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Summary

The influence of extracellular Ca?* and Mg?* on the transport of 2-deoxy-
[*H]glucose into human polymorphonuclear neutrophils was studied. Omission
of these cations from the cell suspensions had little effect on resting hexose
uptake. Furthermore, the addition of the bivalent cation chelator, EDTA,
depressed uptake only slightly. Similarly, neither cation was essential for the
enhanced 2-deoxy-D-[*H]glucose uptake stimulated by two chemotactic
factors (Cba and N-formylmethionylleucylphenylalanine) and arachidonic
acid: enhanced uptake was only partially depressed by the omission of Ca®*
and Mg®* from the suspensions and was still prominent in the presence of
EDTA. Two other neutrophil stimulants, the ionophores, A23187 and iono-
mycin, also enhanced hexose uptake but their actions were heavily dependent
upon extracellular bivalent cations and were totally abrogated by EDTA. In
all instances, extracellular Ca’*, but not Mg?*, supported optimal enhanced
hexose transport induced by stimuli.

Activation of 2-deoxy-D-[*Hlglucose uptake by each of the five stimuli
was totally blocked by cytochalasin B (a blocker of carrier-mediated hexose
transport) and D-glucose but not by L-glucose. The data indicate, therefore,
that a variety of neutrophil stimulants activate carrier-mediated hexose trans-
port. Although this transport can be triggered by the movement of extracellular
Ca®* into the cell (as exemplified by the action of the two ionophores), such
Ca’* movement is not required for the actions of chemotactic factors or
arachidonic acid. Other mechanisms, such as a rearrangement of intracellular
Ca®*, may be involved in mediating the activation of hexose transport induced
by the latter stimuli.
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Introduction

Ca®* commonly appears to act as a modulator of cellular response [1].
In the polymorphonuclear neutrophil, for instance, many responses induced
by chemotactic factors and arachidonic acid require extracellular Ca?* [2—12].
Indeed, the same stimuli cause neutrophils to take up extracellular Ca** [6,7,
9,12—15] and agents which inhibit this uptake similarly inhibit diverse cellular
responses [4,6,7,9,11,16]. Furthermore, an ionophore, A23187, which selec-
tively binds Ca®* [17,18] and transports it into the neutrophil [13,15],
possesses bioactivities similar to those of chemotactins and arachidonate
[2,4,6,10,12,13,19,20]. The concept has evolved, therefore, that Ca®>* move-
ment into the neutrophil alters the level of this cation in the cytosol or at
some subcellular site; this alteration, in turn, mediates the action of diverse
stimuli by triggering events which culminate in functional responses.

In addition to extracellular Ca?®*, various neutrophil responses require
energy derived from glucose metabolism [21—23]. We have found that neutro-
phils take up extracellular hexoses and that this uptake is enhanced by chemo-
tactic factors and arachidonic acid but not by insulin [24,25]. Here, we report
on studies of the role of Ca?* in this hexose uptake.

Methods

Reagents and buffers

2-Deoxy-D-[*H]glucose and Aquasol® were purchased from New England
Nuclear, Boston, MA. EDTA, arachidonic acid, cytochalasin B, D-glucose
and L-glucose were purchased from Sigma Chemical Co., St. Louis, MO.
A23187 and ionomycin were generously provided by Dr. Hamill, Eli Lilly
Co., Indianapolis, IN, and Dr. W.C. Lui, Squibb Institute for Medical Research,
Princeton, NJ, respectively. N-fMet-Leu-Phe was purchased from Peninsula
Labs, Inc., San Carlos, CA. C5a was purified by sequential column chro-
matography [26]. The final preparation contained five major bands (one of
which co-migrated with authentic Cba on polyacrylamide gel electrophoresis
(performed as described in Ref. 27)) and had a protein concentration of 4
mg/ml, The buffer used throughout these studies was a modified Dulbecco’s
salt solution containing (mM): NaCl (154), KCl (2.7), Na,HPO, (8.1), and
KH,PO, (1.5). Where indicated, D-glucose, L-glucose, cytochalasin B, CaCl,
and/or MgCl, were added to the buffer.

