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Magnesium metabolism in erythrocytes
of various species

S. Biittner, T. Giinther, A. Schafer·, J. Vormann

Zusammenfassung
Mg 2+-Konzentration

Die Gesamt- und freie
sowie die Aktivitiit von Mg 2 ~- Transportsystemen wurde in Erythrozyten von 14 verschiedenen Tierarten untersucht. Obwohl
die Gesamt-Mg 2+-Konzentration zwischen
0,5 und 4,7 mmol/1 Zellen variierte, war
die freie Mg2 ~ -Konzentration (gemessen m it
31 P-NMR) in den Erythrozyten von Ratten,
Schweinen und Rindern, die einen sehr
groJ.len Unterschied in der Gesamt-Mg 2 ~
Konzentration aufweisen, nahezu gleich.
Der Na+-abhiingige Mg2 '-Effiux iiber den
Na'/Mg 2 '-Antiporter sowie der NaT-unabhiingige Efflux wies aus Mg 2- -beladenen
Erythrozyten von Nagetieren die hochste
Aktivitiit auL wiihrend in Erythrozyten von
Wiederkiiuern die niedrigste Aktivitiit gefunden wurde. Der Na'/Mg 2'-Antiport von
kemlosen Erythrozyten war direkt mit dem
K·-Gehalt und dem Na+/K'-Quotienten korreliert. In kernlosen und kernhaltigen Erythrozyten war keine Korrelation des
Na'/Mg 2 ·-Antiports zum Gesamt-Mg2+-Gehalt nachweisbar. Der Na•/Mg2--Antiporter
von Schweineerythrozyten konnte durch
Umkehr des Na+/Na\,-Gradienten umgekehrt werden und ftihrte dann zum Mg2-lnf1ux. In kernlosen Erythrozyten wird iiber
den Na' /Mg2 - -Anti porter auch 'vln 2 ' in die
Zellen aufgenommen, durch Mg 1+-Beladung
der Zellen wird der Mn 2+-Jnflux iiber den
Na '/Mg1+ -Antiporter gesteigert. In (kernhaltigen) Hiihnererythrozyten verliiufl der
Mn 2 '-lnf1ux nicht iiber den .\la'/Mg2+Antiporter und wird nicht durch Amilorid,
einem Hemmstoff ftir den Na+fMg 2+Antiporter. gehemmt. Jm Vergleich zu anderen (kernlosen) Erythrozyten deutet dies auf
eine hohere Selektivitiit des Na+JMg2 'Antiporters in kernhaltigen Erythrozyten hin.
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Abstract
Mg 2+

Total and free
content and activity of
Mg 2 - transport systems were determined in
erythrocytes from 14 species. Although total
Mg 2+ concentration varied between 0.5 and
4. 7 mmol/1 cells, free Mg2• concentration
measured by 11 P-NMR in erythrocytes from
rat, pig and cattle which express the most
different total Mg 2- content was nearly the
same. In Mg2 '-loaded erythrocytes from
rodents Na+ -dependent Mg 2+ efflux via ]';a+/
Mg 2+-antiport and Na+-independent Mg 2+
efflux were highest, whereas in erythrocytes
from ruminants both components of Mg2 +
efflux were lowest. Na+/Mg2+antiport in nonnucleated erythrocytes was directly correlated to K+ content and K+/Na+ quotient. Na+f
Mg2" anti port in non-nucleated and nucleated
erythrocytes was not correlated to Mg2 ' content Na'/'vlg 2+ antiport in pig erythrocytes
could be reversed mediating Mg2+ influx
when the Na+/Na+o gradient was reversed.
Non-nucleated erythrocytes perform Mn 2'
influx via Na+/Mg2- antiport. In Mg2 +-Joaded
mammalian erythrocytes Mn2+ influx via
Na'/Mg 2+ antiport was enhanced. Mn 2 • influx in nucleated chicken erythrocytes is not
operating via Na+ /Mg 2' antiport and is not
inhibited by amiloride, an inhibitor of Na+/
Mg2- antiport. indicating a higher selectivity
of Na'/Mg2+ antiport in these cells as compared to non-nucleated erythrocytes.

