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ABSTRACT  The uptake of uridine by BALB/c3T3 cells
is markedly inhibited gy reducing the concentration of Mg2*
in medium containing only traces of Ca%*. When physiological
[Ca2*}is present in the medium, omission of Mg2+* has no?:%;ect
on uridine uptake, and when Mg2* is present, omission of Ca2+
has only a slight inhibitory effect. When both Ca2* and Mg2+
are omitted, the concentration of Ca2t in the cells is not reduced,
but that of Mg2* is reduced to about one-half in 3 hr. The con-
centration of K is also reduced, and that of Na* is increased,
suggestin? increased membrane permeability to cations. The
rate of diffusion of the nontransported hexose, L-glucose, into
the cells is greatly increased. Changes in intracellular Na* and
K* concentrations do not in themselves affect uridine uptake.
When Ca?* alone is restored to the medium of cells that had
been deprived of both Ca2+ and Mg2*, there is no increase in
the greatly depressed rate of uridine uptake, but when Mg2+
alone is restored, the rate of uridine uptake returns to control
values. We conclude that the omission of Ca2* from the medium
has no direct effect on uridine uptake, but acts by increasing
the exchange of Mg2* between cells and medium and by oth-
erwise altering the availability of Mg2* for this reaction. A
similar conclusion is reached in considering the role of these
ions in the regulation of other reactions of the coordinate re-
sponse, including the initiation of DNA synthesis and the control
of growth.

The omission of either Ca2* or Mg2* from the medium of
cultured cells inhibits metabolism and growth to varying de-
grees in different cell types (1-7). The effects of omitting one
can be greatly intensified by reducing the concentration of the
other (4, 7, 8), and it is not completely clear whether the two
are interchangeable in some cellular function(s) or have separate
roles. Our studies of the divalent cations have concentrated on
their effects on the initiation of DNA synthesis, which is a de-
layed response of cells to external effectors and dependent on
other cellular activities, including energy metabolism and the
synthesis of RNA and protein (9). Because the cellular activity
that controls the onset of DNA synthesis is unknown, it is dif-
ficult to determine the respective roles of the two cations. The
evidence accumulated to date indicates, but does not prove, that
Mg?2* is the more proximal of the two cations in regulating the
onset of DNA synthesis and that Ca2* influences the availability
of Mg2* (4, 6, 8). We have done more limited studies of the
Ca?* and Mg2* requirements of simpler reactions of the
coordinate response of cells to external effectors (5, 8, 10). These
reactions include the transport of hexoses and the uptake of
uridine, which accelerate within minutes after addition of the
same external effectors that later stimulate the onset of DNA
synthesis. The results suggested that Mg2* is the more proximal
effector of the early responses and that Ca2* exerts its effect
through Mg2+.

It has recently been shown that the uptake of uridine in
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several lines of cultured cells is limited by the rate of its phos-
phorylation rather than its transport (11-183). Since the in vitro
rate of uridine phosphorylation varies with [Mg2*] and is un-
affected by Ca2* (ref. 14; unpublished observation), a direct
role for Mg?* in regulating uridine uptake became highly
plausible and a similar role for Ca2+ unlikely. We decided to
examine further the respective roles of the two ions in the
regulation of uridine uptake because such a study promised to
provide a clear-cut distinction between them. The basic strategy
was to produce a powerful inhibition of uridine uptake by
omitting both Ca2* and Mg?* from the medium and to observe
the effect of restoring them singly or together. The effects of
varying Na* and K+ were also studied. The studies of uridine
uptake were accompanied by measurements of the four major
cations within the cells and of the cellular permeability to L-
glucose. The results provide strong evidence for the direct role
of Mg?* in regulating uridine uptake and indicate the impor-
tance of Ca2* in maintaining the permeability barrier of the
cell. No evidence was found for a regulatory role of either Na+
or K* in uridine uptake.

