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Preferential Utilization of Acetate by Astrocytes Is Attributable

to Transport

Robert A. Waniewski and David L. Martin

Wadsworth Center, New York State Department of Health, Albany, New York 12207-0509

Exogenous acetate is preferentially metabolized by astrocytes
in the CNS, but the biochemical basis for this selectivity is
unknown. We observed that rat cortical astrocytes produce
14C0, from 0.2 mm ["*Clacetate at a rate of 0.43 nmol/min per
milligram of protein, 18 times faster than cortical synapto-
somes. Subsequent studies examined whether this was attrib-
utable to cellular differences in the transport or metabolism of
acetate. The activity of acetyl-CoA synthetase, the first enzy-
matic step in acetate utilization, was greater in synaptosomes
than in astrocytes (5.0 and 2.9 nmol/min per milligram of pro-
tein), indicating that slower metabolism in synaptosomes can-
not be attributed to lack of enzymatic activity. ['*C]Acetate
uptake in astrocytes is rapid and time-dependent and follows
saturation kinetics (V,,.x, 498 nmol/min per milligram of protein;
K., 9.3 mm). Uptake is inhibited stereospecifically by L-lactate
as well as by pyruvate, fluoroacetate, propionate, and a-cyano-
4-hydroxycinnamate (CHC). Preloading astrocytes with

L-lactate or acetate, but not p-lactate, pyruvate, or glyoxylate,
transaccelerates ['“Clacetate uptake. Acetate uptake by astro-
cytes appears to be mediated by a carrier with properties
similar to that of monocarboxylate transport. In contrast, stud-
ies with synaptosomes provided no evidence for time-
dependent, saturable, transaccelerated, or CHC-inhibitable up-
take of ['“Clacetate. The high rate of transport in astrocytes
compared with synaptosomes explains the rapid incorporation
of ["“Clacetate into brain glutamine over glutamate. These
findings provide support for the use of acetate as a marker for
glial metabolism and suggest that extracellular acetate in the
brain generated from acetylcholine and ethanol metabolism is
accumulated first by astrocytes.
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Acetate has been used as a probe to study brain metabolism.
Application of ['*Clacetate to brain tissue results in the rapid
incorporation of label in glutamine with a higher specific activity
than in glutamate. In contrast, similar experiments with [ '*C]glu-
cose resulted in the rapid incorporation of label into [ '*C]gluta-
mate and a lower specific activity of glutamine than glutamate
(O’Neal and Koeppe, 1966). Such findings have led to the con-
clusion that acetate is preferentially metabolized in a “small”
glutamate pool that is rapidly converted to glutamine, whereas
glucose enters a “large” glutamate pool (Van Den Berg et al.,
1969). Because glutamine is synthesized primarily within astro-
cytes (Norenberg and Martinez-Hernandez, 1979), it has been
further proposed that acetate is preferentially used by astrocytes
over neurons (Fonnum, 1985). Autoradiographic studies with
labeled acetate have provided additional evidence that astrocytes
preferentially use acetate (Minchin and Beart, 1975; Muir et al.,
1986). The incorporation of '*C from acetate into glutamate,
glutamine, GABA, citrate, and lactate was examined in astrocyte
and neuronal cultures (Sonnewald et al., 1993). Neurons incu-
bated for 20 hr showed no enrichment of *C in any of these
metabolites, whereas astrocytes incubated for 48 hr displayed a
significant enrichment. ['*C]Acetate is now routinely used to
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examine glial metabolism in the brain and NMR studies have
verified the selective metabolism of acetate by astrocytes (Badar-
Goffer et al., 1990; Cerdan et al., 1990; Chapa et al., 1995).

Although it is widely accepted that astrocytes preferentially
metabolize acetate in comparison to neurons, no studies have
directly addressed the biochemical basis for this difference be-
tween the two cell types. There are at least two possible mecha-
nisms that could account for the differential utilization of acetate.
One is that astrocytes possess a specialized transport system for
acetate that is absent or much less active in neurons. The other
possibility is that neurons lack the enzymatic step necessary for
acetate metabolism.