Introduction
Erythrocytes from different species
display significant differences in 1\a+,
K+ and ATP concentration [ l] as well
as in the activity ofNa-K-ATPase [2].
Erythrocytes from human and rodents,
for example, contain high concentrations of K+ and low concentrations
of Na+ similar to nucleated cells,
whereas erythrocytes from carnivora
display the reciprocal relationship. In
sheep [l] and dog [3] some of the
animals have a high K+ content in their

erythrocytes, whereas the rest have a
low K+ content. The low K+ concentration of sheep and dog erythrocytes
develops after birth [3]. The K'iNa+
ratio of erythrocytes from various species is correlated to ATP content [I].
Considerable differences were also observed in Mg2+ content. Erythrocyte
Mgh may differ by a factor of8 among
different species [ l, 4-6]. A correlation was found between erythrocyte ATP ·
and Mg2' concentration [1]. In human
erythrocytes, 10 % of total MgZT is free
Mg 2 ~ ([Mg2'1J amounting to 0.25 mM
[7, 8], the remaining part is bound
to various ligands. Erythrocyte and
cellular Mg 2- may result from Mg 2+
influx and Mg1- efflux, provided that
the erythrocyte membrane is permeable to Mg2'. With 28 Mg a small uptake
of radioactive Mg2' was found. However, only a part of erythrocyte Mg2•
was exchangeable [9, 10]. The reason
for the limited Mg2 ' exchange is not
known. If extra- and intraerythrocyte
Mg2+ were in equilibrium, Mg 2+ should
be steadily transported out of the cell,
because the electrochemical gradient
would drive Mg1 ' into the cell.
However, so far a significant net Mg2efflux from erythrocytes was only measured when the cells had been loaded
with Mg 2+ [11-13]. In human and rat
erythrocytes, aNa' andATP-dependent
Mg 2+ efflux via Na+/Mg 2+ antiport and
a 1\a+- and ATP-independent Mg 2- efflux accompanied by Cl- efflux for
charge compensation were found [ 11,
12].
;-..ra+/Mg 2+ antiport and N a+-independent
Mg 2- efflux had different transport
capacities in human, rat and chicken
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erythrocytes [ 14]. In Mg 2,.-loaded rat
erythrocytes Na+/Mg 2+ antiport was
reversible when the extra-/intracellular Na.,. gradient was reversed [15],
whereas in human erythrocytes Na'/
antiport seemed to be irreversible
[16].
Another function ofNa+fMg 2 + antiport
is the transport ofMn 2" instead ofMg 2 +.
Rat erythrocytes could take up Mn 2+
via Na+/Mg2 + anti port [ 17-19], whereas in chicken erythrocytes Mn 2 + uptake is operating by Mn 2 ~ /H' anti port
[20].
These results indicate that there may be
considerable differences in Mg 2 ~ concentration and Mg 2+ transport systems
in erythrocytes of various species. Therefore, we investigated in erythrocytes
of various species total and free Mg 2~
concentration as well as Na+/Mg 2+
antiport, Na• independent Mg2+ efflux,
reversal ofNa-/Mg 2+anti port and Mn 2+
uptake.

Materials and methods
Blood was taken by heart puncture
from anaesthetized rats, guinea pigs
and mice (50mg/kg Nembutal i.p.)and
by venous puncture from human,
horse, sheep, cattle, cat and dog by means of a heparinized syringe. Blood
from rabbit, duck, trout and chicken
was sampled in heparin containing vessels during commercial slaughtering.
25 )ll heparin solution (5000 U/mL
Sigma) was added per 5 ml blood.
Blood was centrifuged at I 000 g for
5 min. Plasma and buffy coat were
aspirated and red cells washed twice
with !50 mM NaCI.
~~fg 2 + -loading

The cells were loaded with Mg2 + by
incubating a I 0 % cell suspension for
30 min at 37 oc (trout at 17 °C) in KCI
medium (in Il11\1: 140 KC1, 50 sucrose,
5 glucose, 30 Hepes/Tris, pH 7.4) with
the addition of 12 mM MgCI 2 and
ionophore A23187 (dissolved in dimethyl sulfoxide), the medium was
slightly hyperosmotic to prevent he-
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molysis. The concentration of A23 187
amounted to 6 and 12 f1M for erythrocytes from cattle, to 3 and 6 )lM tor
erythrocytes from horse and dog and
to 6 )lM for erythrocytes of the other
species. For removal of the ionophore,
the cells were incubated 4 times in
ionophore free loading medium with
the addition of I % bovine serum
albumin (Sigma) for 10 min at 37 oc
or 17 oc (trout).
lvft?/+ and Mn 2 + transport