Cellular preparation

Polymorphonuclear neutrophils were obtained by twice sedimenting whole
blood over Isolymph (Gallard Schisinger, Cade Place, NY) to obtain leukocyte
preparations containing more than 95% neutrophils and less than two platelets
per 100 leukocytes. The preparation was twice washed before suspending at
2 -10° cells/ml in buffer. The erythrocyte-to-neutrophil ratio in this final
preparation was 3 : 1. In control studies we found that the erythrocytes did
not influence uptake of the radioactive label. Thus, purified erythrocyte
populations suspended at 6 - 10° cells/ml took up less than 10% of the amount
of 2-deoxy-D-[*H]glucose taken up by 2 - 10° neutrophils and this erythrocyte
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uptake was uninfluenced by any of the stimulants or conditions studied here.
Furthermore, neutrophil suspensions twice exposed to hypotonic medium to
remove virtually all of the erythrocytes gave results qualitatively similar to the
results obtained with neutrophil-erythrocyte preparations. However, the
‘resting’ uptake of radioactive label in preparations exposed to the hypotonic
medium was, on occasion, elevated 2—3-fold. Therefore, all results are reported
using the mixed cellular preparations.

2-Deoxy-D-[*H]glucose uptake

The 2-deoxy-D-[*H]glucose uptake assay was modified slightly from that
previously described [24]. All reagents and buffers were adjusted to pH 7.4
and 37°C before use. A stimulus contained in 0.1 ml of buffer was added to
0.1 ml of a cell suspension and incubated for 15 min before exposure to 0.1
ml of buffer containing 0.5 uCi of label (specific activity 50 mCi/mol). After
an additional hour of incubation, the reaction was stopped by the addition of
1 ml of buffer (4°C) and placement on ice. Shortly thereafter, the cell suspen-
sions were rapidly centrifuged (8000 X g -10s), washed with 1 ml (4°C)
buffer, and recentrifuged. After aspiration of the supernatant fluid, the centri-
fuge tubes containing the pelleted cells were placed in Aquasol and vigorously
shaken. We found that the cells handled in this way were freed of greater than
99.95% of the extracellular fluid in which they were suspended. Ca®*, Mg**,
cytochalasin B, D-glucose, or L-glucose were added to the cell suspensions
20 min before addition of the stimulus, where indicated. Cellular toxicity was
measured by assay of the release of lactic acid dehydrogenase [26]. We found
that the reagents and stimuli used here did not induce appreciable release of
this cytosolic enzyme.

Results

2-Deoxy-D-[*H]glucose uptake in resting cells
Unstimulated neutrophils took up the label progressively over a 60 min

TABLE I

INFLUENCE OF BIVALENT CATIONS AND EDTA ON HEXOSE UPTAKE BY RESTING AND STI-
LATED NEUTROPHILS

Neutrophils were incubated with the indicated stimulus and 1.4 mM Ca2* and 0.7 mM Mg?*, as indicated,
for 20 min and then exposed to 2-deoxy-D-[3H]glucose for 60 min. Results are expressed as cpm
(X 103). + S.E,, found in cells 60 min after exposure to the radioactive label,

Stimulus Incubation conditions
With cations Without cations EDTA

None 6.37 £ 0.98 6.35 + 0.41 5,08 + 0.28
CbHa (3 ul) 12.61 +1.34 13.34 £ 0.68 11.89 + 0.42
fMet-Leu-Phe (20 nM) 38.73 £ 2.34 38.00 +1.38 35.63 +1.17
Arachidonic acid (10 uM) 11.17 £ 0.57 10.69 + 0.40 7.72 £ 0.28
A23187 (100 nM) 18.52 + 0.78 8.87 + 0.49 4.65 + 0.79
Ionomycin (100 nM) 11.44 + 0.51 8.25 + 0.47 6.07 + 0.49
A23187 (1000 nM) 13.75 + 1.38 14.97 +1.43 6.14 + 0.28

I{onomycin (1000 nM) 3.08 £+ 0.74 10.42 + 0.37 5.23 £ 0.22
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TABLE II

INFLUENCE OF L-GLUCOSE, D-GLUCOSE, AND CYTOCHALASIN B ON HEXOSE UPTAKE BY
RESTING AND STIMULATED NEUTROPHILS

Neutrophils were incubated with the indicated glucose isomer (20 mM), cytochalasin B (5 ug/ml), or no
agent for 20 min, treated with the indicated stimulus for 15 min, and then exposed to 2-deoxy-[3H]glu-
cose for 1 h. Results are expressed as com (X 103), +S.E,, associated with the cells 60 min after addition
of the radioactive label.

