMR
spectra were changed to accommodate the longer relaxation time for the °Li nucleus. The
intensity scale for °Li NMR spectra is 1.033 (95.7/92.6) lower than that for 'Li NMR spectra
to take into account the different isotopic compositions of the LiCl salts used. Lithium influx
was measured every 2 h over a 12 h period. Each spectrum represents the midpoint for each
2 h of accumulation time extending over 12 h.

Uptake of °Li" by RBC was significantly faster than that of 'Li*. The initial rates of
transport Li* in RBCs for the °Li and 'Li jsotopes are 1.56 + 0.12 and 1.32 + 0.14 mmol
Li*/(l of RBCs x h), respectively. The rate constants for the °Li and 'Li isotopes are (6.92
+ 0.57) x 10%h and (5.93 + 0.64) x 107/h, respectively. Li and °Li have a masé ratio of
1.167 (7/6), and we found their rate and rate constant ratio to be 1.182 (1.56/1.32) and 1.167
(6.92 x 107/5.93 x 107), respectively. The more rapid uptake of °Li* relative to "Li* across
the human RBC membrane is associated with the lower mass of the °Li isotope, the
consequent higher charge-to-mass ratio, and the resulting higher hydration energy. The
masses of the two isotopes differ by 16.7%. The difference between the two isotopes
calculated from either the rates (18.2%) or the rate constants (16.7%) is similar to the
difference in mass.

IV.1B Viability of Human Erythrocytes Incubated with "LiCl and °LiCl
When studying ion transport in human RBCs, monitoring cell viability is very

important. Some of the changes RBCs could undergo include cell volume, levels of some
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metabolites, such as ATP and DPG, and pH.

Cell volume was measured using a hemofuge at the beginning and at the end of the
12 h period. At the beginning of the experiment cell volume was 26 + 0.5% and at the end
of the 12 h period it was 28 + 0.7% (n=3). Figure 7 shows >'P NMR spectra of human
RBCs at the beginning (7A) and at the end (7B) of 12 h period in 'LiC! medium, and at the
beginning (7C) and at the end (7D) of 12 h period in °LiCl medium. The ATP level was
maintained throughout the experiment and there was a slight decrease in the DPG level.
The increase in the Pi peak was mainly due to the hydrolysis of the shift reagent Dy(PPP),”
and corresponding formation of inorganic phosphate, and to a smaller extent from the
hydrolysis of DPG. More DPG hydrolysis and increased Pi peak intensity is observed in
Figure 7D. This is presumably due to the faster transport of °Li* than 'Li*. More
intracellular °Li" accumulation may lead to cell to>‘<icity.

The measurement of pH provides an important contribution to our understanding of
in vivo metabolism. For example, hydrogen ions play a direct part in many enzyme-catalyzed
reactions, and from this point of view the hydrogen ion can be regarded as an important
metabolite (87). Metal ions could alter intracellular pH by competing with H*. *'P NMR
provides a tool for measuring intracellular pH (87). The chemical shift separation between
Pi and Pa of ATP (,,) was used as an indicator of intracellular pH. Human RBCs
suspended in either °LiCl or "LiCl showed no changes in §,,, separation over the 12 h period.
Thus, there was no change in intracellular pH.

IV.1C Effect of Dy(PPP),” on_Lithium Transport Across Human RBCs Using AA
*'P and "F NMR measurements of the membrane potential of Li*-free RBCs revealed

that Dy(PPP),” changed the membrane potential (42). The rate of Na*-Li* exchange in
y 2
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Figure 7. *'P NMR spectra of human RBCs at the beginning (A) and at the end of the 12
h period (B) in 100 mM "LiCl; at the beginning (C) and at the end (D) of the 12 h period in
100 mM °LiCl. RBCs were suspended either in 100 mM "LiCl or 100 mM °LiCl, 5 mM
((CH,),N),Dy(PPP),, 10 mM glucose, 10 mM HEPES, pH 7.4. Peak assignments are as

follow: a = DPG, b = Pi, ¢ = y-ATP, d = «-ATP, and e = §-ATP.
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Li*-loaded RBCs measured by Li NMR spectroscopy in the presence of Dy(PPP),” were
significantly higher than the rates measured in the absence of shift reagents by atomic
absorption (42). To investigate the effect of the shift reagent on Li* influx, control
experiments were conducted. Table 7 depicts control experiments of human RBCs with and
without 5 mM ((CH,),N),Dy(PPP),, suspended in 100 mM "LiCl. In fact, in the presence of
shift reagent there is a decrease of 3.48% in the rate of 'Li* uptake, respectively. This is due
to the electrostatic interaction between the negatively charged shift reagent and Li* ions.
Most of the Li* ions are coordinated to the second coordination sphere of the complex (131).
Thus, a small decrease in Li* influx is observed upon incorporation of SR in the media.
Figure 5 shows that the magnitude of the shift change is greater for extracellular °Li* than
Li* because the amount of °Li* competing with other cations in the suspension medium and

interacting with shift reagent is less than that of 'Li* (132).

1V, 2 Dibenzyl-14-Crown-4 Induced Lithium Transport in Normal Human Erythrocytes

and PC Vesicles

IV. 2A Transport of Li*, Na*, K" and CI' lons Across Human RBC Membranes
Crown ethers, such as 14-C-4, are known to be Li* selective ionophores (29-31, 33,
47, 49, 50). Figure 8 shows the structure of dibenzyl-14-Crown-4, the crown ether used in
my project. Figure 9 shows 'Li (part A) and ®Na (part B) NMR spectra of human RBCs at
7.5, 37.5, and 67.5 min in the presence and absence of DB-14-C-4. In the presence of
ionophore and at the end of 75 min, the intracellular Li* concentration was 3.0 mM, whereas

in its absence it was 0.3 mM (Figure 9). At the end of the same period, the peak area
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Table 7. Time Dependence of Intracellular lithium concentrations of human RBCs

in the presence and absence of 5 mM Dy(PPP),” Using AA.*

[Li'] /mM

Time /h With Dy(PPP),” Without Dy(PPP),”
0 0 0

2 4.75 + 0.25 5.35 + 0.65

4 7.95 + 0.15 8.65 + 0.15

6 10.30 + 0.50 11.25 + 0.25

8 11.45 + 0.15 13.15 + 0.25

10 12.45 + 0.35 13.78 + 0.65

12 15.50 + 0.40 16.05 + 0.45

*RBCs were suspended at 26% hematocrit in a medium that consists of 100 mM "LiCl, 10 mM

glucose, and 10 mM HEPES, pH 7.4. Samples were prepared in triplicate.



Figure 8.

Structure of Dibenzyl-14-Crown-4
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Figure 9. 'Li (A) and ®Na (B) NMR spectra of human RBCs in the presence and absence
of 0.3 mM DB-14-C-4 at 7.5, 37.5, and 67.5 min, and in in its absence at 67.5 min. In
parts (A) and (B), the bottom three spectra are for samples containing ionophore, whereas the
top spectrum is for a sample without ionophore. RBCs were suspended at 26% hematocrit
in 140 mM NaCl (shift reagent contribution included), 5 mM LiCl, 5 mM Na,Dy(PPP),, 0.1
mM ouabain, 0.1 mM DIDS, 10 mM glucose and 10 mM HEPES, pH 7.4. Osmolarity of
suspension media was maintained at 295 + 5 mOsm. The peaks at O ppm represent

intracellular Li* or Na” ions, whereas the extracellular peaks are upfield.
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corresponding to the intracellular ”Na* NMR resonance increased in the presence of
ionophore, but not in its absence. The intracellular Na* concentrations at the end of 75 min
in the presence and absence of ionophore were 45.0 and 9.0 mM, respectively (Figure 9).
Figure 10 shows changes in extracellular Na*, K*, and CI' concentrations in the presence (part
A) and in the absence (part B) of 0.3 mM DB14C4. It is clearly shown that transport of ions
was induced mainly by the ionophore.

I calculated pseudo-first-order rate constants and Li*/Na™ selectivity ratios for Li* and
Na® transport in human RBC suspensions from AA measurements of extracellular ion
concentrations. The pseudo-first-order rate constants, k, were determined from linear
regression analysis of plots of In ({[M™"]/[M™],) versus time, where [M"], and [M"}, represent
the initial extracellular Li" or Na' concentration and that at time t. In the presence of 0.30
mM ionophore in an SR-free medium containing 0.1 mM DIDS and 0.1 mM ouabain, Li* and
Na"® transport had rate constants of 0.18 + 0.0l and 0.12 + 0.02 h", respectively. The
Li*/Na® selectivity ratio was 1.47 + 0.10. Ouabain and DIDS are known inhibitors of the
Na*-K" pump and band 3 protein, respectively (133, 134a). Similar experiments conducted
without the inhibitors, in the suspension media showed large Na*, K* and CI" movements
across the membrane. Incorporation of DB14C4 at different concentrations (0.25, 0.30, and
0.35 mM) in the human RBC suspension medium (free of SR, DIDS, and ouabain) led to
pseudo-first-order rate constants (k values) for Li" transport of 0.15 + 0.02, 0.18 + 0.02,
and 0.24 + 0.01 h", respectively. The ratio k/[ionophore], which represents the second-
order rate constant for Li" transport, was approximately constant and equal to 627 + 33
M h'. Similarly, the k values for transport of Na* across the RBC membrane were 0.16 +