efflux was measured by reincubation of a 10 % cell suspension at
37 °C (trout at 17 °C) inNaCI or choline
Cl medium. NaCI or choline Cl medium was prepared by substitution of
KC! in KC! medium by 140 mM NaCI
or 140 mM choline Cl. At the beginning ofreincubation and after 20, 30 or
40 min, 0.5 ml aliquots of the cell suspensions were centrifuged for I min
at I 0,000 g. For Mg2- determination,
I 00 )ll supernatant was diluted with
I m! 10% trichloroacetic acid (TCA)i
0.175 % LaCI 3 , and Mg 2+ was measured by atomic absorption spectrophotometry (AAS, Philips SP9). For measuring Mn 2--induced Mg 2+ efflux,
MnC1 2 was added to the reincubation
media as indicated. Mn 2+ influx was
determined from the reduction ofMn 2 +
concentration in the reincubation media by means of AAS.
For measuring the reversal ofNa+ /Mg2+
antiport the cells were additionally loaded with Na+ by incubating the 10 %
cell suspension in NaCI medium with
1 mM MgC1 2 in the presence of 6 !J.M
A23187 and 30 )lgiml nystatin (Sigma)
for 30 min at 37 oc. The NaCI concentrations amounted to 0, 10, 30, 50, 75
and !50 mM, isoosmotically substituted by choline Cl. For removal of
A23187 and nystatin the cells were
incubated 4 times in NaCl medium
with the same NaCI and MgCI 2 as in
the loading medium plus I % bovine
serum albumin. For measuring Mg 2 transport (either efflux or influx) a I 0%
cell suspension was incubated in NaCI
medium with different NaCI concentrations (0, 10, 30, 50, 75, 150 mM,

isoosmotically substituted by choline
Cl) and 0.5 mM MgCl 2 at 37 °C for
30min.
The rates ofMg 2+ flux were determined
from the alteration of Mg2+ concentration in the reincubation media and
were related to the cell volume measured by hematocrit.

Cellular lvfg2 +, Na+ and K+ contents

For measuring cellular Mg 2-, Na+ and
K+ contents, the cells were washed
twice with 150 mM choline Cl and
deproteinized with 5 % TCA. Mg 2+
contents of the supernatants were measured by AAS, I\ a- and K+ contents by
flame photometry (KLINA FLAME,
Beckman).

fntracellular free Mg2 ' concentration
([i'vfg 2 ~})

[Mg2-l was determined in erythrocytes
from pig, rat and cow by 31 P-NMR.
Heparinized blood was taken directly
without the addition ofD2 0 to establish
physiological conditions. 31 P-NMR
measurements were performed on a
Bruker AMX500 spectrometer with a
31 P-resonance of 202 MHz, equipped
with a 10 mm multinuclear probe head.
The probe head temperature was held
constant at 31 oo K. The resonance
frequency of a reference sample
(phosphoric acid) was determined at
the beginning and at the end of each
measurement. For all spectra 64 K time
domain data points were recorded using
a 90° pulse, a relaxation delay of 1 sand
a sweep width of 125 kHz. Proton decoupling was applied. For rat and pig
blood, I K acquisition and for bovine
erythrocytes 4 K scans were averaged
because of their low ATP [ 1]. Line
broadening of 12 Hz and manual baseline correction were applied to the
spectra. The chemical shifts of the ATP
signals were determined by means of a
Lorentzian deconvolution (WINNMR
algorithm).
Free Mg2+ concentration ([Mg 27 ] 1) in
erythrocytes was calculated according
to Equation ( 1) [21].

ll4agnesium-Bulletin 20, 4 (1998)

Magnesium metabolism in erythrocytes
of various species

[Mg2+]i = K 0 MgATP x ( !J>~I ~I)
(l)
For K 0 MgATP (dissociation constant of
MgATP) 50 )lM was taken [21 ].
cl> was calculated from the chemical
shift differences of the a- and [3-phosphoryl group resonance according to
Eq. (2)
cl> (o<>P x_ o<lf:\MgATP) I (oaf> ATP- o"''MgATP)

(2)
Values for o ociJ x ' o a!3 ATP and o ai3 MgATP
were taken from the spectra from blood,
ATP and MgATP solutions (Mg 2+
excess), respectively [22].
Statistics
The correlation coefficients were calculated by using Graph Pad Prism.
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Results and discussion
Mg2 + concentration in et~vthrocvtes of
various species
Values of total Mg 2- concentration of
erythrocytes from various species are
listed in table 1. The table also contains
data of some previous publications.
Since there are innumerous reports on
erythrocyte Mg 2 + content, for better
comparison, only those values were
included where the authors have simultaneously measured or reported total
erythrocytes from various species.

