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We have investigated the influence of Li* on free intracellular Mg?* concentration in human erythrocytes by 3'P NMR

and optical absorbance spectroscopies. In red cells loaded with 3 mM intracellular Li*, the chemical shift separation be-

tween the a- and f-phosphate resonances of MgATP?~ was approx. 0.9 ppm larger than that observed in Lit*-free red

cells. By analyzing the interaction of each red cell component with Mg?* and Li*, we found that Mg?* is displaced in

part from MgATP?~ upon addition of Li* and that the released Mg?* is bound to the red cell membrane causing an
overall decrease in free intracellular Mg2* concentration.
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1. INTRODUCTION

Mg?* is an essential component of all living
systems, playing a crucial role in a multitude of
biochemical processes occurring within a cell. The
intracellular concentration of free Mg?* is of fun-
damental importance, since this ion is known to
regulate the activity of various enzymes involved in
macromolecular synthesis, glycolysis, respiration
and membrane transport processes.

Lithium salts are preferred drugs in the treat-
ment and maintenance of both manic and
depressive episodes of bipolar patients [1]. Lithium
has also been used in a variety of other psychiatric
and medical conditions, including treatment of low
white blood cell count resulting from cancer
chemotherapy and conditions caused by the
Herpes simplex virus [1]. Despite the important
pharmacological action of lithium, the
mechanism(s) for its biological action remain(s)
uncertain. However, there are several hypotheses.
One is the competition between Li* and Mg?* for
biomolecules which is based on the existence of a
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diagonal relationship between Li* and Mg?*. In
particular, it has been shown that biological
ligands with a set of 3 oxygens and 1 nitrogen coor-
dination sites would bind Li* rather than Na*, K*,
or Ca%*, and moreover, would still be able to com-
pete for one-quarter of the Mg?*-binding sites [2].

The distribution of Mg?* is known to be altered
after Li* administration to rats [3]. However,
some researchers have found a reduction in brain
Mg?* levels [4], while others have reported an in-
crease [5,6]. In bipolar patients receiving Li*
therapy, some studies have shown an increase in
serum Mg?* levels [7], although other reports have
either shown a decrease [8] or no change in serum
Mg?** levels [9,10]. It is not clear from the above
investigations if the variability is due to the dif-
ficulty in obtaining accurate Mg?* concentrations
by atomic absorption methods. Here, we in-
vestigated the influence of Li* on the free in-
tracellular Mg?* concentration in human red blood
cells (RBCs) by 3'P NMR and optical absorbance
spectroscopies.

2. MATERIALS AND METHODS

Freshly drawn packed RBCs from normal healthy volunteers
were supplied by Life Source, Chicago. Experiments were per-
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formed after 48 h of drawing blood to minimize fluctuations in
free Mg?* concentration in RBCs due to storage [11]. LiCl,
MgCl,, Tris-Cl and antipyrylazo-I1II were obtained from
Aldrich while ATP (Na* form), and Hepes were purchased
from Sigma. A23187 was from Boehringer Mannheim. All ex-
periments were performed at 37°C and pH 7.2. pH
measurements were carried out with an Orion pH meter. The
osmolarity of all RBC samples was measured with a Wescor
vapor pressure osmometer and found to be 300 + 5 mosM. *'P
NMR spectra were recorded on a Varian VXR-300 NMR spec-
trometer equipped with a 10 mm probe and a variable-
temperature unit. The operating frequency for the *'P nucleus
was 121.4 MHz. 45° pulses followed by an acquisition time of
1.5 s were used to acquire 2800 transients for each sample.

