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Energy Metabolism is Coupled to Sodium Entry
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This study was undertaken to measure the effect of maximal
stimulation of sodium pump activity on the rate of energy me-
tabolism in mouse cerebral astrocytes. The rate of uptake of *H-
2-deoxyglucose (*H-2-DG) was measured in astrocyte cultures
sodium-loaded either by incubation in a K+-deficient solution or
by use of the carboxylic sodium ionophore monensin. Sodium-
loading by the first method caused *H-2-DG uptake to increase
by 80%, but the effect was brief (about 5 min) compared with
the period of uptake measurement (20 min). In contrast, the
presence of monensin (20 uM) caused a sustained 3.4-fold in-
crease in the rate of *H-2-DG uptake. The concentration-re-
sponse relationship for monensin indicated a K, of 1.5 um and
a maximum uptake enhancement of approximately fourfold. The
monensin-stimulated uptake of H-2-DG was totally inhibited
by incubation of the cultures in either K+-free or Na*-free so-
lutions, or in the presence of ouabain (0.4 mm), indicating that
the enhancement of uptake was the result of Na+ influx and
sodium pump activation. These results raise the possibility that
astroglia contribute significantly to regional variations in glu-
cose consumption associated with functional activity in the brain.
Ultrastructural analysis showed that sodium-loading in K*-free
solution caused swelling confined to the trans face of Golgi stacks.
However, monensin (5 um) caused swelling of the entire Golgi
stack, with progressively more severe swelling from cis to trans
cisternae and formation of cytoplasmic vacuoles. Severe Golgi
swelling was also observed on exposure of cultures to monensin
in Na*-free solution, suggesting that monensin may penetrate
intracellularly to the Golgi. The effects of monensin on H-2-
DG uptake and on Golgi morphology were rapidly and com-
pletely reversible, indicating that the Na* gradient in astrocytes
is rapidly restored after perturbation.

Glucose is the major energy source of the CNS, and much of
this energy is used to drive the active transport of Na+ and K+.
When neurons are electrically active, intracellular [Na+] ((Na+],)
rises, the activity of the sodium pump is stimulated, and there
is an associated increase in the rate of use of glucose (Sokoloff,
1984). Mata et al. (1980) showed that the increase in glucose
utilization on field stimulation of the rat posterior pituitary, a
tissue enriched in axon terminals, was eliminated by ouabain,
which blocks the sodium pump. There is also evidence that
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neurohumoral factors alter sodium pump activity in neurons
(Phillis, 1977). Although CNS glial cells, like neurons, contain
high levels of Na+, K+-ATPase activity (Atterwill et al., 1984,
Kimelberg et al., 1978; Medzihradsky et al., 1972), little is known
about the effect of neuronal activity or neurohumoral factors on
glial sodium pump activity or how this affects glial energy me-
tabolism.

We recently reported (Brookes and Yarowsky, 1985) that the
resting rate of glucose utilization in primary cell cultures of
mouse cerebral astrocytes, measured by the rate of uptake of
3H-2-deoxyglucose (*H-2-DG) tracer, was high [75 umol glu-
cose/100 gm wet weight/min—comparable to gray matter in
vivo (Sokoloff et al., 1977)] and partially dependent upon sodium
pump activity (approximately 50% in 2- to 3-week-old cultures).
When the astrocytes were challenged by raised extracellular [K+]
([K*],) in order to mimic the effects of neuronal activity, 3H-
2-DG uptake increased by a maximum of 43%, but most of this
increase was not blocked by the sodium pump inhibitor ouabain.
These findings raised the question whether the astrocytes possess
any further reserve of Na*+, K+-ATPase activity that can lead
to increased rates of glucose use.

In the present study, we have attempted to detect such a
reserve of functional Na+, K+-ATPase activity by measuring
the effect on *H-2-DG uptake of sodium-loading the astrocytes
either by preincubation in a K*-deficient solution (Tang et al.,
1980) or by use of the carboxylic Na+ ionophore monensin
(Pressman and Fahim, 1982). Tang et al. (1980) sodium-loaded
the “all-glial” Necturus optic nerve by preincubation in K+-
deficient solution. Upon returning the nerve to normal-[K+*]
solution they observed a hyperpolarization of the glial mem-
brane, which was eliminated by strophanthidin; they concluded
that glial cells possess an electrogenic sodium pump similar to
that found in neurons. Lichtshtein et al. (1979) have shown that
monensin produces a rapid influx of Na* and also ouabain-
sensitive hyperpolarization of the neuroblastoma-glioma hybrid,
NG108-15. The present study demonstrates a large monensin-
induced enhancement of glucose use in mammalian astrocytes.
This response is shown to depend entirely upon Na+ influx and
sodium pump activation. Although the effects of sodium-load-
ing on glucose use and cell morphology were found to be rapidly
reversible, evidence was obtained that monensin-induced swell-
ing of the Golgi complex (Tartakoff, 1983) can occur indepen-
dently of sodium-loading.