Fig. I: Negative correlation between Na' and total Mg 2 ' concentrations of non-nucleated
erythrocytes from various species. Values taken from table I. r =- 0. 7331; p 0.01

Comparing the values of these papers
(table I) very different values of total
Mg 2 ' are obtained for the same species
and also different relations among
various species. These differences may
be caused by methodological and
genetical reasons. However, there are
some rough rules.
1. Nucleated erythrocytes display a
higher Mg2 ~ content than erythrocytes

without a nucleus and other organelles
such as mitochondria and microsomes.
This can be explained by the high Mg 2+
content of these organelles [23].
2. Erythrocytes from ruminants with
a high Na~ and low K+ content express
a low Mg 2 + content, followed by carnivores. When calculating the correlation, a significant negative correlation
of Mg 2+ with Na+ content (fig. 1) and

Tab. I: ~a-, K 1 , total Mg2 · ([Mg],) and free
([Mg 2-lrl concentration of erythrocytes from various species. \1ean
species. For comparison total 'vlg contents from other authors were also given.

Man
Rat
Mouse
Rabbit
Guinea pig
Horse
Pig
Sheep
Cattle
Dog
Cat
Chicken
Duck
Trout
a)
b)
c)
dl

K-

Na'
mmol/1 cells

mmo\il cells

15.9 ± 0.6
8.3
0.3
12.8
3.2
11.8± 0.7
7.2
0.4
26.3
2.8
2.L
10.4
1\8.0±14.6
117.0 17.6
118.5
4.8
105.0± 6.0
10.2 ± 1.6
6.4
0.6
23.5
1.8

95.1 ± 4.2
127.0± 6.2
128.8 11.6
125.2
3.0
122.5 ± 6.4
73.4 ± 4.4
90.0
3.0
15.4 ± 0.7
15.5 ± 1.1
7.6
0.3
3.9
0.6
96.2 ± 12.4
95.9
2.1
78.5"' 2.8

[Mg],
mmol!lcells

2.20 ± 0.06
3.15 0.14
2.36 0.06
2.26 ± 0.10
4.00 ± 0.18
0.99 0.05
0.50 0.04
l .82 ± 0.09
I .80::::0.05
3.26 0.11
3.85 0.13
4.70 ±0.39

[Mg''lr
mM

[Mg],'
mmol/kg
w.w.

1.89

0.22 ± 0.01
0.20 ±0.01

2.21
3.70
0.42
0.43
1.68
2.00

[Mg],b
mmolikg
w.w.

5.97
3.87
4.03
2.81
4.31
1.56
0.74

SEM of 6 animals from each
(Mgl'
mmol/1 cells

[Mgl<~

mM

2.55
2.22

3.78
5.23

3.74
3.2
3.19
5.79

6.22

1.18
2.99
2.80

5.25
2.13
2.77
3.18
3.88
10.28

3.80
4.24

calculated from [4]
calculated from [5]
mean of values calculated from [6]
taken from [I)
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Fig. 2: Positive correlation between K+ and total Mg2+ concentrations of non-nucleated
erythrocytes from various
Values taken from table I. r = 0.6120; p = 0.04

a positive correlation ofMg2+ with K+
(fig. 2) in non-nucleated erythrocytes
are obtained. This may be explained by
the different ATP content of erythrocytes which correlates with their Mg 2 •
content [ 1]. Although total Mg 2+of erythrocytes among mammals can differ
by the factor 8 (pig- cattle, table 1), the

concentration of free Mg 2+ as measured by 31 P-NMR was the same. The
value of 0.22 or 0.20 mM is in good
agreement with the value of 0.25 mM
measured in human erythrocytes by
other authors [7, 8].
This result shows that Mg2 ' dependent
reactions are working under the same
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Fig. 3: Positive correlation between total
content and concentration of2,3 bisphosphoglycerate (2,3 BPG) in non-nucleated erythrocytes from various species. Total Mg 2+ contents
were taken from table 1. 2,3 BPG values were taken from [25]. 2.3 BPG is given in %. I 00 % =
2,3 BPG in human erythrocytes. r = 0.7740; p 0.015
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conditions in erythrocytes of various
species with different total Mg2+
Therefore, in erythrocytes of various
species there must be a very different
amount ofbound Mg2 +. In fresh human
red cells, 13 % of total Mg2- was free
Mg2+. 34 % was bound to ATP, 18 %
was bound to 2,3 bisphosphoglycerate
(BPG) and 36 % was bound to an
unidentified substance x [24]. When
considering the Mg2 + complex binding
substances ATP and
BPG, there
is a weak correlation between Mg 2- and
ATP [1] andbetweenMg2+and2,3 BPG
(25] (fig. 3). However, these correlations can only
a preliminary
explanation. A complete balance of
bound Mg 2- is needed and the "unknown Mg 2 "" chelator" in erythrocytes
(24] must be identified.
1ilg2+ effhnfrom erythrocytes of