LiCl loading of RBCs was achieved by incubating the cells in
a medium containing 40 mM LiCl, 100 mM NacCl, 5 mM KCl,
10 mM glucose, and 20 mM Hepes (pH 7.2) at 37°C for 12 h.
Using these loading conditions, no Li*-induced hydrolysis of
ATP in RBCs was detected by >'P NMR. Mg?* levels were also
measured in suspension media of control samples and
Li*-loaded samples. The RBC Li*-loading procedure outlined
above does not induce Mg?* leak, since the Mg?* concentra-
tion, measured by optical absorbance using antipyrylazo-Ili
[12], was the same in suspension media and Li*-loaded RBC
and Li*-free control samples. The intracellular pH in
Li*-loaded and Li*-free RBCs was monitored by measuring the
separation between the P; and P, resonances. The pH was
found to be 7.2 + 0.1 and thus, Li* loading of RBC had no
significant effect on intracellular pH. Mg?* loading and deple-
tion of RBCs was achieved by incubating the cells in suspension
media containing 20 mM MgCl; or 20 mM EDTA, respectively,
in the presence of the Mg?* ionophore, A23187 [13]. Before
recording NMR spectra, Li*-loaded, Mg**-saturated and
Mg?*-depleted RBCs were packed by centrifuging at 2000 x g
for 5 min. They were then washed 3 times and suspended in the
same medium containing 140 mM KCl, 10 mM glucose, and
10 mM Tris-Cl, pH 7.2. Use of the above medium minimizes
the loss of intracellular Li* and Mg?* via the Na*-Li* counter-
transport and the Na'-stimulated Mg?*-transport pathways
[14], respectively. Resealed RBC ghosts were prepared and
loaded with antipyrylazo-I1I according to Yingst and Hoffman
[12]. Optical measurements were carried out at a fixed
wavelength (600 nm) with an IBM 9420 Vis/UV spec-
trophotometer. Mg®* complexation to the dye causes a large
change in the optical absorbance at 600 nm, the Mg?* complex
having an extinction coefficient of 24 + 0.2 M~ '-cm™" [15].
However, the Li"-dye complex causes a relatively small change
in the absorbance at 600 nm and its extinction coefficient (1.8
+ 0.2 M !''em™') must be taken into account in calculating
free Mg?* concentrations. Since Mg?* has a higher affinity for
ATP than Li*, it was assumed for the purpose of correcting the
optical data in table 1 that 3 mM Li* was free to complex to the
dye. Thus, the values shown in the last column of table 1 are
low estimates of free [Mg2*].

3. RESULTS AND DISCUSSION

Fig.1 displays the effect of the presence and
absence of Li* on 3'P NMR resonances of ATP in
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Fig.1. 3'P NMR (121.4 MHz, 37°C) spectra of ATP under the
following conditions: (A) 5 mM ATP in the Na* form. (B)
RBC + 20mM EDTA + 40 mg/l1 ionophore A23187
(Mg**-depleted cells). (C) 5mM ATP + 5 mM LiCl. (D)
Li*-loaded RBC + 20mM EDTA + 40 mg/l A23187
(Li*-loaded-Mg**-depleted cells). (E) 5 mM ATP + 20 mM
MgCL. (F) RBC + 20mM MgCl; + 40 mg/l A23187
(Mg?*-saturated cells). (G) Li*-loaded RBC + 20 mM MgCl, +
40 mg/l A23187 (Li*-loaded-Mg?*-saturated cells). Following
the incubation procedures indicated above, RBCs used in
spectra B, D, F, and G were resuspended in the same medium
containing 140 mM KCl, 10 mM glucose, and 10 mM Tris-Cl,
pH 7.2. Line broadening of S Hz was used in all spectra. In
sample D, Li* was loaded to Mg>*-depleted RBC (EDTA
would otherwise interfere with Li™ loading), while in sample F
Li* was loaded before saturating with Mg?*. From left to right,
the 3P NMR signals are due to the -, a- and G-phosphate
resonances of ATP. The exchange broadening of the y and &
resonances of ATP present in F and G is due to incomplete
saturation of RBC with Mg?*.

Mg?*-depleted and saturated RBCs. The chemical
shift separation between the @- and #-phosphate
resonances of ATP (d.s) in Li*-loaded-
Mg?*-depleted RBCs (fig.1D) is smaller than the
values observed in free ATP solutions or
Mg**-depleted cells (fig.1A,B, respectively).
However, the value of d.s for Li*-loaded-
Mg>*-depleted cells resembles that observed in
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Li*-saturated ATP solutions (cf. fig.1C and D) in-
dicating that Li* loading has a significant effect on
8.5 measured in Mg?*-depleted RBCs. By contrast,
dus is approximately the same in Mg?*-saturated
cells in either the presence or absence of Li*
(fig.1E-G). Mg?*, because of its higher charge,
has a higher affinity than Li* for ATP [2,16].
Because of their relative affinities for ATP, the
competition between Li* and Mg?* in RBCs is bet-
ter felt in Mg?*-depleted than in Mg?*-saturated
cells.

Fig.2 shows the effect of Li* loading on the dug
separation of ATP in RBCs containing normal in-
tracellular Mg?* levels. 8,5 for Li*-free RBCs was
8.54 + 0.04 ppm (n = 14) while for Li*-loaded
RBCs it was 9.46 + 0.06 ppm (n = 14). While the
intracellular Mg?* levels were manipulated in fig.1
by addition of an ionophore, those in fig.2 repre-
sent normal intracellular Mg?* levels and yet, at an
intracellular concentration of 3 mM Li*, competi-
tion between the two metal ions occurs. Estimation
of the ratio of free ATP to total ATP can be ob-
tained from d.s [13]. This separation is greater for
free ATP (fig.1A) than for MgATP?~ (fig.1E), and
for intermediate degrees of complexation, the
observed separation represents a weighted average,
since Mg?* exchanges rapidly between ATP
molecules and solution on the NMR time scale. If
Li* were to displace Mg?* from ATP one would
predict an increase in the ratio of free to
Mg?*-bound ATP and an increase in d.s, as
observed.