MATERIALS AND METHODS

Cell Culture and Labeling. BALB/c3T3 cells were main-
tained in modified Eagle’s medium with 10% calf serum and
labeled with [*H]thymidine as described (8). Except where
noted, 60-mm polystyrene tissue culture dishes were used. After
cultures had become confluent, they were switched to modified
Eagle’s medium with 1% serum overnight before use in ex-
periments. In most experiments, cultures were labeled by ad-
dition of [3H|uridine (13.3 Ci/mmol, 1 Ci = 3.70 X 1019 Bq)
for varying periods in the appropriate experimental medium
and washed three times with ice-cold Tris-buffered saline.
Acid-soluble material was extracted for 15 min with cold 5%
trichloroacetic acid for scintillation counting. In the experiment
of Fig. 1, however, cultures were washed five times by dipping
in five successive beakers containing ice-cold 150 mM NaCl
before extraction in trichloroacetic acid. The cultures were then
dissolved in 0.1 M NaOH for subsequent measurement of
protein content by the method of Lowry et al. (15) and, in the
experiment of Fig. 6, of acid-insoluble radioactivity by scin-
tillation counting.

The uptake of L-glucose was measured in the various ex-
perimental media by addition of 5 uCi of L-[3H]glucose at
tracer concentrations (10). After 20-40 min, the cultures were
washed five times with Tris-buffered saline and material was
extracted in cold 5% trichloroacetic acid for scintillation
counting. Correction was made for extracellular label by sub-
tracting the trichloroacetic acid-soluble counts remaining with
the cells in physiological medium after 10 sec of incubation
followed by washing. A similar correction was made for ex-
tracellular label in the uridine uptake experiment of Fig. 1.

* To whom reprint requests should be addressed.
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Modified Eagle’s medium was prepared for experimental

manipulations without added Ca2* or Mg?*. Serum was di---

alyzed against physiological saline free of Ca2* and Mg2*. The
medium with 10% serum contained 0.015-0.020 mM of con-
taminating Ca2* and Mg?*, as determined by atomic absorp-
tion spectrophotometry.

The procedures for measuring cation contents of cells by
atomic absorption spectrophotometry were as reported (16).
Briefly, cultures were washed five times with 10 ml per wash
of COy-free 0.25 M sucrose solution, approximately pH 7. They
were then exposed to a carbonated sucrose solution (pH 4) to
displace the externally bound cations. The cells were then
scraped from the dish and diluted in distilled water. All samples
for atomic absorption spectrophotometry contained 15 mM
La3*, 4mM Cs*, and 100 mM HC] to minimize chemical and
ionization interferences.

RESULTS

Effects of Ca2*, Mg2*, and Serum on Uridine Uptake. In
the absence of serum, the rate of uptake of uridine by 3T3 cells
is limited largely by its phosphorylation (11, 17). This limit is
expressed by a marked decrease with time in the slope of the
curve for uridine uptake (Fig. 1 and refs. 11 and 17). A similar
decrease in slope is produced by drastically lowering the con-
centrations of Ca?* and Mg2?* in medium containing 10%
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Fi1G. 1. Kinetics of uridine uptake with variations in divalent
cations or serum. BALB/c3T3 cells were grown to confluency in
35-mm dishes and switched to 1% serum overnight. They were washed
twice with Tris/saline buffer and incubated in the various experi-
mental media for 3 hr. The experimental media were buffered at pH
7.4 with 25 mM Hepes, and the cultures were partly immersed in a
37°C waterbath throughout the experiment. At 3 hr, fresh experi-
mental media containing 23 uCi of [3H]uridine per ml were added for
the appropriate intervals. The cultures were then washed, the acid-
soluble material was extracted for scintillation counting, and the
protein content was determined. The amount of [3H]uridine that
could be accounted for by residual extracellular labeling medium was
calculated by using L-[3H]glucose and was subtracted from the ex-
perimental data. In 10% serum: 0—O, 1.7 mM Ca2?+, 0.8 mM Mg2t;
A---A, 0.02 mM Ca?*, 10.0 mM Mg?*; A---4, 0.02 mM Ca?*, 0.1
mM Mg?*. In 0% serum: @—@, 1.7 mM Ca2*, 0.8 mM Mg2+,