Materials and Methods

Cell culture

Primary cell cultures of astrocytes were prepared from the cerebral
hemispheres of 1-d-old Dub : (ICR) outbred mice (Dominion Labora-
tories, Dublin, VA) as previously described (Brookes and Yarowsky,
1985). The cultures were grown to confluence in plastic dishes (35 mm
Nunc, GIBCO, Grand Island, NY), maintained in modified Eagle’s
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Figure 1. Effect of monensin on uptake and efflux of *H-2-DG in
astrocyte cultures. 4, Dependence of uptake on glucose concentration.
The glucose concentration of 5-5.6 mm in the uptake solution was
sufficient to saturate the uptake process under control conditions (open
squares) and when stimulated by 5 um monensin (filled squares). The
ratio of *H-2-DG to the molarity of glucose was maintained constant
at different glucose concentrations. B, Linearity of *H-2-DG uptake
under control conditions (open circles) and when stimulated by 20 um
monensin (filled circles). C, Rate of loss of *H from cultures previously
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medium (MEM, GIBCO) supplemented with 15% fetal calf serum (Flow
Laboratories, McLean, VA), and incubated at 35.5-36.6°C in 10% CO,/
90% air. Since morphological differentiation of the astrocytes is sup-
pressed under these conditions, some experiments were repeated using
cultures in which “differentiation™ was induced by removal of serum
and addition of 0.1 mM dibutyryl cAMP to the medium for approxi-
mately 1 week (Brookes and Yarowsky, 1985; Hertz et al., 1978; Sha-
piro, 1973). Cultures were used for experiments after a total of 2-3
weeks of incubation. Cell identity was based on criteria previously de-
scribed (Brookes and Yarowsky, 1985).

3H-2-Deoxyglucose uptake

Uptake of *H-2-DG was measured in a modified Earle’s balanced salts
solution (Earle’s BSS) or, when it was necessary to change pH or remove
Na+, a Tris-buffered salts solution (Tris BSS), as previously described
(Brookes and Yarowsky, 1985). The composition of Earle’s BSS (mm)
was as follows: NaCl 110; KCl 5.4; NaHCO, 50; CaCl, 1.3; MgSO,
0.81; NaH,PO, 0.78; dextrose 5.6; HEPES 20; phenol red 0.001%. The
composition of Tris BSS (mm) was NaCl 150; KC1 §; CaCl,; MgCl, 0.8;
dextrose 5; Tris 20. Both solutions were normally at pH 7.3 and were
adjusted to 345 mosm by addition of sucrose to match the osmolarity
of the nutrient medium. Potassium concentration was reduced by isos-
motic substitution of NaCl for KCl, and choline chloride replaced NaCl
in Nat-free Tris BSS. A tracer dose of *H-2-DG [2-(1,2-*H)-deoxy-D-
glucose, 40 Ci/mmol, New England Nuclear Corp., Boston, MA] was
added to 1 ml BSS in each culture dish to yield a final 2-DG concen-
tration of approximately 20 nm (BSS contained 5~5.6 mm glucose). The
cultures were incubated at 34.5°C for 20 min in 10% CO,/90% air
(Earle’s BSS) or air (Tris BSS). After termination of uptake with four
washes of ice-cold BSS, the astrocytes were lysed with distilled water,
and the *H content of the lysate was measured by liquid scintillation
counting. Uptake of *H-2-DG is generally expressed as cpm of 3H/dish/
20 min. The scatter of uptake values is indicated by the SD of the mean,
except where SEM is used to indicate the scatter of mean uptake values
in replicate experiments. Assuming a protein content of 75 ug (mean
value previously determined in sample 3 week cultures), an uptake of
1000 cpm/dish/20 min corresponds to 0.66 pmol *H-2-DG/mg protein/
20 min (Brookes and Yarowsky, 1985).