We quantitated intracellular free Mg®* concen-
trations using a combined *'P NMR and optical
absorbance spectroscopic approach as shown in
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Fig.2. *'P NMR spectra of ATP in (A) Li*-free RBCs and (B)
3 mM Li*-loaded RBCs at 37°C. The suspension medium for
both samples contained 140 mM KCI, 10 mM glucose, and
10 mM Tris-Cl, pH 7.2. Line broadening of 5 Hz was used.
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table 1. Calibration graphs (r > 0.98) were con-
structed, in the presence and absence of Li*, for
samples A—C shown in table 1. These curves cor-
related 4,5 obtained by *'P NMR and intracellular
free Mg?* concentration obtained by optical spec-
troscopy both measured in antipyrylazo-III-
loaded, resealed RBC ghost samples. Using these
calibration graphs, the intracellular free Mg?* con-
centrations in control RBCs and Li*-loaded RBCs
were obtained (sample D). It was found that the
free intracellular Mg?* concentration in RBCs
decreases upon Li* loading. Model studies with
ATP solutions containing the RBC components
2,3-diphosphoglycerate (DPG), and ADP (sample
A) indicate that Li* displacement of Mg?* from
ATP could only account for a 0.3 ppm increase in
da5 as opposed to a 0.9 ppm increase observed in
Li*-loaded RBCs. Moreover, the free Mg?* con-
centration increased in sample A and decreased in
intact RBCs. However, the presence of the RBC
membrane (samples B,C) is able to mimic the ef-
fects occurring in intact RBCs. Thus, the decrease
in intracellular free Mg?* concentrations in
Li*-loaded RBCs is mostly due to displacement of
Mg?* from MgATP?~ and subsequent binding of
Mg?* to the RBC membrane.

Similar observations of an increase in d,s and a
decrease in free intracellular Mg?* concentration
have been reported upon storage of RBCs [11,17].
These changes may also be the result of enhanced
Mg?* binding to RBC membranes in stored blood
but that possibility remains to be tested. The equa-
tion of Gupta et al. [13] used to quantitate free in-
tracellular Mg?* concentration in intact RBCs
needs to be modified in order to be applied to
Li*-loaded RBCs. The existing Gupta equation
predicts a free Mg?>* concentration of 156 4M
(8o = 8.82 ppm) for an isolated system containing
2 mM ATP, 3 mM LiCl and 2.4 mM MgCl, (sam-
ple A), as opposed to 360 xM directly measured by
the dye method. This calculation clearly indicates
that information about free intracellular Li* con-
centration, along with Kyijarp affinity constant,
will have to be incorporated into the original Gup-
ta equation in order to calculate free intracellular
Mg?* concentrations in Li*-loaded RBCs. Obtain-
ing the free Li* concentration directly in the
presence of other cations such as Mg?>* and Na*
may be technically difficult. However, the recent
development of an Li*-selective electrode shows
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Table 1

Effect of Li* on free Mg?* concentrations in model systems and in RBCs obtained by >'P NMR® and optical
absorbance® techniques

No LiCl With 3 mM LiCl
bos (pPM)*  [Mg**] (uM)° a5 (PPM)*  [Mg?*] (M)"

Sample A (n = 6)

2 mM ATP + 5.4 mM 2,3-DPG +

0.2 mM ADP + 2.4 mM MgCl, 8.59 + 0.06 324 + 8 8.82 + 0.02 356 + 6
Sample B (n = 6)

Resealed RBC membranes + 2 mM

ATP + 2.4 mM MgCl, 8.89 + 0.04 386+ 9 9.68 + 0.06 288 + 8
Sample C (n = 6)

Resealed RBC membranes with 2 mM

ATP + 2.4 mM MgCl; + 5.4 mM

2,3-DPG + 0.2 mM ADP 8.66 + 0.08 336 + 16 9.52 + 0.06 246 + 18
Sample D (n = 14)

Intact RBC 8.54 + 0.04 252 + 12 9.46 + 0.06 146 + 14

some promise in this respect {18]. Moreover, mixed
ternary complexes such as Li-ATP-Mg could be
present in solution. Their presence and influence
(if any) on free Mg®* concentration must also be
taken into account.

In summary, we have shown by two independent
methods that Li* can partially displace Mg?* from
ATP in Li*-loaded RBCs. Although the observa-
tions made here with RBCs may have no relevance
to brain nerve cells, where the therapeutic action of
lithium is presumably felt at lower intracellular Li*
concentrations [1] than those employed in this
study, they indicate however that a mechanism for
the biological action of lithium involving competi-
tion between Li* and Mg?* for biomolecules [2] is
feasible. Moreover, our results also indicate that
RBC membranes may act as an Mg?* buffer
[11,17].
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