Proc. Natl. Acad. Sci. USA 76 (1979) 1309

serum. Addition of supranormal [Mg2*] to the low [Ca%*]
serum-containing medium restores uridine uptake to the high
levels obtained in the presence of physiological concentrations
of Ca2* and Mg2* in 10% serum. The results indicate that the
marked reductions of Ca2* and Mg?* concentrations inhibit
uridine phosphorylation, as does omission of serum. Restoration
of normal rates of uptake in the low [Ca2*] medium by high
[Mg2*] is consistent with the view (10) that Mg2* is the major
effector of this process.

The rate of uridine accumulation for a period of 10 min or
more has been shown to depend on the rate of phosphorylation
of uridine (17). In the experiments to follow, we adopted a la-
beling period of 10-15 min as a measure of the rate of phos-
phorylation.

Dependence of Uridine Uptake on [Mg2*] and [Serum].
The requirements for serum and for Mg2* in uridine uptake
are considerably less than their requirements in the initiation
of DNA synthesis (Fig. 2). Furthermore, ultrahigh concentra-
tions of Mg2* (40 mM) inhibit the onset of DNA synthesis, but
do not inhibit uridine uptake. These findings show that different
Mg2*-dependent processes are involved in controlling the up-
take of uridine and the onset of DNA synthesis.

Effects of Extracellular Ca2* and Mg2* on Intracellular
Cation Content. Removal of Mg?* from the medium has little
effect on either intracellular cation concentrations or uridine
uptake relative to the controls (Fig. 3). Removal of Ca2* alone
causes a marked decrease in [K;'] and a similar increase in [Na}'],
indicating a breach in membrane integrity. There is a slight
decrease in [Mg?*] at 8 hr and, paradoxically, a slight increase
in [Ca?*] despite its omission from the medium. The residual
[Ca2*]in medium to which none has been added is higher than
the estimated concentration of free Ca2* within the cells. Thus
the inward Ca2* activity gradient is maintained even in low
Ca?* medium, while the permeability of the cells is increased,
a situation that might allow cellular Ca2* to increase. When
both Mg2* and Ca?* are omitted from the medium, there is a
complete reversal of K+ and Na* concentrations in the cell.
[Mgig' ] decreases by about one-half, showing that the omission
of both Ca2* and Mg?* from the medium makes the cell much
more permeable to Mg2* than does the omission of Mg2* alone.
Despite the omission of both Mg2* and Ca*, however, there is
no loss of intracellular Ca2+. When Ca2* is omitted but [Mg?*]
is raised to 13 mM, the loss of K* and increase of Na* are pre-
vented, [Mg?*] is increased, and [Ca?*] is slightly decreased.

Uridine uptake was increased at 1 hr after medium change
despite the omission of either one or both of the divalent cations.
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F1G. 2. Serum and Mg?* dependency of uridine uptake and onset
of DNA synthesis. Six-day-old cultures, which had been in 1% calf
serum overnight, were switched to modified Eagle’s medium with 10%
dialyzed calf serum plus the indicated concentrations of Mg2* and
0.02 mM Ca?*. After 3 or 17 hr of incubation, the cultures were labeled
with [3H]uridine or [3H|thymidine, respectively. O- - -0, Acid-soluble
[®H}uridine; ®—@®, acid-insoluble [*H]thymidine.
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F1G. 3. Change in intracellular cation content and uridine uptake with variations of extracellular Ca2* and Mg2*. Confluent cultures in 100-mm
dishes were incubated in the appropriate media for the indicated times. Intracellular cation content and the rate of [3H]uridine uptake into

acid-soluble material were determined.

This reflects the response of the cells to the increased concen-
tration of serum in the fresh medium, since there is no increase
when serum is omitted (8). It appears that the early response
of uridine uptake to serum stimulation manifests itself before
the inhibitory effects of external ion deprivation are felt in the
cell. The latter manifest themselves at 3 hr, when there has been
significant loss of Mg2* from the cells.