It was previously shown (Brookes and Yarowsky, 1985) that 5.6 mm
glucose in Earle’s BSS was sufficient to saturate the uptake mechanism
and that the uptake rate was constant during the 20 min incubation.
Figure 1, A and B, shows that these conditions were also satisfied during
marked enhancement of uptake caused by monensin. However, uptake
was decidedly nonlinear following the sodium-loading procedure in low
[K+], described below (see Results).

In order for the rate of accumulation of label in these experiments to
be considered a valid measure of glucose use, it was necessary to as-
certain that, even when uptake was accelerated by monensin, the labeled
species was substantially *H-2-DG-6-phosphate (Sokoloff et al., 1977).
An anion exchange column (Cunningham and Cremer, 1981) was used
to estimate the proportion of *H-2-DG present in the phosphorylated
form in lysates of cultures following uptake enhanced by 20 um monen-
sin. The lysate was placed on a column (2 x 1 cm) of Dowex AG-1 x 8
(formate form) resin. Nonphosphorylated *H-2-DG was eluted with 5 ml
water and *H-2-DG-6-phosphate was eluted with 10 ml of 0.5 M am-
monium formate; the fractions were then counted. The proportion of 3H-
2-DG in the phosphorylated form was found to be 87.5 + 2.5% (SEM;
n=10). The activity of glucose-6-phosphatase in our cultures was not
known, although it is believed to be insignificant in glia (Anchors and
Karnovsky, 1975). Thus, it was possible that accumulated 2-DG-6-phos-
phate might be broken down again to 2-DG during the 20 min uptake
period. Figure 1C shows that when cultures were loaded with *H-2-DG
in the presence of 20 uM monensin and then returned to the incubator,
the rate of loss of *H tracer was very low (less than 10% in 20 min),
indicating a negligible rate of breakdown of intracellular 2-DG-6-phos-
phate. Monensin, dibutyryl cAMP, ouabain, and choline chloride were
obtained from Sigma Chemical Co. (St. Louis, MO).

—

incubated for 20 min with 3H-2-DG in the presence of 20 uM monensin.
The uptake solution was removed and the cultures washed with Earle’s
BSS at time zero. Each value is the mean + SD for three to six cultures.
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Figure 2. Effect of sodium-loading on *H-2-DG uptake in astrocyte
cultures. Cultures were sodium-loaded by preincubation in Earle’s BSS
containing 0.44 mm K+ for 3 hr immediately before uptake measure-
ment. Control cultures were preincubated in normal Earle’s BSS. En-
hancement of *H-2-DG uptake by sodium-loading is less marked (+36%)
in low-[K *] uptake solution than in normal-[K+] uptake solution (+80%).
Values are means + SD for five to six cultures. *, Different from control,
p < 0.01 (Student’s ¢ test); **p < 0.001.

Ultrastructure

Cultures were prepared for electron microscopy either by quick-freezing
(without cryoprotection) or by aldehyde fixation.

Quick freezing

Samples were delivered to a pure copper anvil at liquid nitrogen temper-
ature using the “Gentleman Jim” system (Pelco Intl., Tustin, CA). A
detailed description of the use of this instrument has been published
(Phillips and Boyne, 1984). To optimize drainage of superficial solution
from the cells, since the region free of disruption by ice crystals extends
to a depth of only about 15 pm, the astrocytes were grown on micro-
carrier beads. Astrocytes were seeded in dishes containing collagen-
coated Thermanox plastic coverslips (9 x 30 mm, Flow Laboratories);
Cytodex 3 microcarrier beads (Pharmacia, Piscataway, NJ) were added
before confluence. The astrocytes grew up over the beads, anchoring
them to the coverslip. The beads formed readily drained prominences
on the cut pieces of coverslip cultures, which were used as samples for
quick-freezing. The samples were freeze-substituted for 3 d in tetrahy-
drofuran containing 1% OsO, (and usually 0.03% uranyl acetate) and
then embedded in Epon-Araldite (Phillips and Boyne, 1984). The
embedded blocks were trimmed down so that multiple Cytodex beads
were present in the section face. Thin sections (90 nm) of these regions
usually included well-frozen astrocytes at the top of the beads.

Morphometry

Quantification of cytoplasmic vacuolation was carried out on cultures
aldehyde-fixed directly in the culture dish in order to accumulate the
large numbers of cells required for statistical confidence. The fixation
medium consisted of 2.5% glutaraldehyde in 0.15 M cacodylate buffer,
pH 7.3, to which 80 mm H,0, was added immediately before use. After
1 hr of fixation at room temperature, the entire culture was rinsed in
buffer, postfixed in 1% OsO, containing 1.5% K,Fe(CN),, dehydrated
through an ethanol series, and embedded.