various species
Steady-state intracellular ion concentrations are usually explained by pump
and leak. However, the pump leak
theory is difficult to apply to mature
erythrocytes. Mature erythrocytes only
take up a small amount of Mg2 + when
incubated at very high Mg2+ concentrations for long periods and when incubated in Mg2+ free medium, mature
erythrocytes hardly loose any Mg 2+at all.
When radioactive 28Mg was injected to
various species there was a very slow
Mg2+ exchange in er]1hrocytes as compared to other cell types such as myocardium, liver and kidney. Mg 2+
exchange in erythrocytes is operating
with a fast component which amounted
to 20 % of total Mg 2+ after 2 hours
and a slow component which reached
45-60% oftotal Mg 2- after 7 hours (9,
l 0]. To explain the low rate of 28Mg
uptake, it was suggested that 28 Mg
enters red cells only during erythropoiesis [26]. However, this suggestion
disagrees with the low 28 Mg uptake of
erythrocytes found in vitro (9].
In order to overcome these problems
and to study Mg 2+ transport in erythrocytes, we loaded erythrocytes
artificially with Mg2 +. Mg 2 +-loaded
erythrocytes express Mg2+ efflux as
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Tab. 2: Na"/Mg 2 anti port and Na~ -independent Mg 2 ' efflux of erythrocytes from various species.
Mean SEM of6 animals from each species~
Mg2" content
after loading
mmol/1 cells

Na"/Mg 2' antiport
mmol/1 cells x 60'

Na" -independent
Mg2 ' efflux
mmol/1 cells x 60'

Inhibition of total
Mg2" eftlux by
1 mM amiloride
~lo

Man
Rat
Mouse
Rabbit
Guinea pig
Horse
Pig
Sheep
Cattle
Dog
Cat
Chicken
Duck
Trout

15.50 0.80
15.90± 1.07
24.82 ± 0~61
17.80± 1.13
20.85 ± 0.34
21.87 ± 0.60
19.66 1.23
6~ 72 ±c 0~65
5.82 0.64
27.20±4.93
18.08 0.85
18.65 ± 1.87
16.57 ± 1.00
24.32 1.09

± 0.03
1.97 ± 0.15
2.13 0~28
0.73 0.10
2~34 ± 0.18
0.94 ± 0.31
0.20 0.04
0~03 ± 0.01
0.07 0.02
11.07 t2.09
2.06 0.51
3.00± 0.98
1.15 ~Jc0.14
9.74 ± 1.30

0.75±0~14

0.12± 0.03
8.36 1.63
7.65 0.73
4.20 ± 0.54
24.26 ± 1.64
18.82 1.23

long as the normal Mg 2 ~ content is
achieved [11, 12]. By this method,
Na+ilvlg2" antiport and Na+-independent Mg 2' efflux were characterized.
Table 2 shows that both components of
Mg 2' efflux are very differently expressed in erythrocytes from various
species. Rodents express high rates of
Na+/Mg2" antiport and Na'-independent Mg 2' efflux, whereas in ruminants both components of Mg 2 · efflux
are very low. In all species, Mg2' efllux
was inhibited by amiloride to different
degrees (table 2).
The lower intracellular Mg2 ' concentration of Mg2+-Joaded ruminant erythrocytes (table 2) is only partly
responsible for their low rates of Na+/
Mg2+ antiport and Na+-independent
Mg2+ efllux. The rate of Na+/Mg2+
antiport is dependent on the intracellular Mg 2+ concentration. K, for
[Mg2"l at half maximal rate amounted
to 3.5 mM for chicken, 3-4 mM for
hamster and 1.3 mM or 2.6 mM for
human erythrocytes [ 11]. Km for
[Mg2+]i of Mg2+ efflux from ruminant
erythrocytes was not estimated because
of the very low transport rate, but may
have a similar value as K,n for other
erythrocytes. Thus, Mg 2+ efflux from
ruminant erythrocytes would be measured at conditions of more than half
maximal velocity as can be seen from
the intracellular Mg2+concentration of
Mg2+-Joaded erythrocytes (table 1).
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0~23

0.38 ± O.o?
25.00 ± 1.99
29.83 1.68
27.88 1.10
33.10 1.48
2.36 ± 0.22
7.60 ± 0.40

74
61
90
61
34
91
30
44

68
41
66
87
68

All other rates of Na~/Mg 2 + antiport
were measured at nearly Vrnax conditions. Therefore, the ditierent rates
of Na-/Mg 2+ antiport can be related to
a different number of Na+/Mg2+ antiporters. In the case ofNa" -independent
Mg2+ efflux, the different rate may be
caused by a different number of Mg2 +
efflux channels.
Remarkably, erythrocytes from ruminants can be loaded to a lesser degree
with Mg2- under identical conditions
than erythrocytes from other species.