When [Mg?*] is increased in a graded fashion in low[Ca2*},
there is a graded increase in [K;], [Mg?*], and uridine uptake,
with a decrease in [Na;'] and little change in [Ca?*] (Fig. 4). In
the low Ca2* medium an increase of more than 5-fold in [Mg?*]
over physiological concentration is required to restore [K;"] and
[Naj] to control levels. The omission of Ca2* in the presence
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Fi1G. 4. Change in intracellular cation content with graded con-
centrations of extracellular Mg2+. Confluent cultures in 100-mm
dishes were incubated for 3 hr in modified Eagle’s medium containing
10% dialyzed calf serum with no added Ca2+* and varying concentra-
tions of Mg2+ (abscissa) or with physiological concentrations of both.
Intracellular cation content and the rate of uptake for 15 min of
[3H]uridine into acid-soluble material were determined. Open sym-
bols, no added Ca?+ (Ca2+ = 0.017-0.020 mM ); closed symbols, control
Ca2t (Ca2t = 1.46 mM). Intracellular cations: v and v, Na+*; 0 and
m, K*; A and A, Ca?t; O and @, Mg2*. ¢ and ¢, uptake of [3H]uri-
dine. )

of physiological [Mg2*] results in a slight decrease of [Mg?*],
but not in [Ca?*].

Effects of Na* and K* on Uridine Uptake. As external
[Mg2*] is increased in Figs. 3 and 4, cellular K is increased and
cellular Na* decreased. This raised the possibility that uridine
uptake was responding to the monovalent rather than the di-
valent cations. The effects of Na* and K* were therefore tested
directly by varying their concentrations in the medium and
measuring cellular cations and uridine uptake. Reduction of
K* in the medium to 0.22 mM caused a decrease in cellular K*
to Yjoth its original value and a 10-fold increase in cellular Na*
without affecting the uptake of uridine (Table 1). An increase
of external K* to 134.7 mM with a corresponding decrease in
external Na* caused a significant increase in cellular K*, but
decreased uridine uptake. When external Na* was reduced and
substituted with choline instead of K+, the decreased uptake
of uridine was largely eliminated. These results show that the
changes in cellular Na* and K* that occur when the divalent
cations are varied cannot account for the altered rates of uridine
uptake.

Cell Permeability Changes with Variations in [CaZ*] and
[Mg2*]. L-Glucose enters the cell only by nonmediated diffu-
sion. It is therefore useful as an indicator of changes in the
permeability of the cell to small uncharged molecules. The
effects of variations in [Ca2*] and [Mg2*] on the uptake of L-
glucose are shown in Fig. 5. In physiological concentrations of
Ca?*, the diffusion of L-glucose into the cell is slow and is un-
affected by changes in [Mg2*]. By contrast, omission of Ca2*
from the medium causes a marked increase in the uptake of
L-glucose even in a physiological concentration of Mg2*, and
this is greatly increased by lowering [MgZ*]. The uptake in low
Ca2* can be reduced to low levels, however, by increasing
[Mg2*] to 15 mM.

Restoration of Ca2* or Mg2* or Both to Cells Deprived of
Both. From the fact that omission of Ca2* inhibits uridine
uptake while the omission of Mg2* does not, one might mis-
takenly assume that Ca2* is the more important of the two for
this function. However, the omission of both cations causes a
much larger inhibition of uridine uptake than the omission of
Ca?* alone, which in any case, does not reduce [CaZ*] (Figs. 3
and 4).