Clusters of cells were then sawn out for ultramicrotomy. Thin sections
were analyzed blind, and every cell in which the nucleus was visible
was photographed at x2800. The micrographs were printed at x9000.
The coherent double-lattice system of Weibel (1973) was used for the
estimation of the percentage of cytoplasm volume, excluding the nucleus,
that contained electron-lucent regions (swollen Golgi saccules and cy-
toplasmic vacuoles). Lattices were used with nine intersections/in.2 for
the coarse-point lattice (cytoplasmic volume) and 121 intersections/in.?
for the fine-point lattice (electron-lucent volume). After determination
of the percentage of the cytoplasm occupied by swollen compartments,
the micrographs and block numbers were decoded to plot the data
presented in Table 1 and Figure 7.
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Figure 3. Dependence of monensin enhancement of *H-2-DG uptake
on concentration, temperature, and pH. 4, Log concentration-response
curves for monensin at 34.5 and 24.5°C. Values are means + SEM of
three (34.5°C) or six (24.5°C) experiments. B, pH dependence of uptake
in the presence (filled circles) and absence (open circles) of S uM mo-
nensin. The pH of the Tris BSS uptake solution (bicarbonate-free) was
adjusted by changing the ratio of Tris to Tris-HCI (20 mm). Although
outside of the effective buffering range of Tris, the pH of the solutions
did not change during uptake measurement. Values are means + SD
for three to six cultures.

Results

Effect of sodium-loading

Preincubation of astrocyte cultures in a K+*-deficient solution
was used to sodium-load the cells (Tang et al., 1980) so that the
effect of sodium pump activation on 3H-2-DG uptake could be
measured. We previously showed that sodium pump-dependent
uptake of *H-2-DG in “resting” astrocytes is fully inhibited by
lowering [K*], to 0.44 mm or less (Brookes and Yarowsky,
1985). Therefore, our sodium-loading procedure involved re-
placement of the nutrient medium with Earle’s BSS containing
0.44 mm K+ followed by returning the cultures to the incubator
for 3 hr. This solution was changed to normal Earle’s BSS, to
permit pump reactivation, immediately before addition of tracer
for uptake measurement. Control cultures were preincubated in
normal Earle’s BSS. The experiment in Figure 2 shows an §0%
increase above the control rate of *H-2-DG uptake produced
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Figure 4. Effects of sodium removal and inhibition of the sodium pump on monensin enhancement of *H-2-DG uptake. Monensin enhancement
of uptake was abolished in zero-[Na*] solution (4), in the presence of 0.4 mm cuabain (B), or in zero-[K+] solution (C). Values are means = SD

for the number of cultures indicated in parentheses.

by this sodium-loading procedure. An indication that this re-
sponse was at least partially attributable to sodium pump ac-
tivation is given by the finding that uptake increased by only
36% when measured under conditions inhibitory to the sodium
pump with [K+], at 0.44 mm (Fig. 2).

In other sodium-loaded cultures, the mean rate of uptake
during the first 5 min of the 20 min *H-2-DG incubation period
with normal [K+], (0.076 pmol *H-2-DG/mg protein/min) was
about twice the mean rate during the final 10 min (0.036 pmol
3H-2-DG/mg protein/min). The rate of uptake during the final
10 min was not different from the control rate (0.037 pmol 3H-
2-DG/mg protein/min). It appeared that recovery from sodium-
loading was largely complete within 5 min of returning the
cultures to normal [K+*],. Thus, although this initial finding
suggested a significant reserve of sodium pump activity, the
rapid recovery rate from the effect of sodium-loading made it
difficult to study quantitatively by the 2-DG method.

Effect of monensin

The Na+-selective carboxylic ionophore monensin offered an
alternative approach to sodium-loading, by which a sodium
influx could be sustained throughout the period of *H-2-DG
uptake. In 19 experiments, 20 uM monensin produced a 3.4-
fold mean increase in *H-2-DG uptake (+0.14 SEM), and this
marked increase in rate of uptake remained constant during the
20 min incubation (Fig. 1B). The log concentration-response
relationship for monensin is shown in Figure 34. By use of an
estimated maximum response of 300% at 34.5°C, these same
data yield a linear Hill plot with a slope of 1.2 (correlation
coefficient 0f 0.985) and a K, of 1.5 um. As shown in Figure 34,
a 10°C reduction in temperature is associated with at leasta 10-
fold increase in apparent K. This is consistent with the sensi-
tivity of monensin to membrane lipid viscosity, and the marked
slowing of monensin-mediated ion transport at reduced tem-
perature (Tartakoff, 1983).