Stimulus Agent cells preincubated with
None L-Glucose D-Glucose Cytochalasin B

None 5.94 £ 0.29 5.5656 + 0,32 0.19 + 0.07 0.81 £0.12
CbHa (3 ul) 16.41 + 0.71 15.93 + 0.20 0.16 + 0.01 1.46 £ 0,24
fMet-Leu-Phe (20 nM) 24.59 + 0.39 24.30 £ 0.60 0.18 + 0.30 1.78 £ 0.50
Arachidonic acid (3 uM) 13.89 £+ 0.70 16.63 + 0.54 0.18 £ 0.12 1.61 +0.42
A23187 (100 nM) 20.69 + 0.55 18.99 £+ 0.78 0.28 £ 0.03 0.43 £0.14
Ionomycin (100 nM) 12.53 £+ 0.62 12.02 + 0.59 0.12 + 0.01 1.36 £ 0.08

period and this uptake was rectilinear between 15 s (the earliest time period
sampled) and 60 min [24,25]. Resting uptake was minimally influenced by
extracellular Ca?* or Mg**; it was slightly depressed by EDTA (Table I). Since
D-glucose and cytochalasin B (a blocker of carrier-mediated hexose transport
[28]) inhibited uptake by about 97 and 86%, respectively (Table II), these
data indicate that neutrophils take up hexose through a stereospecific trans-
port mechanism which is essentially independent of extracellular bivalent
cations.

2-Deoxy-D-[*H]glucose uptake in stimulated cells

As previously reported [24,25], cells exposed to chemotactic factors (i.e.,
fMet-Leu-Phe and C5a) or arachidonic acid increased their rate of uptake of the
radioactive label. As with resting cells, this uptake was rectilinear during 60
min of incubation. Furthermore, at all time points during this period, stimu-
lated cells exhibited a consistently increased amount of radioactive label com-
pared to controls. The amount of uptake found after 60 min of incubation,
therefore, is indicative of the stimulator’s effect. The solid lines of Fig. 1 give
the uptake (in cpm X 10%) at this time period in cells exposed to increased
amounts of each stimulus. The dose-response relationships are evident in this
figure. We note that if takes as much, or more, of each stimulator to effect
other neutrophil responses such as chemotaxis, degranulation, and aggregation
[4-6,10,11]1.

Extracellular Ca?>* and Mg?* had only a moderate influence on this uptake:
in the absence of both bivalent cations, uptake stimulated by fMet-Leu-Phe and
arachidonic acid was inhibited by less than 1/3 and uptake stimulated by Cba
was virtually uninfluenced (Fig. 1, dashed lines). With reference to the former
two stimulators, Ca®* appeared more important than Mg?* in supporting
enhanced uptake of the radioactive label. Thus, in the presence of both cations,
1.4 mM Ca?* alone, or 0.7 mM Mg?*" alone, 0.2 nM fMet-Leu-Phe induced
8.6 0.5, 84+0.5, and 7.7 + 0.7 cpm X 10* (+S.E.), respectively, to be asso-
ciated with the cells after 60 min of incubation with 2-deoxy-D-[*H]glucose.
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Fig. 1. Uptake of 2-deoxy[3H]glucose in neutrophils exposed to varying concentrations of fMet-Leu-Phe
(FMLP), Cba, or arachidonic acid. Cells were incubated with (solid lines) or without (dashed lines) 1.4
mM Ca2* and 0.7 mM Mg?*.