Addition of Ca?* to cultures that had been deprived of both
Ca2* and Mg2* for 1 hr greatly retarded further decline in the
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Table 1. Effects of varying extracellular Na* and K*on
intracellular cations and uptake of uridine e

Medium*
Cation A B C D Et
Medium,* mM
Nat 133.4 134.1 73.9 6.75 7.25
K+ 0.22 2.75 69.9 134.7 4.91
Cells, umol/mg of protein

Na* 0.853 0.060 0.045 0.040 0.030
K+ 0.060 0.881 0.878 1.216 0.650
Ca?t 0.028 0.021 0.022 0.023 0.022
Mg2+ 0.061 0.059 0.056 0.050 0.056

Uridine uptake, cpm/ug of protein
150.0 136.4 128.6 73.0 114.9

Cultures in 100-mm dishes were incubated in medium containing
10% dialyzed calf serum and varying concentrations of Na* and K+
or choline. At 3 hr the cation content of the cells and the 15-min up-
take of [3H]uridine into acid-soluble material were determined. The
measured cation content of each of the five media A-E and of the cells
in those media and the uptake of uridine are shown.

* All media contained 1.40 mM Ca2+ and 0.83 mM Mg2+.
t Medium E contained 140 mM choline.

rate of uridine uptake into the trichloroacetic acid-soluble pool
(Fig. 6). Addition of Ca2* to the doubly deprived cultures at

2 hr, however, failed to stimulate the greatly depressed rate of -

uridine uptake. Addition of 5 mM Mg2* at either 1 or 2 hr re-
stored the uptake of uridine into the trichloroacetic acid-soluble
pool almost to control levels. Addition of physiological [Mg2*]
alone was more effective than addition of physiological con-
centrations of both Ca2* and Mg2*. The same trends are seen
in the incorporation of uridine into acid-insoluble material
except that the restoration by Mg2* is not as complete as in the
acid-soluble pools. The capacity of Ca2* to retard further in-
hibition of uridine uptake at 1 hr is probably related to the
prevention of the further loss of Mg2* which would otherwise
occur in low Ca2* medium (see Fig. 3). At 3 hr, however, Mg2+
has been reduced by 30-60% (Figs. 3 and 4) and Ca2* has no
restorative power on uridine uptake, presumably because Mg2*
is the critical component. The fact that Mg2* alone is more
effective at restoring uridine uptake than are Ca2* and Mg2*
together may be due to resealing of the membrane by Ca2+,
thus retarding entry of Mg2+.
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FiG. 5. Uptake of L-glucose by cells in various concentrations of
Ca?* and Mg?+. Confluent cultures were incubated for 3 hr in modi-
fied Eagle’s medium containing 10% dialyzed calf serum with varying
amounts of Ca2* and Mg?2+, and the rates of uptake of L-[3H]glucose
for 20 min were measured in the same media. [Ca2*]: 0, 0.02 mM; O,
0.05 mM; A, 1.7 mM.
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FI1G. 6. Uridine uptake and incorporation after restoration of
Ca?* or Mg2* or both to cultures deprived of both. Confluent cultures
were incubated in medium with no added Ca2* or Mg2+ for 1-3 hr.
At 1 and 2 hr, varying amounts of Ca2* or Mg2+ or both were restored
to the media as indicated below and the cultures were incubated for
an additional hour. They were then labeled for 10 min with [3H]uri-
dine, and intracellular acid-soluble (Left) and acid-insoluble (Right)
[3H]uridine was determined. Control cultures containing the physi-
ological concentrations of Ca2*+ and Mg2+ throughout the experiment
were labeled at hourly intervals. 0—0, 1.7 mM Ca2?+, 1.0 mM Mg2+
throughout; ®—e@, 0.02 mM Ca2+, 0.02 mM Mg2* throughout.
Cultures in 0.02 mM Ca?* and 0.02 mM Mg2* for 1 or 2 hr and the
following concentrations of Ca2* or Mg2* or both added for an addi-
tional hr: @—m, 1.7 mM Ca?*, 1.0 mM Mg2*; v---v, 5.0 mM Ca2*;
A---A, 1.0 mM Mg?t; o- - —a, 5.0 mM Mg2+,