Monensin forms ionophoric complexes with cations readily
only when in an ionized state, which is favored at physiological
pH and above (Pressman and Fahim, 1982). If the effect on
uptake is a consequence of the ionophoric property of monensin,
it is anticipated that the effect would decline with reduction in
pH. Figure 3B shows that the appropriate pH dependence was

observed. Uptake in control cultures also declined significantly
on lowering pH in this bicarbonate-free solution (Tris BSS) as
previously reported (Brookes and Yarowsky, 1985), but the de-
cline is made less obvious in Figure 3B by the compressed scale
of the ordinate.

The effect of monensin was also examined in astrocyte cul-
tures showing morphologic differentiation induced by pretreat-
ment with dibutyryl cAAMP in serum-free medium (see Materials
and Methods; Brookes and Yarowsky, 1985). The activity of
Nat, K*-ATPase is reported to be elevated in such cultures
(Kimelberg et al., 1978; Moonen and Franck, 1977; Schousboe
et al., 1976). However, 5 um monensin produced an apparently
smaller enhancement of *H-2-DG uptake in differentiated cul-
tures. The increase in differentiated cultures was 130 = 76%
(SD, four experiments) compared with 246 + 60% in matched
undifferentiated cultures. This apparent difference was of only
marginal statistical significance (0.05 < p < 0.1, Student’s ¢ test
for paired data).

Mechanism of monensin effect

Substitution of choline chloride for NaCl in Tris BSS completely
eliminated the effect of 5 um monensin on 3H-2-DG uptake (Fig.
44), in accord with the notion that the response was mediated
by entry of Na+ into the astrocytes. Similarly, the response to
monensin was reduced by 86% after substitution of KCI for
NaCl in Earle’s BSS (not shown). To determine whether Na+
influx stimulates *H-2-DG uptake through activation of the
sodium pump, the response to monensin was examined under
conditionsin which the sodium pump is inhibited. The complete
block of the monensin response observed in the presence of 0.4
mm ouabain (Fig. 4B) provides strong evidence for the involve-
ment of the sodium pump. Further support for the role of the
sodium pump is provided by the experiment in Figure 4C,
showing complete block of the monensin response on removal
of K+ from Earle’s BSS. It will be noted that reduction of [K+],
to 0.44 mm only partially blocked the enhancement of uptake
by sodium-loading in Figure 2. Similarly, a [K+], of only 0.2
mm was found to support a 94% increase in uptake on exposure
of cultures to 5 um monensin (not shown). This contrasts with
sodium pump-dependent *H-2-DG uptake in resting astrocytes,
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Table 1. Morphometric analysis of Golgi swelling and vacuolation in
astrocytes exposed for 20 min to zero-[K*] solution or § uM monensin

Percentage vacuolation of
non-nuclear cytoplasm

Normal Zero-[K+]

Tris BSS Tris BSS
Untreated 24+079) 6.7 = 1.0(23)
Monensin, 5 um 5.6 £ 0.7 (10) 10.0 £ 0.9 (25)

Morphometry was carried out on aldehyde-fixed astrocytes as described in Materials
and Methods. Values are means = SEM for the number of cells indicated in
parentheses. All differences are statistically significant (p < 0.01; Student’s ¢ test).

which is completely blocked on lowering [K+], to 0.44 mm
(Brookes and Yarowsky, 1985).

Reversibility of monensin effect

Since the stimulation of *H-2-DG uptake was elicited in a high
range of monensin concentration, and because monensin has
been shown to cause morphological disruption (Tartakoff, 1983),
we considered it necessary to demonstrate reversibility. Fur-
thermore, if this effect was indeed a direct function of sodium-
loading of the astrocytes, the brief effect of sodium-loading by
preincubation in K+-deficient solution suggests that recovery
from monensin should be rapid.

The 20 min uptake period was begun at varying intervals
(recovery times) following a 20 min exposure of astrocyte cul-
tures to 5 uM monensin. Uptake was plotted against recovery
time, as shown in Figure 5. Although it was expected that uptake
rates would not be constant after short recovery times, only total
3H-2-DG uptake over 20 min was measured. Figure 54 shows
that recovery from the effect of monensin was 78% complete
after the shortest recovery time studied, which was 5 min. How-
ever, the continuing downward trend of the recovery curve at
recovery times of 20-60 min (Fig. 54) could be interpreted as
an indication of cell degeneration rather than recovery. A longer-
term recovery experiment was therefore carried out, as shown
in Figure 5B. This experiment demonstrated that uptake mea-
sured 24 hr after a 20 min exposure to 5 uM monensin was not
different from control uptake.