The principal entry point for acetate into metabolism in ver-
tebrates is its conversion to acetyl-CoA by acetyl-CoA synthetase
(acetate—CoA ligase; EC 6.2.1.1); the acetyl-CoA then enters the
TCA cycle by condensing with oxaloacetate to form citrate. La-
beled carbon from ['*Clacetate reaches glutamate by transami-
nation of radiolabeled 2-oxoglutarate formed in the TCA cycle,
and the glutamate is converted to glutamine primarily in astro-
cytes. The labeled carbon in 2-oxoglutarate that is not transam-
inated to glutamate is further metabolized in the TCA cycle and
eventually exits the cycle primarily in the form of CO.,.

The purpose of the present study was to determine the bio-
chemical basis for the preferential utilization of acetate by astro-
cytes versus synaptosomes. The results indicate that transport and
not metabolism is the important factor. Synaptosomes have more
acetyl-CoA synthetase activity than astrocytes, but acetate up-
take is much more rapid in astrocytes than synaptosomes. Ace-
tate uptake by astrocytes has many of the properties of the
proton-coupled, monocarboxylate transport process found in
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erythrocytes, heart, kidney, and skeletal muscle cells (Poole and
Halestrap, 1993).

MATERIALS AND METHODS

Astrocyte cultures. Primary cultures of astrocytes were prepared from
cortices of 2- to 3-d-old rats (Frangakis and Kimelberg, 1984). Brain
tissue was removed from pups. Cells were plated in 24-well trays or 100
mm plates (Falcon) at a density of 10-20,000 cells/cm? Cells were
maintained in Eagle’s Medium supplemented with 10% fetal bovine
serum, penicillin, and streptomycin at 36°C in a humidified incubator
with 5% CO, and 95% air and were used in experiments after 3—4 weeks.
At this point the cells had formed a confluent monolayer of high density;
glial fibrillary acidic protein immunostaining indicated that >95% were
astrocytes.

Preparation of synaptosomes. Adult rats were lightly anesthetized with
CO, and decapitated. Brains were rapidly removed and cooled in 0.9%
saline on ice. The cerebral cortex was dissected, weighed, and homoge-
nized in 0.32 M sucrose. Synaptosomes that are relatively free of extra-
synaptosomal mitochondria and glial contamination were prepared by
the method of Loscher et al. (1985). Synaptosomes prepared in this way
have been assayed for glutamine synthesis (Battaglioli and Martin, 1990).
They produce glutamine at <5% of the rate found in astrocyte cultures
(Waniewski, 1992), indicating low astrocytic contamination.

Measurement of [7*C]acetate oxidation to '?CO,. To measure acetate
metabolism, astrocytes or synaptosomes were incubated at 37°C in 24-
well culture plates (Falcon) with 0.2 mwm 1-[ "*Clacetate and sodium salt
(54.7 mCi/mmol; Sigma, St. Louis, MO) in oxygenated, glucose-
containing HEPES-buffered HBSS (Martin and Shain, 1979). Individual
wells were fitted with specially made Plexiglas adaptors and serum tube
stoppers that held a small cup containing 50 ul benzethonium hydroxide
(Sigma) to trap the *CO,. The reaction was stopped by injecting 0.2 M
citric acid through the stopper into the incubation medium. The tray was
heated at 60°C for 15 min to volatilize CO, dissolved in the medium, and
the trapped *CO, was analyzed by scintillation counting. Wells without
cells and addition of citric acid to cells at the start of the incubation
period gave the same results and served as blank controls.

Measurement of acetyl-CoA synthetase activity. Acetyl-CoA synthetase
was measured by following the formation of ['*Clacetyl-CoA from
1-["CJacetate (0.6 mm) and coenzyme A (0.6 mMm) in the presence of
ATP (3 mm) and Mg?* in potassium phosphate buffer (50 mm, pH 8.0)
(Reijnierse et al., 1975). The product was separated from the substrate by
collection on ion exchange filters (DE81; Whatman, Maidstone, UK;
2.4 cm) and washed with 1 ml of acetic acid (2%) (Roughan and
Ohlrogge, 1994).