--

Their total Mg2+ concentration was
lower (6 mmol/l cells, table 2) than the
Mg 2 - concentration of the Mg 2+loading
medium ( 12 mM). An explanation may
be given by the result that divalent
cation influx catalyzed by A23 187 is
decreased by a depolarization of the
membrane potential [27]. Since erythrocytes from carnivores, which display a similarly low K+/K+o gradient as
erythrocytes from ruminants, are highly loaded with Mg2 under the same
conditions (table 2), other membrane
effects may be additionally responsible
for the different Mg 2+-loading. A different Mg 2+ loading may be caused by a
different Mg 2+ binding capacity of the
erythrocyte Mg2+ buffer. ATP can be
excluded. ATP concentration in nonnucleated erythrocytes amounts only
up to 1 mM [ 1] and at the physiological
intracellular [Mg2 +l the major part of
ATP is already bound to Mg 2 +. However, 2,3 BPG, its concentration amounting up to 20 mmol/1 cells [28], may
contribute to Mg2+ binding in some
species during Mg2+ loading. Even
though there are exceptions e.g. cat
erythrocytes are highly loaded with
Mg 2+ (table 2) although their 2,3 BPG
concentration is as low ( 1.5 mmol!l
cells) as in cow and sheep [28].
+
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Fig. 4; Positive correlation between Na+/Mg2b antiport and K" concentration of non-nucleated
erythrocytes from various species. Values taken from tables 1 and 2. r 0.7380; p = 0.009
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Ng 2 + influx

Ng 2 + efflux _ _8
0
Fig. 5: Na++Mg2+ antiport (mmol/1 cells x 30 min) in pig erythrocytes as a function of log
Na /Na~ 0 • AI log [Na~];J[Na-L > 0 there is Mg 2+ influx via
anti port. At log
[Na']/[Na~Jo < 0 (negative values) there is Mg2 + etnux via
antiport. Mean of
2 experiments.

Comparing the rates ofNa+/Mg 2 ~ antiport and Na+-independent Mg 2+ efflux
with other parameters of erythrocytes
did not yield any correlation with Na+,
K + and Mg2 + contents in nucleated
erythrocytes.
In non-nucleated erythrocytes, there
was no significant correlation of Na ·independent Mg 2+ efflux with Na~, K+
and Mg 2- contents either (not shown).

However, in non-nucleated erythrocytes, Na+/Mg 2 + antiport was significantly correlated with K+ content.
(fig. 4)
Na'/Mg2+ antiport was not correlated
with total Mg2 + concentration of erythrocytes with physiological Mg2+ levels from various species (not shown).
From these results it may be concluded
that Na+/Mg2 + antiport is not involved

when the different
contents are
established during formation and
maturation of erythrocytes. However,
there may be a rough correlation of
Na+ /Mg2" antipoti with the rate of 2 RMg
exchange. Erythrocytes from cat dog
and rat display a similar rate of
exchange. Mg2 + exchange in human
erythrocytes was about 10 times slower
than in cat dog and rat; and in bovine
erythrocytes, Mg 2 · exchange was even
slower than in human erythrocytes and
could not reliably be measured [9].
These results are in agreement with
the model ofMg 2 + transport in erythrocytes [13]. According to this model, in
erythrocytes with normal Mg 2+ content
there is an Mg 2+- Mg 2+exchanger which
is transformed to the Na+/Mg2+ antiporter by loading the cells with Mg 2+.
Hence, the number of Mg 2+!Mg2+
exchangers, which perform 2 w\-1g2+;
2 4 Mg2~ exchange, corresponds to the
number of Na' /Mg2 + anti porters.
Reversal of Na+ /Mg 2 + antipart in
erythrocytes of various .species
Na+fMg2 + antiport was found to be
reversed in rat erythrocytes [15]. Mg2+
efflux could be switched to Mg 2- influx
via 1\'a+/Mg2+ anti port in Mg 2 • -loaded
erythrocytes when the Na~/Ka~0 gra-

Tab. 3: Mn 2+ uptake and Mn''~induced Mg 2 ' eftlux from normal and Mg2+-loaded erythrocytes (mmol/1 cells x 20 min) at various extracellular Mn 2 ~
in choline Cl medium (-Na+) and NaCI medium (7Na'). Mean SEM of 5 animals from each spcdes.
concentrations
mM
Pig