Fig. 2. Uptake of 2-deoxy[3Hlglucose in neutrophils exposed to varying concentrations of A23187 or
ionomyecin. Cells were incubated with 1.4 mM Ca2* and 0.7 mM Mg?* ( ), 1.4 mM Ca?* and 0 mM
Mg?* (------ ), 0 mM Ca2?* and 0.7 mM Mg?* (— - —) ,or 0 mM Ca?* and 0 mM Mg (-« - - ).

The same values for cells exposed to 1 uM arachidonic acid were 8.8, 8;7, and
6.6 cpm X 103, respectively. The addition of EDTA to the cell suspensions had
little influence beyond further depressing the arachidonic acid-induced
response (Table I). However, D-glucose and cytochalasin B totally abrogated
stimulated uptake (Table II). These data, then, indicate that stimulated uptake,
similar to that seen in resting cells, is mediated by a stereospecific transport
mechanism which does not require extracellular bivalent cations for its activa-
tion. These cations, and in particular Ca’*, may play an enhancing role for the
activation induced by certain stimuli.

Influence of ionophores on 2-deoxy-D-[*H]glucose

A23187 is a bivalent cation ionophore which can transport Ca?* into the
neutrophil and, attendant upon this, stimulate diverse cellular responses. In
separate studies we found that ionomycin also carries Ca?* into the cells in a
fashion similar to A23187 and effects similar responses. Both ionophores
stimulated the cells to take up 2-deoxy-D-[’H]glucose. In the presence of
Ca?*, dose-response curves were biphasic with maximal effects found at 100
nM (Fig. 2, upper two curves on both panels). Most of this effect was depen-
dent upon extracellular Ca®*: at concentrations below 100 nM, neither agent
was active in the absence of Ca?* (Fig. 2, lower two dashed lines of both
panels). However, at higher concentrations, each agent stimulated significant
uptake in the absence of Ca*; indeed, at these higher concentrations, Ca**
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inhibited this effect (Fig. 2). EDTA inhibited essentially all of the ionophores
activity, regardless of the concentration of ionophore (Table I). And, similar
to the results seen with the other stimulants, D-glucose and cytochalasin B
blocked uptake of the labeled hexose (Table II). These data imply that the
transport of Ca®* into the neutrophil can stimulate hexose transport. This
transport also appears to be carrier mediated.

Discussion

Five stimulants cause neutrophils to increase their uptake of 2-deoxy-D-
[*H]glucose (Figs. 1 and 2). Stimulated uptake was inhibited by cytochalasin
B and D-glucose but not L-glucose (Table I) and exhibited Michaelis-Menten
type enzyme kinetics [24,25]. Therefore, it appeared to be carrier facilitated.
The agents studied here could act primarily to stimulate neutrophil trapping
of the label without directly influencing this carrier-mediated transport.
Indeed, essentially all of the label taken up by stimulated or unstimulated
cells is rapidly phosphorylated to a derivative which is only minimally metabo-
lized further and which does not equilibrate with the extracellular fluid,
2-deoxy-D-[*H]glucose 6-phosphate [24]. However, hexose kinase, the enzyme
responsible for phosphorylation of 2-deoxyglucose, is not elevated in
stimulated neutrophils [24]. Enhanced accumulation of the radioactive label,
therefore, does not appear to be due to direct stimulation of metabolizing
or trapping mechanisms within the cell, at least as these mechanisms may be
related to enzymatic pathways. (These studies, however, do not exclude other,
unknown mechanisms which might lead to trapping of the label.) Similarly,
increased uptake did not require neutrophils to have degranulated or aggre-
gated, nor did it depend upon a burst of oxidative metabolism: these responses
are not induced by the stimuli, at the concentrations used here, in the absence
of extracellular bivalent cations [2,6,10,11], yet hexose uptake was only
moderately inhibited by these conditions. Thus, activation of the hexose-
transporting mechanisms appears to occur as a consequnece of cell stimulation
but not as a direct result of any specific functional responses. It may be that
these agents cause neutrophils to utilize their glucose stores, the depletion of
which feeds back to activate membrane transport. Or, alternatively, other
events occurring in the stimulated cell may mediate the effect. One possible
mechanism for this may be alterations in cellular Ca**. A23187 and ionomycin
transport Ca?* into the neutrophil (Refs. 6, 13, 15; and unpublished observa-
tions) and stimulate hexose transport (Fig. 2). Given the relatively well defined
mechanism of action of ionophores [17,18], these data clearly imply that
Ca?* entry into the cell can directly or indirectly stimulate membrane transport
of hexoses. The modest enhancing effect of extracellular Ca?* on stimulated
uptake induced by fMet-Leu-Phe and arachidonic acid (Fig. 1) may be related
to Ca?* influx induced by these agents [6,11,14,15]. We note that Ca** entry
into the neutrophil triggers a wide variety of functional and mechanistic
responses [29]. Thus, Ca’* movements may be only an early step in a series
eventuating in hexose transport activation.