For assay, astrocytes were scraped from 100 mm tissue culture plates
(Falcon) with a rubber policeman and collected in buffer on ice. Cells,
cortical tissues, and synaptosomes were homogenized in Tris-buffered,
0.32 M sucrose containing MgCl, (27 mMm), 1.25% Triton X-100, and
bovine serum albumin (BSA) (4.5 mg/ml). Enzyme activity was mea-
sured by incubating homogenates at 37°C for 15, 30, 45, and 60 min and
normalized to protein content (Lowry et al., 1951).

Analysis of transport. Acetate transport was measured under conditions
similar to those for measuring radiolabeled lactate transport by the
monocarboxylate transporter (Poole and Halestrap, 1993). The incuba-
tion medium was oxygenated HEPES-buffered balanced salt solution
without glucose or additional anions other than chloride (in mm: 10
HEPES, 150 sodium chloride, 5 potassium chloride, 1 calcium chloride,
and 1 magnesium chloride, pH 7.4, with 1 NaOH; Garcia et al., 1994).

Multiwell (24) culture plates containing astrocytes were individually
corked and transferred to a temperature-controlled water bath at 4°C.
Cells were rapidly rinsed (3-5 sec) with five washes of buffer and then
either incubated immediately with acetate or allowed to preincubate for
15 min at 4°C. The preincubation medium was removed with three
washes before adding ['*CJacetate. When tested, transport inhibitors
were added to the cells in the medium containing the 1-[ "*CJacetate. To
stop the reaction, the cells were washed three times with fresh ice-cold
buffer. The background uptake was determined by incubating cells for 0
min. This was done by washing with fresh ice-cold buffer immediately
after adding the 1-['*Clacetate. The cells were then treated with 300 ul
of 1 M NaOH to stop metabolism and prevent evolution of acetic acid or
volatile acidic metabolites. After sitting overnight at 37°C, solubilized
cells were transferred to scintillation vials, and the wells were rinsed two
times with 450 ul of water. An aliquot was taken to measure the protein
content (Bradford, 1976) and the remainder was analyzed for '*C by
scintillation counting. The 0 min values for uptake were then subtracted
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from the 15 sec time points in each experiment, and the difference was
expressed in moles of acetate uptake per min X milligrams of protein.

Synaptosomes were incubated with 1-['*Clacetate for the indicated
times at 4 or 37°C, diluted into ice-cold medium containing a-cyano-4-
hydroxycinnamate (CHC) (10 mwm), and immediately centrifuged
through silicone oil (SF1250, General Electric, Waterford, NY) at room
temperature using the inhibitor—stop procedure (Poole and Halestrap,
1993) to terminate uptake and prevent efflux. When the centrifugation
step was done in a cold room, the oil viscosity was too high to allow the
synaptosomes through. The 0 min points were obtained by adding an
aliquot of the synaptosome suspension directly to the centrifuge tubes
containing 1-[ "*C]acetate and CHC and immediately starting the centri-
fuge for each sample. The incubation medium and oil layers were
removed by vacuum aspiration. The synaptosomal pellets were dissolved
overnight in 1 M NaOH and neutralized with 1 M HCI, and *C was
determined by scintillation counting.

["*C]Glutamate uptake was measured in parallel with 1-["*Clacetate
uptake using the same synaptosomal suspensions.

Determination of sucrose space. | "*C(U)]Sucrose (540 mCi/mmol; Am-
ersham, Arlington Heights, IL) was purified by TLC (Haldorsen, 1977)
and used to estimate the entrapped fluid volume in the synaptosomal
pellet. Synaptosomes in suspension at five different dilutions were incu-
bated at 4°C with [*C(U)]sucrose and centrifuged through silicone oil
with procedures identical to those used for the 0 min incubation of
synaptosomes with [ '*Clacetate.