0.01, 0.18 + 0.01, and 0.26 + 0.03 h"' for ionophore concentrations 0.25, 0.30, and 0.35
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Figure 10.  Changes in extracellular Na*, K* and CI concentrations with time in the
presence of 0.3 mM DB-14-C-4 (A) and in the absence (B). Conditions are the same as for
Figure 9. Circles, triangles and squares represent K*, CI' and Na" ijon concentrations,

respectively.
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mM, respectively, giving a k/[ionophore] ratio of 653 + 60 M'h". In the presence of 0.30
mM ionophore, addition of 0.1 mM DIDS and 0.1 mM ouabain had no significant effect on
the rates of Li* transport. However, the pseudo-first-order rate constant for Na* transport
induced by 0.30 mM ionophore decreased from 0.18 + 0.01 to 0.12 + 0.02 h™ upon addition
of transport inhibitors. The difference in rates of Na* transport upon addition of inhibitors
is presumably related to inhibition of Na* transport by ouabain. There was no apparent effect
of ouabain on the rates of Li" transport because Li” uptake in human RBC suspensions is
mediated by a leak pathway, and not by Na*,K"-ATPase (27).
In the presence of 5 mM Na,Dy(PPP), and 0.30 mM DB14C4 in a medium containing
DIDS and ouabain, the rates constants for transport of Li* and Na* were 0.15 + 0.02 and
0.12 + 0.05 h"', whereas in the absence of SR the rate constants for transport of Li* and Na*
were 0.18 + 0.01 and 0.12 + 0.02 h'. The Li"/Na" selectivity ratios in the absence and
presence of SR were 1.47 + 0.10 and 1.19 + 0.01, ;espectively. The SR decreased ‘the rate
constants for transport of Li* but not of Na*. The slight decrease in the Li*/Na" selectivity
ratio from 1.47 + 0.10 in the absence of Dy(PPP),” to 1.19 + 0.0l in the presence of SR
suggests that less Li” than Na" transport occurs across the human RBC membrane when the
triphosphate SR is present in the suspension medium. The SR binds more strongly to Li*
ions, resulting in slower rates of Li" transport in SR-containing medium. This SR-specific
effect is consistent with the previously reported effects of Dy(PPP),” on membrane potential,
Na®-Li* exchange rates, and Li" and Na* transmembrane ratios in human RBC suspensions

(41,42).
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IV.2B Viability of RBCs in the Presence of Ionophore

Figures 11 A and B show *'P NMR of normal human erythrocytes in the presence of
0.3 mM DB-14-C-4 at the beginning and at the end of the 1.25 h period. ATP and DPG
levels were maintained throughout the experiment. Cell viability was therefore preserved
during the course of the ionophore-induced ion transport experiment. The chemical shift
separatign between Pi and Pa of ATP (§,,) were the same at the beginning and at the end.
Thus, intracellular pH was also maintained during these experiments and the mechanism of
ionophore induced ion transport does not involve exchange between intracellular H* and
extracellular alkali metal cations as previously reported for other Li* ionophores (44).

Table 8 also shows changes in cell volume in the presence of DB-14-C-4. Cell
volume was monitored every 15 min for over the 1.25 h period using a hemofuge. Cell
volume increased by 23% by the end of 1.25 h period. Hydrated Na" and Li" ions
transported by the ionophore carried water that caused the cells to swell. In contrast, Table
9 shows no appreciable increase in cell volume and concentrations of ions in the absence of
the ionophore.
IV, 2C Lithium and Sodium Transport in Synthetic PC Vesicles

In an attempt to compare the Li"/Na” selectivity of DB14C4 with that of other Li"
ionophores (44), I conducted ion transport experiments with PC vesicles loaded with 150 mM
LiCl, or 150 mM NaCl, or a mixture of 75 mM LiCl and 75 mM NaCl suspended in a K*-
containing medium. Large unilamellar PC vesicles were prepared according to section III .3F
(125).

Figure 12 shows Li" and Na” transport across PC vesicle membrane in the presence

of 0.3 mM DB-14-C-4, at time 7.5, 37.5 and 67.5 min.
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Figure 11. *'P NMR spectra of human RBCs at the beginning (A) and at the end (B) of
the 1.25 h period. Suspension medium consists of 140 mM NaCl, 5 mM LiCl, 0.3 mM DB-
14-C-4, 5 mM Na,Dy(PPP),, 10 mM glucose and 10 mM HEPES, pH 7.4. Samples were
run unlocked and non-spining in 10 mm NMR tubes. RBCs were suspended in the above
medium at 26% hematocrit. Sample temperature, pH and osmolarity were maintained at 37

°C, 7.4, and 295 mOsm, respectively. Peak assignments are the same as for Figure 7.
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Table 8. Time Dependence of Extracellular Li*, Na*, K" and CI' concentrations (mM) and cell volume in the presence of 0.3 mM

dibenzyl-14-C-4.*

Time /h [Li*] [Na®] [K*} [CI] Het %

0.09 5.06 + 0.02 137.50 £+ 1.50 0.28 + 0.02 147.62 + 5.58 26.80 + 0.79
0.26 4.9z + 0.13 135.00 + 3.00 2.36 + 0.30 143.12 + 5.63 26.10 + 0.14
0.50 4.31 + 0.01 128.00 + 2.00 10.09 + 1.11 138.52 + 2.47 27.58 + 0.22
0.77 3.97 + 0.04 124.50 + 1.50 14.19 + 0.33 147.18 + 6.07 28.83 + 0.20
1.00 3.95 + 0.02 119.50 + 1.50 14.73 + 0.04 147.60 + 3.90 29.45 + 0.46
1.27 4.10 + 0.02 120.00 + 2.00 15.29 + 0.08 146.39 + 6.07 31.01 £ 0.35

*Normal human RBCs were suspended at 26% Hct in 140 mM NaCl, 5§ mM LiCl, 0.3 mM DB-14-C+4, 0.1 mM ouabain, 0.1 mM DIDS,

5 mM' Na,Dy(PPP),, 10 mM glucose and 10 mM HEPES, pH 7.4. The data shown represent an average of three separately prepared

samples.

YL



Table 9. Time Dependence of extracellular of Li*, Na*, K* and CI' concentrations (mM) and cell volume in the absence of dibenzyl-

14-C-4.*

Time /h [Li*] [Na*] (K] [CI] Hct %

0.08 5.03 + 0.02 140.67 + 2.05 0.15 £+ 0.02 147.64 + 0.67 27.75 + 0.56
0.25 4.97 + 0.05 139.00 + 2.62 0.21 £ 0.03 144.89 + 2.71 27.75 + 0.66
0.50 5.02 + 0.05 133.00 + 4.55 0.33 + 0.04 145.27 + 2.65 28.38 + 0.41
0.75 5.01 £ 0.07 137.50 + 3.50 0.46 + 0.02 143.45 + 3.11 27.36 + 0.49
1.00 4.96 + 0.02 143.00 + 5.10 0.62 + 0.04 142.83 + 1.53 27.88 + 0.54
1.25 4.89 + 0.01 143.00 + 4.97 0.82 + 0.04 144.86 + 2.73 27.33 1+ 0.56

‘Conditions are the same as for Table 8 with the exception that no ionophore was present.

SL
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Figure 12. 'Li (A) and ®Na (B) NMR spectra of PC vesicles at time 7.5, 37.5, and 67.5
min. Intravesicullar Li* or Na* concentrations are 150 mM, and extracellular medium consists
of 150 mM KCI (shift reagent contribution included), 0.3 mM DB-14-C4, 3.5 mM
K,Dy(PPP), and 10 mM HEPES, pH 7.4. Transport of ions was monitored every 15 min

over a period of 75 min.
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For vesicles loaded with 75 mM LiCl and 75 mM NaCl suspended in an SR-containing K*
medium, and in the presence of 0.30 mM DB14C4, the pseudo-first-order rate constants for
Li* and Na* transport were 0.99 + 0.07 and 0.44 + 0.01 h", respectively. However, for
vesicles loaded with either 150 mM LiCl or 150 mM NaCl, the rate constants for Li* and
Na* transport were 1.34 4+ 0.02 and 0.16 + 0.0l h", respectively. The pseudo-first-order
rate constants were determined from linear regression analysis of plots of In [A/(A; + A))]
versus time, where A, and A, represent the peak areas of the intra- and extravesicular 'Li
and ®Na NMR resonances, as previously reported (44). The Li*/Na* selectivity ratio
calculated for PC vesicles loaded with either LiCl or NaCl alone was 8.48 + 0.02, whereas
the selectivity ratio calculated for PC vesicles loaded with an equimolar mixture of LiCl and
NaCl was 2.26 + 0.07. The decrease in Li"/Na® selectivity ratios when equimolar
concentrations of Li" and Na” ions used is due to the competitipn of these ions for the

ionophore.

IV. 3 Competition Between Li* and Mg** for ATP and ADP in Aqueous Solution

IV. 3A "Li NMR T, measurements of ATP and ADP

"Li T, measurements were used to investigate the mode of interaction of Li* with ATP
and ADP in the absence and presence of Mg®". Because the 'Li" nucleus is known to have
a narrow chemical shift range (38), the 'Li NMR chemical shifts were insensitive to binding.
Figure 13 and Table 10 show 'Li T, relaxation times of ATP and ADP in the absence and
presence of Mg’". 'Li T, relaxation times decreased in LiCl solutions in the presence of

increasing amounts of ATP or ADP, indicating that T, values are sensitive to Li”



79
FIGURE 13. 'Li T, values for Li-ATP (open symbols) and Li-ADP (closed symbols)
complexes in the presence of increasing amounts of Mg®*. Nucleotide concentrations: circles,
3 mM; squares, 5 mM; and triangles, 7 mM. The Li* concentration was 5 mM in all

samples. Each value is an average of two readings made on separately prepared samples.
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Table 10. 'Li NMR T, Values for Li-ATP and Li-ADP Complexes in the Presence of

Increasing Amounts of Mg**.

[Mg®*] /mM
[ATP] / mM 0 0.5 1.0
3 14.47 + 0.44 15.93 + 0.06 16.80 + 0.40
5 11.91 + 0.51 12.80 + 0.51 14.26 + 0.63
7 9.50 + 0.33 10.05 + 0.10 11.40 + 0.02
Mg**] /mM
[ADP] / mM 0 1.0 2.0
3 16.00 + 0.66 18.17 + 0.53 20.53 + 0.80
5 13.63 + 0.20 15.14 + 0.97 16.53 + 0.06
7 11.22 + 0.21 12.86 + 0.10 14.95 + 0.57
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binding to nucleotides. Upon addition of Mg®*, the 'Li T, values increased because of
displacement of Li* by Mg** from ATP or ADP binding sites.