Cattle

Rat

Chicken
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normal Mg
Na·

2

Mg2 ·~efflux
normal Mg2 +"'a~

0.25
0.5
1.0
3.0

0.042 = 0.00(,
0.057 0.008
0.052 0.014

0.066 ± 0.010
0.036 ± 0.012
0.044 0.008

0.25
05
1.0
3.0

0.017 0.003
0.018 0.003
0.021 ± 0.00 I

0.011 ± 0.003
().()15 ±0.010
0.019 0.004

0.25
05
1.0
3.0

0.04 0.01
0.04 0.01
0.05 ± 0.02

0.06 ±0.01
0.06 + 0.02
0.03 0.02

025
0.5
1.0
3.0

0.010
0.017
0.013

0.000
0003
0.005

0.010
0.012
0.010

0.005
0.004
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~1g 2 +~efflux

~1g2 -~efflux

Mg'- ~loaded
-Na'

Mg2--loaded
·Na·

0.33 ± 0.04
0.41 ± 0.03
0.41 = 0.03

2.50 ± 0.42
2.41 0.43
2.17 ± 0.39

0.016±0.002
0.038 0.003
0.023 ± 0.008

Mn 2 · uptake
normal
-Na+

0.060±0.011
0.066 ± 0.011
0.070 ± 0.007

Mn 2 ~ uptake
normal Mg 2 '
·Na'

0.017
0.024
0.034

0.005
0.007
0.008

0.076 ± 0.0 I 0 0.0134 J 0.0001 0.013 0.001
0.061 I 0.005 0.014 ± OJJOJ 0.017 ' 0.003
0.052 ± 0.008 0.033 0.009 0.023 0.005

1.07 = 0.14
0.90 J 0.3 I

6.71 = 0.58
5.81=0.20

0.66 ±0.24
0.60 0.18
0.67 ± 0.14

2.02 ±0.23
1.72 ± 0.23
1.59±024

0.09±0.02
0.10 0.01
0.11 ±0.02

0.()7 0.01
0.09 0.02
0.11 ± 0.03

0027 ±0.005
0.047 0.014
0.100 ± 0 029

0.023 ± 0.003
0.037 0.010
0.090 0.019

Mn 2" uptake
Mg 2 '~loaded
-Na-

Mg 2 +~1oadcd

0.25 ± 0.02
0.34 0.02
0.41 0.02

0.07 ± 0.01
0.14±0.01
0.23 0.01

Mn 2 ~

uptake

+Na~

0.038
0.062
0.053

0.002
0.003
0.()08

0.007±0.010
0.014 ± 0.005
0.017 0.006

0.51
0.61

0.08
0.08

0.33 ± 0.03
0.53 ± 0.03

0.51
1.03
1.84

0.13
0.09
0.35

0.64
1.03
1.87
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dient was reversed by additional Na+loading by means of nystatin and incubation in media with different Na+ concentration. At N a+,l'-Ia+ o 1 there was
no Mg 2 ' flux, indicating that the Na+
gradient under these conditions oflow
Mg 2 ~ loading was the major driving force [ 15]. Reversal ofNa+/Mg2 + anti port
was also found with Mg 2+-unloaded
ferret erythrocytes [29], whereas in
Mg 2 ~-Ioaded human erythrocytes Na~/
antiport seemed to be irreversible
[ 16]. Therefore, to additionally characterize Na+!Mg 2+ antiporters, we tested
the reversal ofMg 2+ flux in Mg2+-loaded pig erythrocytes, which possess a
medium Na~/Mg 2 ~ antiport capacity
compared to rat (high) and human (low)
or cattle (low).
As shown in fig. 5, when Mg2 +and Na+
loaded erythrocytes were incubated in
Na' medium with Na+/Na+ o 1 (negative log Na+/Na+ 0 ) Mg2 ~ efflux was
observed. At Na+/Na~ 0 I (log Na+/
Na-" = 0) there was no Mg 2+ flux and
at Na+;~Na+o > I (log Na+/Na'o > 0)
Mg 2+ was taken up. These results indicate that Na+/Mg 2 ' antiport in pig erythrocytes is reversed and driven by the
Na+;~Na- 0 gradient. The same result
was found for rat erythrocytes [ 15].
Preliminary experiments with chicken
erythrocytes (unpublished) revealed
that Mg 2- transport in these cells was
not reversed under the same experimental conditions. These results indicate that the Na+/Mg 2 ~ antiporter in
chicken erythrocytes differs from that
of non-nucleated erythrocytes.
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Fig. 6: Lineweaver-Burk plot of Mn 2+ influx in Mg2+-loaded pig erythrocytes in choline Cl
medium (D, Km= 0.65 mM), competitive inhibition of Mn 2- influx by extracellular Na+(NaCl
medium, e, K,= 61 mM).Competitive inhibition by 0.2 mM amiloride in NaCI medium (0).
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port. For comparison with previous
results [20] erythrocytes from rat and
chicken were included (table 3).
In not Mg2 +-loaded erythrocytes of all
tested species, the addition of Mn 2 + to
the medium only caused a very small