Protein analysis. Protein was measured by the Coomassie blue dye-
binding assay (Bradford, 1976) or by the method of Lowry et al. (1951)
with BSA as a standard. Estimates of protein obtained with the Lowry
method were approximately two times higher than those obtained with
the Bradford method in the same synaptosomal suspensions.

Statistics. Experimental treatment groups were compared by one-way
ANOVA. When a significant F value was found at the 0.05 level, indi-
vidual comparisons were made a posteriori by t tests with the Bonferroni
correction.

RESULTS

['“C]Acetate metabolism to '*CO, by synaptosomes
and astrocytes

At 37°C, astrocytes produced "*CO, from 0.2 mm 1-[ **C]acetate
at an average rate (25.8 = 1.5 nmol/hr per milligram of protein)
18-fold greater than synaptosomes (1.4 = 0.03 nmol/hr per mil-
ligram of protein) (Fig. 1). With both preparations there was a
substantial lag in the production of *CQ,, probably because the
labeled carbon in 1-[**CJacetate must complete one turn of the
TCA cycle before it can be released as '*CO..

Acetyl-CoA synthetase activity

The synthesis of [ '*Clacetyl-CoA from 1-[ '*C]acetate in homog-
enates of cerebral cortex, cortical astrocytes, and cortical synap-
tosomes increased linearly with time at 37°C (Fig. 2). The enzyme
activity during the first 15 min was 5.2 = 0.2 nmol/min per
milligram of protein in cortex, 4.9 = 0.3 nmol/min per milligram
of protein in synaptosomes, and 2.9 = (0.2 nmol/min per milligram
of protein in astrocyte cultures. These results indicate that acetyl-
CoA synthetase is not selectively enriched in astrocytes over
cortical synaptosomes or whole cortex homogenates.

Acetate transport by astrocytes

Acetate uptake measurements were performed at 4°C because, at
this temperature, the reaction was slow enough to obtain reliable
kinetic estimates. Total uptake at physiological temperatures was
similar to that at 4°C but simply too fast to determine initial rates.
When uptake was measured at 37°C, the increase in intracellular
[ **Clacetate was not linear, even after the shortest time point that
could be used in practice (15 sec). At 4°C the increase in uptake
was linear with time for 1 min. To measure initial rates, all
subsequent transport experiments with astrocytes were per-
formed for 15 sec at 4°C. This low temperature and short incu-
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Figure 1. Astrocytes produce '“CO, from 1-['*ClJacetate much more
rapidly than do synaptosomes. Both preparations were incubated with 0.2
mM sodium acetate under identical conditions in an oxygenated, glucose-
containing, HEPES-buffered HBSS at 37°C for the indicated times. Data
points represent the mean * SD of three determinations. Synaptosomal
production of '*C O, was significantly less than astrocytic production at all
time points after 0 min; p < 0.01.

bation time presumably also minimized metabolism and subse-
quent loss of label from the cells.

Because the incubation time was so short, it was crucial to
remove extracellular acetate as rapidly and thoroughly as possible
without affecting the retention of accumulated acetate. Various
rinse procedures were used in an attempt to prevent the loss of
the accumulated acetate from the astrocytes. Empirical tests with
empty wells indicated that the rinse procedure was optimal using
three rinses with 1 ml of ice-cold incubation medium. This could
be completed in <5 sec. Transport inhibitors were added to the
rinse medium to determine whether they would prevent washout
of label from cells as was observed by other investigators (Tildon
et al.,, 1993; Poole and Halestrap, 1993). Inclusion of 0.5 mm
4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS), 10 mm
HgCl,, or 0.6 mm phloretin in the rinse buffer did not improve the
intracellular retention of acetate over buffer alone. Therefore,
inhibitors were not included in subsequent studies.