IV. 3B 'H and "C NMR chemical shift measurements

Diamagnetic metal ions generally produce small shifts in the 'H and °C NMR spectra
of the base and sugar moieties of nucleotides, except at NH or OH groups that are directly
involved in metal ion binding. NH or OH protons are not visible in 'H NMR spectra in
aqueous solution because rapid exchange with the solvent protons occurs. Figure 14 shows
the 'H NMR spectrum of ATP. Table 11 shows 'H NMR chemical shifts in the presence of
saturating concentrations of LiCl or MgCl,. The H, and H, proton resonances of the base and
the H,” resonance of the ribose moieties of ATP and ADP showed no significant changes in
chemical shifts upon addition of either excess MgCl, or excess LiCl. No simultaneous binding
of Li* and Mg®" to the phosphate groups and to the base or sugar groups of ATP and ADP
occurred. Figure 15 shows a typical "C NMR spectrum of ATP. Table 12 shows the
changes in °C NMR chemical shifts of ATP and ADP upon metal ion binding. The chemical
shift changes that occurred upon addition of excess MgCl, or LiCl were too small to account
for direct binding of the cations to the sugar or base moieties of the nucleotides. Indeed, they
are probably due to a change in nucleotide conformation or in metal ion proximity to the sugar
or base residues.
IV. 3C*P NMR chemical shift and optical spectroscopy studies of ATP and ADP

Figure 16 shows *'P NMR spectra of ATP. The separation between the « and
resonances of ATP (§,,) decreased as saturating amounts of Li* and/or Mg®" were added.

The chemical shift separation between the «- and 3- phosphate resonances of ATP reflects the
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Figure 14. 'H NMR spectrum of ATP in the absence of metal ions. The sample was
prepared in 95% D,O, adjusted to pH 7.4 and was run at 37 °C. t-butanol was used as a
reference. A presaturation technique was used for suppression of the water resonance. H,
and H, are proton resonances from the base; H,’ is due to a sugar proton. The resonances
at 4.79, 3.84 and 3.31 ppm are from H,O, Tris, and tetramethylammonium hydroxide peaks

respectively. Refer to Figure 3 for structure assignments.
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TABLE 11. 'H NMR chemical shifts of ATP and ADP alone and with saturating levels

of Li* and Mg**.*

Sample H, H, H/’

10 mM ATP 8.40 8.67 6.28
10 mM ATP + 50 mM MgCl, 8.35 8.58 6.24
10 mM ATP + 150 mM LiCl 8.39 8.65 6.24
10 mM ADP 8.40 8.66 6.28
{0 mM ADP + 50 mM MgCl,  8.34 8.60 6.23
10 mM ADP + 150 mM LiCl 8.36 8.63 6.27

*All experiments were conducted at pH 7.4 and at 37 °C. All samples were prepared in 95%
D,0, and t-butanol was used as a reference.

suppression of the water resonance. H, and H, are proton resonances from the base; H,’ is

due to a sugar proton.

A presaturation technique was used for
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Figure 15. C NMR spectrum of ATP. All experiments were done at pH 7.4 and 37 °C.
Tetramethyl silane (TMS) was used as a reference. C,, C,, C,, C,, and C; are the base

carbons; C,’ to C,’ are sugar carbons. Refer to Figure 3 for structure assignments.
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TABLE 12. "“C NMR chemical shift changes of ATP and ADP alone and in the presence of saturating levels of Li* and Mg™*.*

Sample C, C, C, C, C, C’ C, C,’ c, Cy’
1 -0.01 -0.16 0.03 0.10  -0.26 0.47 0.03 0.02 -0.32 0.30
2 0.13 0.04 0.11 0.07 0.41 0.23 0.06 0.04 -0.08 0.12
3 -0.02 -0.13 -0.12 017  -0.04 0.20 -0.16 -0.04 -0.40 0.24
4 0.05 0.01 -0.01 -0.04 0.02 0.12 -0.04 -0.07 -0.14 0.01

*All experiments were done at pH 7.4 and 37 °C. All shifts are reported relative to free ATP or ADP. Samples 1 and 2 consisted of 10

mM ATP with 50 mM MgCl, and 10 mM ATP with 150 mM LiCl, respectively. Samples 3 and 4 consisted of 10 mM ADP with 50 mM

MgCl, and 10 mM ADP with 150 mM LIiCl, respectively. C,, C,, C,, C,, and C; are the base carbons; C,’ to C,’ are sugar carbons. Refer

to Figure 3 for structure assignments.
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Figure 16. ’'P NMR (121.4 MHz) spectra of ATP for the following: (A) 5.0 mM TRIS-
ATP, (B) 5.0 mM TRIS-ATP with 150 mM LiCl, (C) 5.0 mM TRIS-ATP with 0.5 mM
MgCl, and 150 mM LiCl, and (D) 5.0 mM TRIS-ATP with 50 mM MgCl,. No line
broadening was used, and trimethyl phosphate was the external reference. Ionic strength, pH,

and temperature were maintained at 0.15 M, 7.4, and 37 °C, respectively.
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state of metal complexation of ATP (55, 61). The value of §,, changed from 10.82 ppm in
free ATP (Figure 16A) to 9.80 ppm in Li"-saturated ATP (Figure 16B) and 8.43 ppm in
Mg**-saturated ATP (Figure 16D). For the mixture of Li* and Mg** salts with ATP (Figure
16.C), an intermediate value of ¢, 9.43 ppm, was observed, suggesting that competition of
the ions for ATP-phosphate binding sites was occurring.

In ion competition experiments, P NMR chemical shifts for the phosphate resonances
of ATP and ADP in the absence or presence of LiCl or MgCl, alone and for LiCl/MgCl,
mixtures were measured (Table 13-18). Nucleotide concentrations were kept constant at 5
mM while the concentrations of Li” and Mg®" ranged from O to 100 mM and from 0 to 15
mM, respectively. Because of the lower affinity of Li* relative to Mg®* for both ATP and
ADP, an excess amount of Li" ions was used in order to obtain an appreciable change in
chemical shift. 3l.P chemical shifts measured for Li"-ATP or Li*-ADP solutions were fitted
to three' different models, that assumed either the formation of 1:1 or 2:1 species alone or a
mixture of 1:1 and 2:1 species, by means of non-linear least-squares approximations.

Tables 19 shows association constants for Li-ATP, Li-ADP, Mg-ATP, and Mg-ADP
in the presence of either LiCl or MgCl,. Table 20 shows association constants for Li-ATP
and Li-ADP and P NMR experimental and theoretical limiting chemical shifts for the
phosphate resonances of ATP and ADP in the presence of both LiCl and MgCl,. All
calculations were done using equations 1-7 in the methods section.

Due to its higher charge density, Mg>" has a higher affinity for ATP and ADP than
Li*. Since ATP is more electronegative than ADP at physiological pH, its affinity constants

for Mg?* and Li" are higher than ADP.



Table 13. *'P NMR Chemical Shifts of Li-ATP in the Absence of Mg**.*

[Li*] /mM ¥ a B

0 -9.701 + 0.048 -14.198 + 0.081 -25.115 + 0.133
15 -9.307 + 0.003 -14.143 + 0.012 -24.610 + 0.081
30 -9.113 + 0.031 -14.087 + 0.013 -24.296 + 0.080
45 -8.963 + 0.074 -14.051 + 0.036 -24.056 + 0.078
60 -8.810 + 0.068 -13.958 + 0.002 -23.857 + 0.078
75 -8.617 + 0.016 -13.909 + 0.006 -23.678 + 0.077
100 -8.448 + 0.077 -13.888 + 0.043 -23.411 + 0.077

*ATP concentration was 5 mM. n =

constant at 0.15 M, 37 °C, and 7.4, respectively.

3. Ionic strength, temperature, and pH were kep't



Table 14. *'P NMR Chemical Shifts of Li-ATP in the Presence of 0.5 mM MgCl,".

[Li"] /mM ¥ a B

0 -9.227 + 0.002 ;14.123 + 0.003 -24.784 + 0.004
15 -9.139 + 0.082 -14.000 + 0.056 -24.351 £ 0.023
30 -8.953 + 0.064 -13.927 + 0.057 -24.128 + 0.041
45 -8.817 + 0.023 -13.873 + 0.046 -23.876 + 0.038
60 -8.634 + 0.033 -13.814 + 0.005 -23.691 + 0.023
75 -8.534 + 0.044 -13.775 + 0.‘047 -23.581 £ 0.007
100 -8.349 + 0.063 -13.713 + 0.034 -23.234 + 0.011

*Conditions are the same as for Table 13.



Table 15. *'P NMR Chemical Shifts and Optical Spectroscopy Data of Mg-ATP*.

Mg"'}, /mM ¢ Mg™); /uM Oup

0 1 0 10.92 + 0.04
1.5 0.65 + 0.10 59+9 10.00 + 0.02
2.5 0.49 + 0.08 69 + 10 ‘ 9.57 £ 0.12
35 0.23 + 0.09 173 + 43 8.89 + 0.04
5.0 0.091 + 0.03 271 £ 80 8.32 + 0.01

2+

‘ATP concentration was 5 mM. [Mg®*], and [Mg®*]. are the total and free Mg

concentrations in the solution. ¢ and o_, are defined in section III .4D.
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Table 16. *'P NMR Chemical Shifts of Li-ADP in the Absence of Mg**.*

[Li*] /mM o B

0 -9.490 + 0.010 -13.751 + 0.011
15 -9.437 + 0.021 -13.651 + 0.021
30 -9.404 + 0.030 -13.592 + 0.012
45 -9.321 + 0.013 -13.470 + 0.000
60 1 9.169 + 0.011 -13.374 + 0.023
75 -9.084 + 0.00 -13.211 + 0.000

100 -8.898 + 0.001 -13.055 + 0.000

*ADP concentration was 5 mM. Ionic strength, temperature and pH were kept constant at 0.15

M, 37 °C, and 7.4, respectively.



Table 17. *'P NMR Chemical Shifts of Li-ADP in the Presence of 0.5 mM MgClL>.