DISCUSSION

The omission of Ca2* from the medium produces a striking
increase in cell permeability, which is accentuated by lowering
[Mg2*]. This is made apparent by an increase in [Na;'],a de-
crease in [K;'], and an increase in uptake of L-glucose. It is also
manifest in the finding that Mg2* is much more easily removed
from the cell by lowering [Mg2*] in the absence, than in the
presence, of Ca2*. Indeed, in physiological [Ca2*] there is only
about a 10% loss of Mg2* from the cell when Mg2* is omitted
from the medium and there is no significant change in [Na;']
and [K;}]. Paradoxically, Ca2*t is the only major intracellular
cation that is not consistently changed by omitting Ca2* from
the medium. This may be related to the fact that estimates of
free [Ca?*] (<10~7 M) are lower than the residual [Ca2*] of
about 0.02 mM in medium to which it has not been deliberately
added. It points up the danger of assuming that changes occur
in the concentration of a particular ion within a cell just because
its extracellular concentration is changed. However, omission
of Ca2* from the medium does cause a decrease in Ca2* bound
to the external surface of the cell to 25% of its original value (8).
The loss of surface-bound Ca2* probably contributes to the
increased permeability of the cell membrane. Mg2* apparently
can substitute for Ca%* in maintaining normal permeability,
but it does so inefficiently, since 5-10 mM Mg?2* is required to
keep Na;f and K} at normal levels in the absence of Ca2*t.

The different roles of Ca2* and Mg2+ in uridine uptake are
strikingly illustrated when both are omitted from the medium
for a few hours, then one or the other is restored. The omission
of both for 3 hr causes decrease in uptake to about 10% of the
original value, and the shape of the uptake curve indicates that
the effect is mainly due to inhibition of uridine phosphorylation
(Fig. 1). The restoration of Ca2* alone to such cultures has no
stimulatory effect whatever, whereas Mg2* alone restores the
full capacity for uptake into the acid-soluble fraction. We
conclude from this that Ca2* plays no direct role in regulating
the uptake of uridine and that the inhibitory effect of omitting
both Ca?* and Mg2* is produced by facilitating the loss of Mg2*
from the cells.
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In medium containing no added Ca2* and the physiological
concentration of Mg2*, there is a slight inhibition of uridine
uptake at 3 hr relative to control cultures (Figs. 3 and 4). Al-
though there is about a 10% loss of Mg2+ from the cell under
these conditions, it cannot by itself account for the inhibition
of uridine uptake, since the omission of Mg2* alone causes an
equally slight loss of Mg2* from the cell without inhibiting
uridine uptake. This suggests that Ca2* omission also causes a
shift of Mg2* away from ATP, one of the substrates for uridine
kinase, to other binding sites in the cell. A similar conclusion
was reached in studies of the effects of both ions on the initiation
of DNA synthesis (4, 8). The small decrease in availability of
Mg2* due to the omission of Ca2* alone produces a marked
decrease in the number of cells synthesizing DNA, with little
effect on the uptake of uridine. This difference in response is
consistent with the observation (Fig. 2) that much more Mg2+
is required to maximize the number of cells synthesizing DNA
than to maximize the rate of uridine uptake. However, a
moderate reduction of [MgZ*] markedly inhibits uridine uptake,
as illustrated in Fig. 3 by the drop in uptake to 10% of the
original value with a decrease in [MgZ*] of merely 50%.

Uridine uptake is an integral component of the coordinate
response of chicken embryo cells (5, 8, 10) and 3T3 cells (11,
17) to external effectors. It invariably accompanies other re-
actions of the coordinate response even when such relatively
simple effectors as insulin (18, 19) or excess zinc (18) are used
with chicken embryo cells, and Ca pyrophosphate complexes
are used with BALB/c3T3 cells (unpublished data). This
suggests that the same “second message” that stimulates uridine
uptake also stimulates other reactions of the coordinate response
such as the initiation of DNA synthesis. Of course the latter
reaction is not manifest for several hours after application of
the stimulus and is obviously an indirect effect. The evidence
offered in the present paper suggests that the availability of
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Mg2?* modulates the uptake of uridine and that serious con-
sideration must be given to its mediation of the other reactions
of the coordinate response.
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