Ultrastructural studies

Application of monensin to astrocytes correlated with progres-
sive swelling of the Golgi complex after 5 to 20 min exposure
periods, and the development of large vacuoles in the cytoplasm
(Fig. 6, A and B). Similar ultrastructural changes have been
reported in a number of other cell types (Tartakoff, 1983). As
can be seen in Figure 6B, the cis-face cisternum frequently re-
tained a near-normal volume, but swelling became more pro-
nounced in the cis-trans direction across the stack. Spherical
vacuoles appeared to arise from the trans cisternum. The figure
also illustrates the tendency for the Golgi cisternae to adhere

even when swollen. On the other hand, spherical vacuoles ap--

pear to have a much weaker attachment to the stack and may
be free to migrate into the cytoplasm. Both of these swollen
compartments had a floccular inclusion.

The extent of Golgi swelling and vacuolation was quantitated
(see Materials and Methods) in aldehyde-fixed cells exposed for
20 min to Tris BSS in the presence and absence of 5 uM mo-
nensin, or to K+-free Tris BSS in the presence and absence of
5 uM monensin. As shown in Table 1, the degree of swelling
induced by monensin when the sodium pump was inactivated
in K+ -free solution was significantly greater than that produced
by monensin alone. Table 1 shows that swelling of the Golgi
and vacuole formation occurred also in K*-free solution without
monensin, as has been reported by Tartakoff and Vassalli (1978)
in other cell types. Micrographs of quick-frozen cells in this
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Figure 5. Rate of recovery of 3H-2-DG uptake after exposure to mo-
nensin. Short-term (4) and long-term (B) recoveries following a 20 min
exposure to 5 uM monensin are illustrated. 4, Time course of recovery
of uptake (triangles) is plotted along with controls unexposed to mo-
nensin (circles) and controls for uptake in the presence of monensin
(squares). B, The zero recovery time column shows uptake in the pres-
ence of monensin. Values are mean + SEM for two experiments.

condition showed a relatively selective swelling of the trans
Golgi cisternum, which became broken up into vacuoles. Al-
though these vacuoles were smaller than those illustrated in
Figure 6B, they also appeared to have lost adherence to the
Golgi stack and to have drifted off into the cytoplasm.

In another experiment, astrocytes were exposed to 5 uM mo-
nensin in Na*-free Tris BSS for 20 min to see whether the
morphological effects of monensin could be eliminated by pre-
venting an influx of Na*. Sodium-free solution alone produced
no effect on Golgi morphology (Fig. 6C). However, in Na*-free
solution, 5 um monensin still caused marked Golgi swelling and
vacuole formation (Fig. 6 D). The reversibility of ultrastructural
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Figure 6. Electron micrographs of quick-frozen fixed astrocytes showing the effect on the Golgi apparatus of a 20 min exposure to monensin in
normal and zero-[Na*] solutions. Arrows, The cis face of Golgi stacks in the dense cytoplasm typical of freeze-substituted preparations (see Materials
and Methods). Magnification, x35,500. Unperturbed Golgi stacks are apparent in control cells exposed for 20 min to normal Tris BSS (4) or zero-
[Na+*] Tris BSS (C). Massive Golgi swel]mg and vacuole generation are seen after 20 min exposure to 20 xM monensin in normal Tris BSS (B8) or
to 5 uM monensin in zero-[Na+] Tris BSS (D). The tendency of the swollen cisternae to adhere is evident (¥), in contrast to the rounded vacuoles

which appear to be detaching from the stack (B, D).

changes was studied after exposure of astrocytes to the condi-
tions eliciting most marked vacuolation—5 ym monensin in K+-
free Tris BSS for 20 min. Figure 7 shows that the percentage of
vacuolation recovered to control levels within 20 min of re-
turning the cultures to normal Tris BSS.

Discussion

Qur findings provide strong evidence that mammalian astro-
cytes in their “resting” state possess a large reserve of Na+, K*-
ATPase activity, which, when activated by entry of Na*, can
trigger a three- to fourfold increase in rate of glucose con-
sumption. Since the estimated resting rate for mouse astrocyte
cultures (75 umol glucose/100 gm wet weight/min; Brookes and
Yarowsky, 1985) is comparable to estimates for rat gray matter
in vivo (Sokoloff et al., 1977), the possibility exists that regional
changes in CNS glucose consumption associated with functional
activity may reflect changes in the energy metabolism of as-
troglia, as well as neurons.