rate of Mg2 + efflux and Mn 2 ~ influx.
The values for Mg2 ~ eftlux are almost
the same as for Mn2 t influx. The values
are not significantly different in media
withNa+ and without Na"". These results
indicate that in cells with normal Mg 2+
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Erythrocytes from rat [ 17, 18] and rabbit [ 19] can take up Mn 2 + via the
Na-/Mg 2 ~ antiporter, whereas human
erythrocytes did not significantly take
up Mn 2+ [20]. In chicken erythrocytes,
Mn 2 ' is transported by Mn2+/H+ antiport [20].
In order to extend these studies, we
investigated
efflux and Mn 2 +
influx in erythrocytes from pig and cow
which, besides rat and rabbit, express
a very different rate ofNa+/Mg2+ anti-
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Fig. 7: Lineweaver-Burk plot of Mn 2 • influx in Mg2 ' -loaded chicken erythrocytes in choline Cl
medium (0, Kc-,= 2.2 mM), no inhibition by extracellular Na'(NaCl medium, e), no significant
inhibition by I mM amiloride in NaCl medium (:l).
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content, there is only a small rate of
Mn 2 ~/Mg2 + exchange. The small rates
of Mg 2+ efflux and Mn 2 ~ influx are
inhibited by l mM amiloride, further
indicating that Mg 2+ efflux and Mn 2+
influx in erythrocytes is operating via
the Mg 2+/Mg 2 + exchanger [13].
When erythrocytes are loaded with
Mg 2+, the Mg2+/Mg2+ exchanger in rat
and pig erythrocytes may be transformed to the :.Ja+JMg2+ antiporter [13]
that transports Mg2 ~ and Mn2 ~ at a
higher rate. In Na'-free medium the
ratios of Mg2 + efflux and Mn2+ influx
in pig, cow and rat erythrocytes at
various extracellular Mn 2+ are nearly
I : 1, indicating Mn2'/Mg2 + exchange.
When Na+ is present in the medium,
there is an additional Na+/Mg 2 +anti port
increasing
efflux. At the same
time, Mn 2+ influx via Na+JMg2 ~ antiport is much less than in Na· free media.
This result indicates that under these
conditions extracellular Na+ and Mn2+
are competing in Na1 /Mg2+ antiport
resulting in a simultaneous Mn 21 /
Mg 2 ' antiport. These results are more
clearly demonstrated by Lineweaver
Burk plot (fig. 6). In pig erythrocytes,
Km for Mn2+ influx in Na~-free medium
(:\1n 2 '/Mg2 ' antiport) amounted to 0.65
mM. Extracellular Na~ inhibits competitively (K; 61 mM) and amiloride is
also a competitive inhibitor. Mg21-loaded cow erythrocytes show a similar
result, however, to a much lesser degree. This indicates that the Na+JMg2 ~
antiport in cow erythrocytes has the
same properties. However, the number
of Na+/Mg2 ' antiporters in cow erythrocytes is extremely low.
The behavior ofMn 2+ influx in chicken
erythrocytes differs from that of nonnucleated erythrocytes. Mn 2+ influx in
Mg 21 -loaded chicken erythrocytes occurs at lower affinity, Km = 2.2 mM,
Mn 2+ influx is not inhibited by extracellular Na+, and Mn 2 + influx is only
poorly inhibited by I mM amiloride
(fig. 7), which strongly inhibits Na+/
anti port in nucleated erythrocytes
(table 2).
These results indicate that Mn 2 influx
in chicken erythrocytes is not operating
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via Na1 /Mg2 + antiport. In previous
experiments it was found that Mn 2+
influx functions via Mn 21 /H~ antiport
[20]. Therefore, it must be concluded
that the Na /Mg 2 ~ antiporter from
chicken erythrocytes, although mediating electroneutral exchange ofNa+ for
Mg 2+, is different from the Na 1 /Mg 2+
antiporter in pig erythrocytes. This also
indicates that Na+JMg 2 + antiporter of
chicken erythrocytes expresses a
her specificity.
In conclusion, the Na+/Mg 2 ' antiporter
seems to belong to a specific family of
transporters and may be related to
Na+JH antiport. In nucleated erythrocytes (chicken) this transport system is
more specific than in non-nucleated
ones.
1
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