[Li*] /mM « 8

0 -9.436 + 0.001 -13.680 + 0.010
15 -9.426 + 0.010 -13.651 + 0.011
30 -9.411 + 0.000 -13.563 + 0.020
45 -9.330 + 0.011 -13.461 + 0.000
60 -9.269 + 0.000 -13.402 + 0.023
75 -9.222 + 0.003 -13.222 + 0.000
100 -9.131 + 0.012 -13.121 + 0.001

*Conditions are the same as for Table 16.
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Table 18. *'P NMR Chemical Shifts and Optical Spectroscopy Data of Mg-ADP",

Mg*'}; /mM ¢ Mg**s /uM 8ap

0 1 4.261 + 0.011
3 0.436 + 0.062 4.142 + 0.022
3.5 0.355 + 0.060 4.132 + 0.010
4.0 0.275 + 0.043 4.111 + 0.011
5.0 0.134 + 0.031 4.090 + 0.048

‘ADP concentration was 5 mM. [Mg’"], and [Mg?‘], are the total and free Mg

concentrations in the solution. ¢ and §,, are defined in section IIT .4D.

2+



TABLE 19. Association constants for Li-ATP, Li-ADP, Mg-ATP, and Mg-ADP in the presence of either LiCl or MgCl, alone.

A) LiCl alone*
1:1 species only (M)
5
2:1 species only (M™)
52
1:1 and 2:1 species
1:1 (M7
2:1 (M?)
22
B) MgCl, alone® (M™)

0.0017
597
0.0009

14
845
0.0011

ATP

4

0.0102
416

0.0190

4
477

0.0165

20,010 + 400

0.0037
450
0.0070

1
738
0.0092

ADP

o B

5 9
0.0395 0.0351

85 182
0.0017 0.0044

61 78

489 489

0.0062 0.0049
9605 + 707

*Association constants Li-ATP and Li-ADP as determined by *P NMR. 7 values are the corresponding sums of square deviations. The

nucleotide concentration was kept constant at 5 mM; the LiCl concentration ranged from 0 to 100 mM. PAssociation constants for Mg-

ATP and Mg-ADP as determined by optical and *'P NMR spectroscopies. The nucleotide concentration was kept constant at 5 mM; the

MgCl, concentration ranged from 0 to 15 mM.
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TABLE 20. Association constants for Li-ATP and Li-ADP and *'P NMR experimental and theoretical limiting chemical shifts (in -

ppm) for the phosphate resonance of ATP and ADP in the presence of both LiCl and MgC

o
A) 1:1 species only
K M 73
> 0.0232
B) 2:1 species only
K (M?) 2475
L 0.1121
C) 1:1 and 2:1 species
1:1 K M™) 2
Sicor -13.94
2:1 K M? 701
Osor -13.71
8, -13.85
L 0.0011

ATP
B

52
0.3152

1541
0.1390

0.25x107
-25.98
462
-23.18
-23.61
0.0223

71

0.0651

2901
0.0372

41
-9.11
2256
-8.18
-8.34
0.0192

b
lz ..’

6
0.0079

269
0.0035

366
-9.50
1966
-8.04
-8.90
0.0017

ADP

0.0196

187
0.0042

e
e
e
e
-13.05

(<

*L? values are the sums of the square deviations for each calculation. “For the competition experiments, [nucleotide] = 5.0 mM, [Mg*']

= 0.5 mM, and [Li*] ranged from 0 to 100 mM. 5, were calculated using equations 1 and 3. ‘3, were measured from *'P NMR spectra

for [Li*] = 100 mM. °No convergence was found.

0
0
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At the pH and ionic strength used, 2:1 and 1:1 species of the Li"-ATP and Li*-ADP
complexes were present, with the 2:1 species predominating. In contrast, 1:1 species

predominated for the Mg>*-ADP and Mg?*-ATP complexes.

IV. 4 Interaction of Li* and Mg** With Human RBC Membrane

IV. 4A P NMR Chemical Shift Anisotropy Measurements of Human RBC Membranes

I have shown in detail that Li* competes for ATP and ADP binding sités in aqueous
solution (135a). It has also been shown in our lab that Li* displaces Mg®>* from ATP in
human RBCs (55) and the displaced Mg?* was speculated to bind to the membrane. *'P NMR
has been a useful and powerful method to study membrane structure. The P-31 nucleus is
100% naturally abundant. Using chemical shift anisotropy (CSA) as a probe, I conducted *'P
NMR measurements to investigate the degree of Li* and Mg’" interaction with human RBC
membranes. Due to the motional rigidity of this phosphate groups, the recorded broad
spectrum comprises of all the motions of these atoms in the x, y, and z directions; hence, the
name anisotropy. The observation of CSA provides informations about the structural,
motional and environmental properties of the molecule to which the P atom is bonded. The
phosphorus atom is found in the phosphate head group of the phospholipids located at the
surface of the membrane.

Human RBC méembranes were prepared according to section III. 3E. All suspension
media consisted of 10 mM HEPES, pH 7.4 for the membrane alone and different Li* and

Mg?** concentrations for the metal ion experiments. Li* and Mg** concentrations ranged from
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25-200 and 3-20 mM, respectively. Since Mg’* is divalent and Li* is a monovalent metal
ion, less Mg** concentration is sufficient to saturate the membrane binding sites. *'P NMR
spectra were recorded at an operating frequency of 121.6 MHz on a Varian VXR-300 MHz
spectroscopy. Samples were run in 10 mm NMR tubes spinning at 16 Hz and at 37 °C. A
ratio of 2:1 suspension to RBC membranes was used. Figure 17 shows *'P NMR spectra of
human RBC membrane with a CSA value of 51.3 ppm. Since our NMR spectrometer is not
equipped to do Hans spin echo measurements (81), all experiments were done using one
dimensional *'P NMR pulse sequence as opposed to Hahn spin echo which is the conventional
technique for CSA measurements. Nevertheless, the value I got for human RBC membranes
alone, 51.3 ppm, is consistent with the literature value of 45 ppm obtained using the Hahn
spin echo method (81).

Table 21 shows changes in CSA values upon addition of different amounts of Li* and
Mg** ions. Upon addition of metal ions the CSA values increased from 51.3 ppm for
membrane alone to 69.2 and 83.7 ppm in the presence of excess amounts of Mg”>* and Li",
respectively. Despite the large experimental errors involved in CSA measureménts, it is
clearly shown that metal ion binding to membranes causes further motional rigidity of the
phosphate head groups which is reflected in broadening of the peak. Protein concentrations
in mg/ml are also reported in Table 21 for changes in CSA are also dependent on the metal
ion to membrane ratio. Protein analysis were done using Bradford’s Assay according to
section HI .4G (130).
IV 4B 'Li T, measurements of Human RBC Membranes

Table 22 shows 'Li T, values of the Li*-membrane complex upon addition of

increasing Mg”* concentrations. All samples consisted of 10 mM HEPES, pH 7.4 membrane
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Figure 17. *'P NMR Spectrum of Human RBC Membrane.
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Table 21. *'P NMR CSA Measurements of Human RBC Membranes®.

[Li"] /mM [Mg**] /mM CSA /ppm [Prot.] /mg/ml
- - 51.3 £ 3.0 6.0 + 1.5
- 3 54.6 + 4.3 6.7 + 0.8
- 6 57.8 + 2.1 7.7 £ 1.8
- 10 59.4 + 1.6 80+ 1.5
- 15 65.8 + 3.0 72 + 1.9
- 20 69.2 + 3.3 6.9 + 1.0
25 - 53.6 + 3.7 84 + 2.6
50 - 57.1 £ 4.5 8.4 +£ 2.6
75 - 63.7 £ 8.3 6.5 £ 0.7
100 - 69.0 + 4.4 6.5 £ 0.7
150 - 76.1 £ 7.9 9.1 + 3.6
200 - 83.7 £ 5.2 9.1 £3.6

*All samples consisted of membrane suspensions and 10 mM HEPES, pH 7.4. Samples were

run in 10 mm NMR tube at 37 °C, spinning at 16 Hz.
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TABLE 22. 'Li NMR T, Values for Li*-Human RBC Membranes in the presence of

2+2

Increasing Amounts of Mg™™".

[Li*] /mM [Mg**] /mM T, /sec

5.0 0.0 13.9 + 0.8
" 0.25 16.0 + 0.3
" 0.50 16.9 + 0.2
" 1.0 18.9 + 0.8
" 2.0 19.5 + 0.3

*Conditions are the same as for Table 21.
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suspension and were run spinning at 16 Hz at 37 ° C. A ratio of 2 mL of suspension to 1 mL
human RBC membranes was used. LiCl (5 mM) in water has a T, value of 20 sec. Upon
addition of membrane the T, relaxation time dropped to 13.9 sec. This is due to the binding
of Li* to the membrane and the high viscosity of the membrane solution. Li" ions in water
tumble faster than in membrane containing solution which is viscous, thus the higher T, value
in water. But upon titration of this solution with increasing amounts of Mg**, T, values
started to increase from 13.9 sec in the absence of Mg** to 19.5Vsec in the presence of 2.0
mM Mg?*. This is an indication of a competition between Li* and Mg®* for the RBC
membrane binding sites. As the Mg®* concentration increases more and more Li* is being

displaced; hence, approaching the free Li* T, relaxation time value.

IV_.5 Na'-Li* Countertransport Rates, Phospholipid Coemposition, 'Li T, and T,

*1 Analyses in Bipolar Patients and Normal

Relaxation Times, and Free and Total

Matched Controls

1V. SA Demography of Patients and Controls

Whole blood cells from 10 bipolar patients receiving lithium carbonate and 10 matched
normal controls were obtained from Dept. of Psychiatry, Loyola University Medical Center
or Hines Veterans Administration Hospital. Patients received anywhere from 200 - 1600 mg
of lithium carbonate per day. The patients had been taking lithium carbonate for a minimum
of 3 weeks or for as long as 17 yrs. Patients were diagnosed according to the Diagnostic and
Statistical Manual of Mental Disorders, 3rd Edition (121). Na'-Li® countertransport rates

were known to increase with hypertension (122); therefore blood pressure was taken at the
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time of blood drawing and subjects suffering from hypertension were excluded from this
study. Table 23 and 24 show the demography of patients and controls, respectively. Controls
were matched according to sex, race, age, and weight. In addition to lithium carbonate,
. patients were taking a wide variety of psychotropic drugs, such as halcion, klonopine,
dripramine, dilantinnavane, synthroid, thorazine, stelazine, and carbamazepine.