When no bivalent cations were added, our buffer contained less than 0.2
mM Ca?* and 0.4 mM Mg?*. The stimuli may have caused the cells to take up
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a portion of this small amount of Ca?* and this effect could underlie their
ability to activate hexose transport in the absence of added Ca®*. However,
2mM EDTA did not totally inhibit fMet-Leu-Phe-, Cba-, or arachidonate-
induced uptake of the label (Table I). Furthermore, neutrophils suspended
with only small amounts of **Ca’* do not take up this radioactive label in
response to fMet-Leu-Phe unless the suspension contains higher, more physio-
logical, levels of the cation; indeed, under these conditions, they release their
cellular Ca?* to the suspending fluid when exposed to the chemotactin [14,37].
This suggests that the small amounts of extracellular bivalent cations found in
our buffer may not contribute to, and certainly are not required for, activation
of hexose transport by the three previously mentioned stimuli. In contrast,
EDTA was effective in totally blocking the stimulating actions of the two
ionophores (Table I). The ionophores’ actions, then, may be exclusively related
to their ability to carry Ca?* into the cell. This possibility is reinforced by
noting the influence of Mg?* on ionophore-induced hexose transport (Fig. 2).
In the absence of added extracellular Ca’*, Mg?* significantly depressed
A23187-induced 2-deoxy-D-[’H]glucose uptake but had no such effect on
ionomycin-induced uptake. In separate studies, we have found that Mg?* is
at least 10-fold more potent in displacing Ca’* from A23187 than from iono-
mycin. That is, A23187 has less affinity for Ca?*. Consequently, at high Mg** :
Ca®* ratios, A23187, but not ionomycin, binds much less Ca®*. Hence, the
suppressive effects of extracellular Mg?* may indicate that this cation dis-
places Ca’* from A23187, thereby inhibiting the transport of Ca®* in the
presence of trace levels of Ca?*.

Calcium also appears to be involved in membrane hexose transport in other
cell types. Extracellular Ca’>* enhances resting hexose transport in rat intestinal
epithelial cells [30] and is required for insulin-activated hexose transport
in isolated fat cells [31,32]. Indeed, A23187 stimulates hexose transport in
pigeon erythroyctes [33] and mimics other actions of insulin in fat cells
[34]. (Erythrocyte hexose uptake in these studies was stimulated by 50 uM
A23187; in our studies on human erythrocytes, up to 1 uM A23187 did not
induce this effect.) However, in many cells, Ca?* influx is not required for
enhancing hexose uptake [35]. Rather, Ca®* released from sequestered cellular
stores appears to be involved in activating membrane hexose transport [35-
37]. Similar events may occur within the neutrophil and underlie a portion of
the effects studied here. Neutrophils contain sequestered Ca?* which is mobi-
lized by various stimulants and may be involved in mediating cellular response
in the absence of Ca’* influxes [36,37]. It may be, therefore, that rearrange-
ments in the cellular Ca®** underlie stimulated hexose uptake occurring in the
absence of extracellular Ca?*. Ca’* may thereby move from either an extra-
cellular location or an intracellularly sequestered pool to a site where it acti-
vates neutrophil function. Similar events have been proposed for the platelet
[38]. Although some of these suggestions are clearly speculative, they do
explain a wide range of data. The neutrophil appears to be a valuable cell in
which to study these possibilities and the relationships between Ca’* and
hexose transport.
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