Recent evidence that rat brain astrocytes possess at least two
distinct populations of Na+ channels give added credence to
this possibility. Bevan et al. (1985) reported the presence of
voltage-dependent Na* channels in rat astrocytes, detected by
the patch clamp technique and by labeled saxitoxin binding.
Bowman et al. (1984) detected such channels using conventional
microelectrode techniques only after exposure of astrocytes to

veratridine. A second population of Na+ channels was reported
by Bowman and Kimelberg (1984), who showed that excitatory
amino acids depolarize the astrocyte membrane by activating
a Na* conductance that was unaffected by tetrodotoxin. In ad-
dition, we have recently reported that veratridine increases *H-
2-DG uptake in astrocyte cultures by 74% (Yarowsky and
Brookes, 1984). However, Na*-dependent regenerative poten-
tials have not been observed under normal circumstances in
astroglia either in vivo (Somjen, 1975) or in vitro (Kimelberg et
al., 1979; Walz and Hertz, 1983). Furthermore, large elevations
in [K*], had little effect on Na+ influx measured in mouse
astrocyte cultures (Walz and Hertz, 1984). Thus, at the moment,
it seems more likely that any influence of neuronal activity on
Na* influx in astrocytes will be neurchumorally mediated.

In addition to the above-mentioned evidence ofa Na+ current
activated by excitatory amino acids, other evidence of astrocyte
chemosensitivity has accumulated. Astrocytes have been re-
ported to possess both alpha and beta adrenoceptors (Ebersolt
et al., 1981; Harden and McCarthy, 1982). Whereas Kimelberg
et al, (1983) found that norepinephrine depolarized rat astro-
cytes through activation of adrenergic alpha receptors, one of
us has observed that the beta receptor agonist, isoproterenol,
increased *H-2-DG uptake in mouse astrocytes by 38% (Brookes,
1984). Marked effects of histamine H,- and H,-agonists on the
astrocyte membrane potential were recently reported by Hésli
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Figure 7. Morphometric analysis of recovery from Golgi swelling and
cytoplasmic vacuolation in astrocytes, following a 20 min exposure to
5 um monensin in zero-[K+] Tris BSS. The percentage vacuolation was
determined as described in Materials and Methods. The zero time point
corresponds to the value in Table 1 for vacuolation at the end of the
monensin exposure. The remaining points show the time course of
recovery on restoring the cultures to normal medium. The shaded area
indicates the range of vacuolation (mean + SEM, n =9) in control
astrocyte cultures.

et al. (1984). It is not yet known which ionic conductances, if
any, mediate these responses, or whether modulatory effects on
sodium pump activity are involved.

The advantage of monensin as a means of sodium-loading
the astrocytes in this study was that it could be present to exert
a constant effect during uptake measurement. The effect of prior
sodium-loading using low [K*], to inhibit the sodium pump de-
clined rapidly within the first few minutes after restoring the
astrocytes to normal [K +], for uptake measurement. The evidence
that monensin-induced enhancement of *H-2-DG uptake did in-
deed result from Na* entry and sodium pump activation is that
it was abolished either by removal of extracellular Na+ or by
blockade of the sodium pump by means of ouabain or removal
of extracellular K+. Evidence that monensin activates Na+, K+-
ATPase by raising [Na*]; has also been reported for neuroblas-
toma-glioma hybrid cells(Lichtshtein etal., 1979) and 3T3 mouse
fibroblasts (Smith and Rozengurt, 1978). It appears unlikely that
uptake was modified by a rise in intracellular pH caused by Na+*/
H+ exchange, for intracellular pH in neuroblastoma-glioma hy-
brid cells returned spontaneously to control values within 5-7
min in the continuing presence of monensin (Lichtshtein et al.,
1979).

It should be noted, though, that in other cell types there have
been observed effects of monensin on glucose transport not
mediated by sodium pump activation. For example, Norden-
berg et al. (1984) found that monensin-induced enhancement
of 3H-2-DG uptake in mouse thymocytes was unaffected by 2
mm ouabain. The uptake of 3-O-methylglucose, which is trans-
ported but not phosphorylated (Lund-Andersen et al., 1976),
was similarly enhanced. Bihler and Sawh (1984) found that
conditions favoring an increase in free Ca?* in the cytoplasm,
including inhibition of the sodium pump or addition of mo-
nensin, enhanced influx of 3-O-methylglucose in rat cardiac
myocytes. It is not clear to what extent differences in cell type
or differences in experimental conditions determined the re-
sponse to monensin in these studies. In the present study, glu-
cose concentration was sufficiently high to saturate the transport
carrier in order that phosphorylation of *H-2-DG should be
rate-limiting. These conditions do not favor detection of any
effect of monensin on the carrier. In the above studies, the choice
of cell type, substrate, and substrate concentration may have
favored detection of effects on the carrier rather than on phos-
phorylation rate.