IV. 5B Na'-Li* Countertransport Rate Measurements

For determination of Na*-Li* countertransport rates, washed packed RBCs were
loaded with Li” by incubating the cells in a medium containing 150 mM LiCl, 10 mM
glucose, 10 mM HEPES, pH 7.4 at 37 °C at 13% hematocrit according to Canessa et. al.
(122). Under this loading condition, intracellular lithium concentrations were 7.5 + 1.0 mM.
To remove extracellular Li’, Li" loaded RBCs were then washed five times with isotonic
choline wash solution. The cells were suspended at 7% hématocrit in either Na* medium
(150 mM NaCl, 10 mM glucose, 0.1 mM ouabain, 10 mM HEPES, pH 7.4) or choline
medium (112.5 mM choline chloride, 85 mM sucrose, 10 mM glucose, 0.1 mM ouabain, and
10 mM HEPES, pH 7.4) and incubated at 37 °C for over 75 min period. Ouabain was added
to inhibit any Li" transport through (Na'-K")-ATPase (133). Aliquots were taken every 15
min from each of the Li* loaded RBC suspensions and collected into precooled polyethylene
tubes. The aliquots were centrifuged at 6000 g for 2 min at 4° C and the supernatants were
collected and analyzed by AA. Li" standards (10 - 0.2 uM Li") prepared in both Na* and
choline medium were used to construct calibration curves. Li" transport that takes place in
the choline medium is due to the leak pathway. The rate of Li™ transport in the Na™ medium

is made up of the Na'-Li" countertransport pathway and the leak pathway.
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Table 23 Demography of Bipolar Patients".

Patients Sex Race Age WeightB.P. [Li")s Smoker LP.
P1 M W 47 205 140/82 0073 Y N
P2 F W 69 242 124/60 0.074 N Y
P3 F B 43 230 125/75 0010 N N
P4 M W 41 152 106/78 0.163 Y Y
P5 M W 42 236 107/64 0434 Y Y
P6 M W 39 148 109/64 0.400 Y Y
P7 M W 58 123 118/77 0327 Y Y
P8 M W 52 193 140/90 0.133 Y Y
P9 M W 6l 191 124/70 0.690 Y Y
P10 M W 57 163 171/98 0210 Y Y

‘M = male, F = female, W = white, B = black, B.P. = blood pressure, [.P.= inpatient,

Y = yes, N = no, [Li']; = starting intracellular Li" concentration in mM.



Table 24. Demography of Matched Controls®.

Controls Sex Race Age Weight Blood Pressure Smoker
Cl1 M w 46 170 128/80 N
C2 F W 65 149 134/78 N
C3 F B 42 127 112/72 N
C4 M W 39 151 110/70 Y
(Oh] M W 43 189 130/80 Y
C6 M W 37 210 124/90 N
c7 M W 65 165 110/80 Y
C8 M W 52 180 120/75 N
C9 M W 63 185 160/70 N
C10 M W 55 197 160/100 N

*Definitions are the same as for Table 23.
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Thus, the rates of Na"-Li" countertransport were obtained by subtracting the measured rates
of Li" in a choline medium from the Na™ medium.
Figure 18 shows the time dependence of extracellular Li* concentration versus time
for normal individual 8 in Table 26. All regressions had correlations of r > 0.93. Li"
transport follows first-order kinetics as it is apparent from the linearity of the plots on Figure
18. Linear plots of RBC Li" efflux within the first hr were reported previously (27, 94).
Table 25 and 26 show Na -Li" countertransport rates, phospholipid composition, free
and total Mg’* concentrations, and 'Li T, relaxation times of intact RBCs, for 10 bipolar
patients and 10 matched normal controls, respectively. The observed rates measured by AA
were found to be significantly lower for bipolar patients vs normal controls (0.13 + 0.01 vs
0.20 + 0.05, méan + SD, paired Student’s t-test, t = 4.176, p < 0.0025). The mean
interindividual coefficients are 8% for the patients and 25% for the controls. Some studies
have shown that patients have lower Na’-Li” countertransport rates than normals (94-97)
even though, others have not (88-103).
Table 27 shows Pearson’s correlation analysis of all the parameters on Tables 25 &
26 for patients and controls. The purpose of this statistical analysis was to see if there was
any correlation between Na'-Li~ countertransport rate and PL composition, intracellular free
and total Mg”* levels, and 'Li T, and T, relaxation times in intact RBCs. Therefore, I focus
only on the data bolded on Table 27. Using Pearson’s correlation statistics, for a degree of
freedom of 18 and a probability («) of 0.05 any number above 0.4 is accepted (134b).
Therefore, Na'-Li" countertransport rate shows a positive correlation with PC and PI, a
negative correlation with PS and Sph and no correlation with Mg’* levels, and very weak

correlation with ‘Li T, measurements.
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Figure 18. Plot of Extracellular Li* Concentration vs Time For Normal Control 8 in Table

26.
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Table 25. Na*-Li* Countertransport Rates, Phospholipid Compositions, Free and Total Intracellular Mg®* Concentrations, and 'Li T,
Relaxation Measurements of Patients".

Patients Na*-Li* PC PS Pl PE  Sph [Mg**], [Mg2+], Li T, Li T,
Pl 0.11 32.57 13.24 2.13 2649 25.57 0.275 2.30 4.96 0.252
P2 0.12 30.68 16.28 1.87 26.59 24.59 0.287 2.15 5.54 0.153
P3 0.13 33.58 14.41 1.38 24.94 25.69 0.383 2.19 5.98 0.127
P4 0.15 30.07 17.25 2.00 23.45 27.23 0.287 2.51 5.42 0.106
P5 0.13 27.35 16.83 1.44 25.14 29.24 . 0.287 2.62 5.34 0.128
P6 0.14 28.19 17.74 1.70 27.70 24.70 0.275 2.31 5.43 0.102
P7 0.11 28.65 18.80 2.81 26.54 23.20 0.275 2.19 5.02 0.095
P8 0.11 29.35 16.97 1.60 28.45 23.64 0.400 2.34 4.70 0.195
P9 0.14 33.29 16.30 1.64 25.07 23.70 0.338 2.13 4.81 0.206
P10 0.14 32.04 16.89 2.05 24.15 24.87 0.275 2.98 48 0104

*Na’-Li* countertransport rates are in m moles of Li* /(L x RBCs h); phospholipid compositions are in %;
Mg®* concentrations are in- mM, and "Li T, and T, relaxation times are in sec for intracellular [Li*] of 2.19 + 0.37 mM.

€1l



Table 26. Na*-Li* Countertransport Rates, Phospholipid Compositions, Free and Total Intracellular Mg'* Concentrations, and "Li
T, Relaxation Measurements of Matched Controls®.

Controls Na’-Li* PC PS Pl PE  Sph [Mg*), [Mg*'], LiT, LiT,
Cl 0.16 28.73 17.16 2.05 27.43 24.63 0.383 1.92 5.54 0.155
C2 0.15 2992 1648 2.46 26.33 248l 0.275 2.48 6.10 0.111
C3 0.15 26.70 14.00 2.30 26.40 30.50 0.383 243 5.19 0.161
C4 0.19 31,13 13.89 2.71 28.10 24.17 0.383 2.27 5.58 0.090
C5 0.32. 3490 14.09 3.69 26.85 20.47 0.275 2.37 5.76 0.111
Cc6 0.17 31.90 13.43 243 2575 26.49 0.210 2.09 5.55 0.211
c7 0.18 33.03 14.06 2.29 2549 25.37 0.275 2.51 5.18 0.112
C8 0.23 33.15 15.13 1.67 23.14 26.92 0.275 2.717 5.42 0.257
C9 026 32.25 1491 2.71 27.64 22.49 0.275 2.26 5.03 0.132
C10 0.19 32.66 14.57 2.51 26.88 23.37 0.275 2.50 5.91 0.134

*Conditions are the same as for Table 25.

148!



Table 27. Pearson Correlation Matrix For RBC Parameters in Bipolars and Matched Controls.

Type PC PS PI PE Sph Na*-Li* Mg**, [Mg**],
PE  -1.00
PC  0.193 1.000
PS  -0.535 -0.539 1.000
PL  0.567 0.257 -0.299 1.000
PE  0.191 -0.255 -0.031 0.346 1.000
Sph  -0.073 -0.513 -0.080 -0.519 -0.459 1.000
Na*-Li* 0.687 0.522 -0.426 0.645 0.044 -0.408 1.000
[Mg**], -0.053 -0.269 0.067 -0.283 0.304 0.089 -0.211 1.000
[Mg®*], -0.025 0.073 0.034 -0.092 -0.538 0.279 0.118 -0.269 1.000
T, . 0.414 0.138 -0.225 0.203 -0.008 -0.026 0.282 -0.077 -0.105 1.000

ST
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The negative correlation implies that as the PS level increased the rate decreased. By the
same token, the positive correlation means that as the PI and PC levels increased the rate
increased. Therefore, the underlying conclusion may be that Li* binding to the negatively
charged PS could be the reason for the variation in rates between bipolars and controls.
IV_.5C Analysis of Phospholipid Composition

Figure 19 shows the five PLs in Human RBC membranes studied in this project. PC
and Sph are the two main neutral PL constituents of the exterior part of the lipid bilayer.
PS and PI are negatively, and PE is neutrally charged PLs and are located mainly in the
interior part of the membrane. Phospholipids are essential structural components in the
membranous structure of cells. Many theories have been proposed for the anatomic
localization of the lipids within the membranes but their precise disposition in mental illness
is still unknown. Sengupta et al. (88), using TLC, showed characteristic changes in the lipid
composition of blood cellular fraction of different types of mental patients and the clinical
response to medications, taking into account any changes in the lipid profile after in vivo
administration of drugs. PS and PC contents decreased, and PE content increased in bipolar
patients compared to normals (88). There was no change in PI and Sph contents (88). No
significant alteration was found in lipid profile of mental defectives when compared to drug
free conditions (88).

Figure 20 shows *'P NMR spectrum of phospholipids extracted from human RBC
membranes. In human RBC membranes, there is just as much PE plasmologen as there is
PE. PE has an alkyl ether on the glyceride backbone; whereas, PE plasmologen has an
alkenyl ether instead (135b). *'P NMR is sensitive enough to differentiate between these two

types of PLs ; whereas, other conventional techniques, such as TLC, HPLC, and
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Figure 19. The Five Main Phospholipid Components of Human RBC Membranes. Structural
assignments are as follows: Phosphatidyl serine (A), Phosphatidyl ethanolamine (B),

Phosphatidyl choline (C), Phosphatidyl inositol (D), and Sphingomyelin (E).
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Figure 20. *'P NMR spectrum of Phospholipids Extracted from Human RBC Membranes.
Assignments of peaks are as follow: PE (A), PE plasmalogen (B), PS (C), Sph (D), Pl (E),

and PC (F).
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GC give the total composition of the two groups. *'P and '"H NMR techniques have been used
to determine PL compositions in earth worm, soybean, amniotic fluid, and bovine brain white
matter (128, 136, 137). To the best of my knowledge, our group is the first one to use *'P
NMR for phospholipid analysis of human RBC membranes. Phospholipid extractions were
done according to section II1 .4G (127, 128). Assignments of PLs were made by running
standard phospholipids or spiking the samples with standards. Chemical shift assignments
were made relative to an external reference of 85% phosphoric acid. However, PC was also
used as an intemal} reference for its relative chemical shift was constant. *'P NMR
experiments were done at an operating frequency of 121.6 MHz on a Varian VXR-300 NMR
spectrometer.  Spectrometeric conditions used were as follows: one dimensional pulse
sequence, 9 usec pulse width (45° spin-flip angle), D1 + AT = 4 sec, ambient temperature,
spin rate of 16 Hz, high power decoupler of 55 db, and NT of 10,000. Reported relaxation
time for PC is 2.3 s (136): therefore, a value of 4 sec (D1 + AT) was enough time for the
magnetization to relax back fully.

Table 25 and 26 show PL compositions of patients and their matched controls.
Reported PL composition data are similar to other finding in RBCs (88, 126). A Student’s
t-test was done to compare all the individual PLs in the patient and control groups. PS
composition was slightly higher for patients than normals (16.47 + 1.51 vs 14.77 + 1.14,
mean + SD, df = 9.t = 2.130, p < .10). The PI composition in patients was slightly
lower than normals (1.86 + 0.40 vs 2.48 + 0.50, mean + SD, df = 9,.t = 2.608, p <
0.05). In contrast, no significant difference was found in PC, PE and Sph between patients

and controls.
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IV. 5SD_Free and Total Intracellular Mg™* Levels

Magnesium ions are important metal ions in biological systems. Intracellular Mg**
exists either free (Mg>’)) or bound (Mg’*,) to biological ligands, such as RNA, ATP, and
Mg®*- activated enzymes (138). Mg®" regulates the activity of Mg®*-activated enzymes
involved in protein synthesis, ion transport, glycolysis, muscle contraction, and respiration.

Tables 25 and 26 show the amount of free and total intracellular Mg?* concentrations
for patients and matched controls. Intracellular total and free Mg®* concentrations were
measured using AA and >'P NMR spectroscopy. No significant difference was found in free
and total Mg®* levels between patients and controls. In addition, statistical analysis shows no -
correlation between Na‘-Li' countertransport rates and Mg>* levels. Patients had free and
_ total Mg>* levels of 0.308 + 0.045 mM and 2.37 + 0.25 mM, whereas the free and total
[Mg®**] for controls were 0.301 + 0.057 mM, and 2.36 + 0.23 mM (mean + SD),
respectively. Reported intracellular free Mg®* levels are 0.188 mM, and 0.311 mM using *'P
NMR and null-point titration methods, respectively (139, 140). Total plasma Mg** levels
were measured in 59 patients who had various primary affective disorders and 303 normal
individuals using AA (141). Although men had significantly higher Mg®* levels than did
women, no difference occurred between patients and normal individuals (141).

IV. SE’Li T, and T, Relaxation Times in_intact RBCs

’Li T, and T, value of intact RBCs are generally around 5 and 0.2 sec, respectively;
whereas LiCl in water has a T, and T, relaxation times of 20 and 17 sec, respectively. This
big difference in relaxation times observed in Li -loaded RBCs is due to Li” binding and

viscosity. Thus, Li" binding to cell membranes can be studied using relaxation times
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‘measurements. Intracellular 'Li T, values in Li*-loaded RBCs are much higher than the
corresponding T, values (72, 76). It is well established that slow motions contribute only
toward T, (87). Thus, the large difference between T, and T, values is indicative of Li*
binding to RBC components (76).

Tables 25 and 26 show 'Li T, and T, relaxation times of patients and controls,
respectively. Li* loading of RBCs was done according to section IIl .3C. The 'Li T, and
T, values reported here are for a single intracellular Li* concentration (2.19 #+ 0.37). 'Li T,
measurements were obtained using inversion-recovery and Carl-Purcell-Meiboom-Gill pulse
sequences. A very weak correlation was found in Na*-Li" countertransport rates and
relaxation times between patients and controls (Table 27). On the other hand, a Student’s t-
test showed a slight difference in 'Li T, values between patients and controls (5.21 + 0.38
Vs 5.53. + 0.32, mean + SD, df = 9, t = 2.065, p < 0.10). There was no difference in
T, values bétween patients and controls. A lower relaxatioﬁ time is an indication of stronger
binding. Even though, the difference in relaxation times between patients and controls is not
that significant, it may be that binding of Li" to the RBC membranes and metabolites is

slightly stronger for patients than normals.



CHAPTER V

DISCUSSION

Since, °Li and 'Li resonate at different NMR frequencies, they are distinguishable even
when the lithium salt is not enriched in °Li. However, the use of lithium salts enriched in °Li
increases the otherwise low NMR sensitivity to this isotope. For a comparison of the

-transport behavior of these two isotopes, LiCl that was enriched in °Li (95.7%) was used so
that the percentage of °Li was comparable to that of 'Li (92.6%).

Uptake of °Li* by RBC was significantly faster (Student’s one-tailed t test, p < 0.05)
than that of 'Li* (Figures 5 & 6 ). The initial rates of transport Li* in RBCs for the °Li and
"Li isotopes are 1.56 + 0.12 and 1.32 + 0.14 mmol of Li*/(l of RBCs x h), respectively.
The rate constants for the °Li and "Li isotopes are (6.92 + 0.57) x 10°/h and (5.93 + 0.64)
x 107%/h, respectively. These results are consistent with data for AA on RBCs (6) and
cerebrospinal fluid (7). The rate of 'Li" uptake at nearly pharmacological levels by human
RBC was recently measured by 'Li NMR spectroscopy (10). The rate of Li* uptake from a
suspension medium containing 2 mM Li" concentration (10) was consistent with that measured
in this study from a suspension medium containing 100 mM 'LiCl. 'Li and °Li have a mass

ratio of 1.167 (7/6), and we found their rate and rate constant ratio to be 1.182 (1.56/1.32)
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and 1.167 (6.92 x 10%/5.93 x 10?), respectively. The more rapid uptake of °Li* relative to
’Li* across the human RBC membrane is associated with the lower mass of the °Li isotope,
the consequent higher charge-to-mass ratio, and the resulting higher hydration energy. The
masses of the two isotopes differ by 16.7%. The difference between the two isotopes
calculated from either the rates (18.2%) or the rate constants (16.7%) is similar to the
difference in mass. The data obtained by AA for in vitro uptake of °Li* by erythrocytes were
5.4% to 8.5% higher than those observed for Li* (6). The deviation from the theoretical
value of 16.7% based on the difference in mass is not understood (6). The difference in the
aqueous diffusion rates of the two isotopes is reported to be 0.6% (9), which is much lower
than the difference reported in biological systems. Therefore, ion diffusion is only a partial
contributor to the difference between °Li* and 'Li* ions in transport across biological
membranes. The agreement of our RBC data with cerebrospinal fluid data (7) indicates that
RBCs may be a suitable model for the study of Li" action in normal individuals and for that
in patients with bipolar disorders. Because °Li enriched salts are transported faster across
cell membranes, their use may shorten the number of days needed before lithium is effective.
Li* has a toxic effect on the kidney and the heart (2). The toxic effects of °Li* have been
established only when equivalent doses of °Li* and 'Li* are given (14). Because °Li" is
transported more rapidly than is 'Li", giving equivalent doses does not result in equivalent
intracellular concentrations. It will be more appropriate to determine whether °Li* is more
toxic than 'Li* when the two isotopes are used at the same intracellular levels.

Recently, attention has been given to Li" ionophores as tools for understanding Li*
transport across biological membranes. lonophores have been incorporated in suspension

media as a means for speeding up Li* transport. The aim of this study was to show, by
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using NMR and AA techniques, that the Li* ionophore dibenzyl-14-crown-4 can induce Li”*
transport across human RBC and PC vesicle membranes even in the presence of an excess of
Na* ions.

The pseudo-first-order rate constants for Li* and Na’ transport across RBC
membranes are proportional to DB14C4 concentration and therefore the mechanism of
ionophore-induced ion transport is first-order with respect to ionophore concentration. The
good linear fit obtained for the calculations of pseudo-first-order rate constants indicates that
the mechanism of ionophore-induced ion transport is also first order with respect to alkali
metal ion concentration. The pseudo-first-order kinetics observed for Li* transport induced
by DB14C4 in humanrRBC suspensions is consistent with the same kinetics observed for Li”
transport induced by monensin in human RBC suspensions (43) and in synthetic vesicles (44,
47). In contrast to Li" transport induced by DB14C4 which took place in a physiologic
Na’-containing medium, monensin-induced Li* transport across the human RBC membrane
was observed in a non-physiologic K™ medium, but not in a Na* medium (43, 44, 77, 142).