The apparent, though statistically equivocal, reduction in ef-
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fectiveness of monensin in morphologically differentiated as-
trocytes does not necessarily conflict with studies showing that
morphologic differentiation elevates Na*, K+-ATPase activity
(Kimelberg et al., 1978; Moonen and Franck, 1977; Schousboe
et al., 1976). Other steps in the chain of events linking sodium
entry to increased energy metabolism could be affected by the
dibutyryl cAMP treatment that stimulates differentiation.
Whether or not reduced, the effect of monensin on uptake was
still marked in morphologically differentiated astrocytes, dem-
onstrating that this response is not confined to immature or
undifferentiated cells.

Our ultrastructural observations show that either sodium-
loading of the astrocytes in the absence of monensin or addition
of monensin in the absence of extracellular sodium was able to
cause swelling of the Golgi apparatus cisternae. In either con-
dition, a preferential sensitivity of the more mature trans cis-
ternae was seen, as previously noted by Morré et al. (1983) in
wild carrot cells. The ability of monensin to swell Golgi cisternae
in the absence of extracellular sodium supports the view of Boss
et al. (1984) that monensin acts by inserting in the cisternal
membranes of intact cells as demonstrated for isolated Golgi
membranes (Barr et al., 1984). Recent evidence that the Golgi
membrane contains an inwardly directed proton pump in par-
allel with a chloride conductance (Barr et al., 1984; Glickman
et al., 1983) suggests that monensin causes entry of water into
cisternae by mediating the exchange of osmotically inactive in-
tracisternal protons for osmotically active extracisternal Na+
(Boss et al., 1984). Since the effect of monensin on *H-2-DG
uptake was completely blocked in Na*-free solution, while the
effect on the Golgi was still evident, it appears that the activity
of the energy-driven Golgi proton pump and the processes lead-
ing to Golgi swelling do not contribute to the measured en-
hancement of energy metabolism.

The rapid recovery from the effect of monensin on *H-2-DG
uptake was consistent with the observation of only short-lasting
enhancement of uptake after sodium-loading in low-[K*] so-
lution. It appears likely that this rapid recovery occurred despite
large increases in [Na]. Lichtshtein et al. (1979) found that
[Na+]; rose to equal the extracellular concentration after 20-30
min of exposure of NG108-15 hybrid cells to 20 um monensin.
Similarly, Feinstein et al. (1977) reported that [Na+], reached
the extracellular level in blood platelets after 5 min in 27 um
monensin. Thus, it appears that the astrocytes are able to restore
the Na+ gradient very rapidly following even large perturba-
tions. Investigations by Tang et al. (1980) demonstrated that
strophanthidin-sensitive hyperpolarizations of neuroglia in Nec-
turus optic nerve lasted for less than 1 min following restoration
of the normal bathing solution after sodium-loading. However,
in that experiment electrogenicity of the sodium pump might
not necessarily have paralleled changes in energy metabolism.

Recovery from monensin-induced Golgi swelling was almost
as rapid as recovery of energy metabolism, being complete in
only 20 min. The mechanisms facilitating rapid morphologic
recovery are not known. We have raised the possibility that the
vacuolar contents discharge to the cell exterior (Boyne et al.,
1984). This rapid morphologic recovery contrasts with reports
of much slower recovery from monensin-induced inhibition of
intracellular transport processes (Tartakoff, 1983).

In summary, we have demonstrated a striking effect of Na+
entry on astrocyte energy metabolism, mediated by sodium pump
activation. We have also shown that recovery from the func-
tional and morphologic effects of sodium-loading of astrocytes
is remarkably rapid. Accumulating evidence of astroglial che-
mosensitivity points to the possibility of neurohumoral mod-
ulation of astroglial energy metabolism (Brookes, 1984). One
of us has obtained autoradiographic evidence of preferential glial
accumulation of labeled 2-DG in electrically stimulated sym-
pathetic ganglia (Yarowsky et al., 1985).
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