The line widths of ihe intra- and extracellular 'Li* NMR resonances increased (Figure
9A) as the ionophore-induced Li* transport occurred because of exchange between the two
pools of Li*. Smaller increases in the line widths of the intra- and extracellular ?Na NMR
resonances (Figure 9B) were observed because of the larger concentrations of Na* relative to
Li* ions in human RBC suspensions. For both 'Li* and *Na* NMR resonances, the line
broadening was more significant for the intracellular resonances. This observation is
consistent with exchange between intra- and extracellular cations, with the ions present at
lower concentration being broadened the most, as previously reported for Na‘“‘ transport

induced by monensin (142). The chemical shift separation between the intra- and extracellular
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'Li* NMR resonances increased as Li* was transported from the suspension medium into
RBC. As ionophore-induced Li* transport occurred, the extracellular Li* concentration
decreased, leading to an increase in the [SR]/[Li"] ratio and, consequently, an upfield shift
of the extracellular 'Li* NMR resonance, as previously reported (43).

Because of the similarity between Na* and Li" ions, the ionophore transports Na* as
well as Li* ions. Figure 10 shows changes in extracellular Na®, K*, and CI' concentrations
in the presence (part A) and in the absence (part B) of 0.30 mM DB14C4. The ion transport
illustrated in Figure 10A was induced mainly by the ionophore; a small amount of ion
transport was observed upon resuspension of RBC in ionophore-free medium (Figure 1OB);
Similar experiments conducted without the inhibitors ouabain and DIDS in the suspension

+

medium showed larger Na", K", and CI' movements across the membrane both with and
without ionophore. The additional Na”, K*, and CI transport observed in the absence of
ouabain and DIDS is presumably due to movement of ions through the RBC membrane
proteins Na* , K -ATPase and to anion exchange (131). Balancing the ion gradient across the
RBC membrane there were movements of K™ and CI" ions. These RBC results are consistent
with a mechanism of ionophore-induced ion transport in which uptake of Li* by human RBCs
is accompanied by influx of Na™ and CI. The net cation influx is balanced by a K" efflux.
Because DIDS, an inhibitor of CI transport in human RBC suspensions, was present in our
experiments, I presume that Cl" was transported into RBCs ion-paired to the ionophore-cation
complex. Alternatively, the amount of DIDS used in these experiments was not sufficient for
complete inhibition of CI transport via the anion exchange protein. For a comparison of the

effect of the ionophore on the rates of Li" and Na" transport, [ conducted experiments with

and without the transport inhibitors DIDS and ouabain. The SR decreased the rate constants
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for transport of Li* but not of Na”. The SR binds more strongly to Li" ions, resulting in
slower rates of Li" transport in SR-containing medium. This SR-specific effect is consistent
with the previously reported effects of Dy(PPP),” on membrane potential, Na*-Li* exchange
rates, and Li* and Na* transmembrane ratios in human RBC suspensions (41,42).

*'P NMR spectra of normal human erythrocytes in the presence and absence of DB-
14-C-4 at the beginning and at the end of 1.25 h period showed that ATP and DPG levels
were maintained throughout the experiment (Figure 11). Cell viability was therefore
maintained during the course of the ionophore induced ion transport experiments (Figure 11).
The chemical shift separation between the Pi and Px resonances of ATP (6,,) were the same
at the beginning and at the end (Figure 11). Thus, intracellular pH was also maintained
during these experiments and the mechanism of ionophore induced ion transport does not
involve exchange between intracellular H™ and extracellular alkali metal cations as previously
reported for other Li* ionophores (44). The pH independence of Li* or Na* transport
induced by DB14C4 is consistent with the absence in this ionophore of functional groups that
could undergo protonation. The changes that occurred in extracellular Li*, Na*, K*, CI'
concentrations in the presence of DB14C4 were accompanied by changes in cell volume
(Table 8). Hematocrit measurements indicated that cell volume increased by 23% by the end
of 1.25 h period (Table 8). In contrast, no appreciable changes in cell volume and
intracellular ion concentrations were observed in the absence of DB14C4 (Table 9). These
changes in cell volume were taken into account in the calculations of ion concentrations shown
in Figure 10. Because of the high hydration energy of Li*, hydrated Li" ions and Na*
transported into RBCs by the ionophore presumably drag in extracellular water .across the

RBC membrane causing the cells to swell.
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The Li*/Na® seleétivity ratio calculated for PC vesicles loaded with LiCl and NaCl
alone was 8.48 + 0.02; whereas the Li"/Na” selectivity ratio calculated for PC vesicles
loaded with an equimolar mixture of LiCl and NaCl was 2.26 + 0.07. In contrast, the
Li*/Na® selectivity ratio for DB14C4 obtained by EMF measurements of polymeric membrane
electrodes was 229 (48). For an organometallic ionophore the Li*/Na* selectivity ratio
calculated for PC vesicles loaded with either 150 mM LiCl or 150 mM NaCl was
approximately 4.5 whereas the ratio calculated for PC vesicles loaded with an equimolar
mixture of LiCl and NaCl was 22 + 6 (44). While DB14C4 yielded lower Li*/Na*
selectivity in mixtures of LiCl and NaCl than in suspensions of the pure Li* or Na" salts, the
cobalt organometallic ionophore displayed the opposite behavior (44). The difference in
trends in Li*/Na" selectivity ratios in PC vesicle suspensions is presumably associated with
the different mechanisms of ion transport for the two ionophores. In addition to their
dependence on the nature of the ionophore, Li*/Na* selectivity ratios are dependent on the
composition of the membrane through which the ion transport takes place, the ionic
composition of the suspension medium to which the membrane is exposed, and the method
of measurement used for determination of the Li"/Na* selectivity ratio (33). Thus, it is not
surprising that the Li"/Na” selectivity ratio for DB14C4 obtained with ion-selective electrode
with a polyvinylchloride membrane does not agree with the ones reported here for human
RBC or PC vesicle suspensions.
The capacity of an ionophore to transport a specific ion across a membrane is
dependent on the rates of association and dissociation of the ionophore-cation complex at the
membrane (45, 77, 143). Because of the similar lipophilic nature of the interior of human

RBC and of PC membranes, it is likely that the ratios of the stability constants for the
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complexes of DB14C4 with Li* and Na* are approximately the same in the two types of lipid
bilayer. The finding that the Li"/Na” selectivity ratio for DB14C4 is enhanced in PC vesicle
relative to human RBC suspensions suggests that the rates of cation transport are controlled
by the rates of uptake and release of the ionophore-cation complex at the membrane interface.
The negatively inside potential of the human RBC membrane (42), associated with the
presence of anionic phospholipid in the inner leaflet of the RBC membrane, may slow down
the release of Li* or Na” ions from the positively charged DB14C4-cation complex at the
membrane interface. These conclusions are consistent with the increased rate of Li*
dissociation induced by monensin at the membrane surface of PC vesicles containing 5% of
the anionic phospholipid phosphatidylserine relative to vesicles containing neutral PC alone
(77). Thus, the weaker interaction in PC vesicles between the DB14C4-cation complex or the
neutral complex of the organometallic ligand previously reported (44) with the membrane
surface may explain the enhanced Li*/Na* selectivity ratios found with vesicle preparations.

I have shown that DB14C4 is an efficient carrier for Li* across human RBC
membranes even in the presence of a background of Na* ions. This study constit(utes the first
example in which ionophore-induced Li* transport across a biological (as opposed to a
synthetic) membrane was observed in a physiologic Na” medium. The uptake of Li* in
lithium carbonate preparations by biological tissues may be enhanced not only by use of the
lighter isotope, 6Li"'., (144) but also by Li"-selective ionophores, leading to an improvement
in the effectiveness of lithium therapy of manic-depressive patients. Although we used
DB14C4, a Li* ionophore with one of the highest Li*/Na* selectivity ratios known (229, as
determined by EMF measurements of polymeric membrane electrodes) (48). DB14C4 induced

considerable changes in intra- and extracellular Na* concentrations. Because the maintenance
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of intra- and extracellular Na* levels is crucial for metabolic balance and the Li" levels in sera
of bipolar patients receiving lithium carbonate are approximately five times lower than those
used in our experiments, Li* ionophores with Li*/Na™ selectivity ratios considerably higher
than those currently available are needed before pharmacologic applications can be
contemplated.

One way Li* may exert its effect is by competing with Mg®>* for ATP and ADP
binding sites. Therefore, I have examined this phenomenon in detail. Binding of metal
cations to nucleotides is dependent on pH, temperature, and ionic strength (61-63, 67). In all
of the experiments, the pH was adjusted to 7.4 and the ionic strength to 0.15 M with
tetramethylammonium hydroxide and TRIS-Cl, respectively. The bulky organic cations which
were used to adjust ionic strength and pH were selected because they were not likely to
compete with the binding of Li* and Mg** to ATP and ADP. To avoid nucleotide base
stacking (67), a maximum nucleotide concentration of 10 mM was used.

'Li T, relaxation times decreased in LiCl solutions in the presence of increasing
amounts of ATP or ADP, indicating that T, values are sensitive to Li* binding to nucleotides
(Figure 13). Upon addition of Mg®*, the 'Li T, values increased because of displacement of
Li* by Mg** from ATP or ADP binding sites (Figure 13). If simultaneous binding of Li* and
Mg** to ATP or ADP had occurred, the 'Li T, values in the presence of Mg** would be the
same as in its absence; however, this was not observed.

'H and “"C NMR results showed no significant changes in chemical shifts of protons
and carbons on the base and sugar moieties of ATP and ADP upon addition of either excess
MgCl, or excess LiCl (Tables 11 & 12). These observations are in agreement with a previous

report on metal ion binding to nucleosides in DMSO (145). Binding of Li* or Mg** to
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nucleosides is weak in DMSO (which should enhance metal ion binding to the sugar and base
moieties as a result of the poor solvation power of DMSQ); their binding to the sugar and
base groups in water was observed to be even weaker.

The chemical shift separation between the «- and - phosphate resonances of ATP
reflects the state of metal complexation of ATP (55, 61). The value of §_, changed from
10.82 ppm in free ATP to 9.80 ppm in Li*-saturated ATP and 8.43 ppm in Mg’*-saturated
ATP (Figure 16). For the mixture of Li* and Mg®* salts with ATP, an intermediate value
of 8,5, 9.43 ppm, was observed, suggesting that competition of the ions for ATP-phosphate
binding sites was occurring. The downfield shifts observed upon addition of Li* and/or Mg**
probably resulted from polarization of the electron density away from the phosphorus atoms
when phosphates are associated with cations. The downfield shifts could also indicate that
each phosphate contributes only one oxygen atom for coordination in the chelate ring (60).
A£ higher than equimolar concentrations of Mg’* and ATP, upfield shifts of the phosphate
resonances have been reported (146).

Based on *'P chemical shifts obtained for Li*/Mg** mixtures of nucleotides (Tables
14 & 17), and using the three models (equations 1-7) for the predominant species in solution,
the Li*-nucleotide binding constants in the presence and absence of Mg®* was found to be
somewhat greater in the presence of Mg®* than in the presence of Li* alone (Table 19). For
ATP, better convergence was obtained for the third model (that assumed the presence of both
1:1 and 2:1 Li-ATP species); for ADP, while good convergence was found for the «
phosphate resonances using the third model better convergence was found for the 8 phosphate
resonances using the first or second models. However, because of the large error involved

in the calculation of the binding constants, this difference may not be significant. We also
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found consistency between observed and theoretical limiting *'P phosphate chemical shifts for
aqueous mixtures of nucleotides in the presence of both metal ions (Table 20). The small
increases in Li-ATP and Li-ADP association constants in the presence of Mg** indicates that
the formation of mixed complexes involving Li*, Mg®*, and the phosphate-binding sites of
ATP and ADP cannot be ruled out. The small increase in Li* binding affinity in the presence
of Mg®* for ADP found by >'P NMR agrees with previously reported affinity values measured
by gel filtration (64).

The 'Li T, relaxation times increased in the presence of Mg’*, and the phosphate
chemical shifts observed in the presence of varying concentrations of Li* and Mg®* were
consistent with theoretical values calculated on the basis of competitive binding to ATP or
ADP of one Mg’* or two Li* ions. 'H and "C NMR indicated that no significant metal ion
binding to the sugar and base moieties of the nucleotides occurred. Even though our findings
provide evidence for competition between Li* and Mg?* for ATP or ADP binding sites,
formation of mixed complexes with phosphate binding sites can not be ruled out.

Interaction of metal ions with human RBC membranes and synthetic membranes made
up of phospholipids, such as PC, PI and PS, has been studied using 'Li, >'P, ’H NMR, AA,
fluorescence spectroscopy and neutron diffraction (72-86). Using the P NMR CSA
approach, Li* and Mg®" binding to human RBC membranes was studied. Upon addition of
increasing levels of Li* and Mg®*, the CSA values increased which was an indication of metal
ions binding to the membrane (Table 21). The CSA increased from 51.3 ppm, for membrane
alone, to 69.2 and 83.7 ppm in the presence of 20 MgCl, and 200 mM LiCl, respectively.
The strength of metal ion interaction increases with increasing charge and metal ion

concentration. The strength of metal ion interaction with PC increased when going from
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monovalent to trivalent cations such as Na™, Ca** and La’* (82). Therefore, in this study an
excess amount of LiCl was used to maximize the effect of Li" binding. The binding of Li*
and Mg®* to the membrane caused motional rigidity and small conformational changes of the
phospholipid head groups which was reflected in CSA changes.

Using 'Li T, and T, relaxation times, binding of Li* to RBCs and RBC ghosts was
examined (76). Typical T, and T, values for Li*-loaded RBCs are 5 and 0.2 sec,
respectively. Little or no change was observed on the 'Li T,’s and T,’s of ATP-containing
ghosts and ATP-depleted ghosts indicating that the interaction between Li* and ATP is weak
and is not responsible for the drastic difference between T, and T, relaxation times (76).
Moreover, the fact that the difference in relaxation times was present in both intact RBCs and
RBC ghosts indicated that this Li~ relaxation behavior had to do with Li* binding to RBC
membrane and not to intraceilular metabolites, such as ATP and hemoglobin, or membrane
proteins, such as spectrin-actin (76). A 'Li T, study was conducted to investigate the mode
of Li* and Mg”" binding to the membrane (Table 22). 'Li T, values increased from 13.9 sec
(5 mM Li", membrane alone) to 9.5 sec in the presence of 2.0 mM MgCl,. The increase
in relaxation times was due to the displacement of Li* by Mg** via a competitive mechanism
for membrane phosphate binding sites.

It has been shown that manic depressive patients have lower Na*-Li* countertransport
rates than matched normals (94-97). Studies carried out with human RBCs postulated a
membrane dysfunction hypothesis for manic depression (88-91). Other studies have shown
characteristic changes in the PL composition of bipolar patients (88); manic depressive patients
had lower PC and PS contents and higher PE content than normal controls (88). The results

on Table 25 and 26 show that bipolar patients have lower Na“-Li" countertransport rates than
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normal controls. The observed rates measured using AA were 0.13 + 0.01 and 0.20 + 0.05
m moles Li* /(L of RBC X h), respectively. A Student’s t-test with p < 0.0025 showed that
there was a distinct ditfference between the two groups. Pearson correlation statistics showed
Na™-Li* countertransport rates being positively correlated with PC and PI and negatively
correlated with PS (Table 27). This means that as the PS composition increases the rate
decreases. In contrast, as PC and Pl compositions increase the rate also increases. A
Student’s t-test (p < 0.10) showed that PS composition in patients were slightly highex; than
normals. PI content in patients were slightly lower than normals (p < 0.05). On the other
hand, no difference in PC, PE and Sph was observed between patients and normals. Sengupta
et al. (88) using TLC showed that PS and PC contents were lower and PE content was higher
in manic depressive patients than normals. Using *'P NMR, my results showed that PS
content was higher and PI content was lower in manic depressive patients than normals and
no difference was found in PE and Sph contents. The difference in results between my study
and the other group may be attributed to the different sensitivities of the techniques used in
the two studies.

Several neurotransmitter receptors are coupled to the hydrolysis of
phosphatidylinositol-4,5-biphosphate (PIP,) yielding inositol 1,4,5-triphosphate (1,4,5-IP,) and
diacylglycerol (DG), which perform second messenger roles in cells (118). It has been shown
that lithium treatment reduces the levels of inositol in the brain and that this reduction is
accompanied by an increase in IP, (118). Inhibition of inositol-1-phosphatase leads to a
depletion of inositol, the precursor in the resynthesis of PIP,. Reduction of the resynthesis
of PIP, may affect the signaling mechanisms operating through the phosphoinositide system.

Therefore, the explanation for the decrease in PI content could be due to depletion by lithium.
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Because PS is a negatively charged PL, its interaction with Li" is expected to be strong.
Hence, since PS composition in patients was found to be higher than controls, Li” could bind
stronger to the membrane of patients than controls which could lead to lower Li* transport
rates in patients than normals.

One way Li* could exert its antimanic effect is by competing with Mg>* binding sites
in biomolecules (55, 135). Several workers have noted an increase in both serum magnesium
and calcium a short time following lithium administration to humans (68-71). A general
sedating effect with decreased manic behavior was observed when two acute manic patients
were administered with Mg’ by infusion (68). Blood samples showed an increase in plasma
calcitonin, a small decrease in serum calcium, and an increase in serum Mg®* (68).
Therefore, it was hypothesized that magnesium could be responsible for the antimanic effect
of lithium administration (68). Intracellular free and total Mg concentrations. examined in
10 patients and 10 matching controls showed no sigﬁiﬁcant difference between the two
groups, and no correlation with Na*-Li' countertransport rates using Student’s t-test and
Pearson correlation anﬁlysis (Table 27). Using AA, total plasma Mg** levels measured in 59
patients who had various primary affective disorders and 303 normal individuals showed no
difference (141). Thus, our findings on total Mg®" levels are consistant with those reported
previously (141). Intracellular free Mg’ concentrations in human RBCs determined by *'P
NMR spectroscopy were measured in 26 individuals who had fasted overnight (57). The data
showed a strong correlation between intracellular free Mg** level and both diastolic and
systolic blood pressure. The lower the free Mg®* levels, the higher were fhe diastolic and
systolic blood pressure. In contrast, Woods et al. (147) found only a weak positive

association between free Mg’" and blood pressure (147). The contradicting results between
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the different groups could be due to the effect of diet (148); it is known that intracellular free
Mg?* may be affected by the presence of glucose (148). In our study, the patients and
controls did not fast overnight. Therefore, future studies should take into account the effect
of glucose to determine whether intracellular free Mg** levels are indeed different in bipolar
patients from matched controls.

Another probe used to unravel the cause for slower Na*-Li" countertransport rates in
manic depressive patients than normals were 'Li T, and T, relaxation time measurements.
Pearson correlation test showed very poor correlation between rates and relaxation times.
Nevertheless, a Student’s t-test (p < 0.10) showed that T, values for bipolars were slightly
higher than normals. No difference was found in T, values between the two groups. Since
the reported T, and T, values were for a single intracellular Li” concentration (2.19 + 0.37),
it is not possible to draw a definitive conclusion. Because the PS content in patients was
found to be higher than normals. it could mean that Li* binds stronger to the membrane of
patients. Lower T, relaxation times are indicative of stronger binding. Therefore, the fact
that patients showed lower T, values than normals, could be due to stronger binding of Li”
to PS. The original experiments were done at different intracellular Li* concentrations. Since
Li* binding to RBCs is complicated by the availability of several binding sites, analysis of the
data was not possible. Recent relaxation studies in our laboratory (149) using RBC membrane
as opposed to the intact RBCs used in this study indicate that indeed binding of Li” to the
RBC membrane of bipolar patients receiving lithium carbonate is stronger than matched
controls. It will also be useful to examine the binding of Li” to membrane of patients who
are Li*-free in order to establish whether abnormal Li* binding to RBC membranes (150) is

a biochemical marker of manic depression or a signature of Li* therapy.
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