Inclusion of glucose in the incubation medium with ['*CJac-
etate did not improve uptake over that measured in glucose-free
medium. Glucose-free medium was used to reduce the formation
of endogenous, exchangeable substrates for transport. Acetate
uptake was dramatically reduced when astrocytes were preincu-
bated in glucose-free medium for 15 min or longer compared with
nonpreincubated cells (Fig. 3). This resembles the effect of pre-
incubation on lactate uptake by astrocytes (Tildon et al., 1993).
When astrocytes were allowed to preincubate for 15 min in the
presence of L-lactate (10 mm), acetate uptake was restored to the
level observed without preincubation (Fig. 3). The stimulation of
lactate uptake by preincubation with L-lactate has been explained
by transacceleration and is characteristic of the proton-coupled
monocarboxylate transport process (Poole and Halestrap, 1993).
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Figure 2. Acetyl-CoA synthetase activity is greater in synaptosomes
than astrocytes. Data points represent the mean = SD. Three prepara-
tions of cortex and synaptosomes were used. Three plates of astrocytes
were pooled and a single preparation was used. This experiment was
repeated once for astrocytes and cortex, and the same results were
obtained.

The specificity of transacceleration of pyruvate transport has
been examined in peripheral tissues; pyruvate and L-lactate stim-
ulated pyruvate uptake, p-lactate and glyoxylate did not (Garcia
et al., 1994). In astrocytes the effects of transacceleration on
acetate uptake were similar with the exception of pyruvate. Ac-
etate uptake was increased after preloading with 10 mm L-lactate
but not with pyruvate or glyoxylate (Fig. 3). Preincubation with
acetate increased 1-['*Clacetate uptake, whereas preincubation
with p-lactate had no effect (data not shown). For all subsequent
experiments, astrocytes were preincubated with L-lactate for 15
min and then washed three times before the addition of
1-[ **CJacetate.

Using the conditions established above, astrocytes were incu-
bated with a range of acetate concentrations to determine the
kinetics of [ '*Clacetate uptake. The resulting uptake was best fit
by a saturation curve yielding a calculated K, of 9.3 = 5.0 mm and
a Vax of 498 = 162 nmol/min per milligram of protein (aver-
age = SD of three separate experiments). The results of a
representative experiment are shown in Figure 4. An Eadie—
Hofstee plot of the data (inser) was linear, indicating a single
kinetic component. Higher acetate concentrations were not used
because of the complications of possible osmotic effects. In an-
other experiment, lower acetate concentrations (50 uMm to 2 mm)
provided no evidence for saturation of an additional high-affinity
component of uptake. Acetate was used at a concentration of 0.2
mM for all subsequent studies. This concentration is well below
the K, and is at the physiological level of acetate in the blood.

Several compounds were tested for their ability to inhibit ace-
tate uptake. These included substrates for the monocarboxylate
transporter: L-lactate, pyruvate, and propionate; a specific inhib-
itor of the monocarboxylate transporter, CHC (Halestrap and
Denton, 1974); the anion-transport inhibitors DIDS and
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Figure 3. Preincubation conditions strongly affect [ 1“CJacetate uptake by
astrocytes. Astrocytes that were not preincubated (No preinc.) were
rinsed on transfer from the culture incubator, and ['*Clacetate was
immediately added to the wells. The cells in the other treatment groups
were preincubated for 15 min at 4°C with glucose-free buffer alone or
buffer containing 10 mM L-lactate, pyruvate, or glyoxylate. After preincu-
bation, cells were rinsed three times with fresh buffer alone before adding
medium containing [ "*CJacetate. The initial rate of uptake was measured
after a 15 sec incubation at 4°C with 0.2 mM [ '*CJacetate. Bars represent
mean * SD for triplicate determinations. Uptake was significantly re-
duced by preincubating cells in buffer alone compared with not preincu-
bating cells in buffer. *Significant differences from cells preincubated in
buffer alone; p < 0.05.

ethacrynic acid; and several other monocarboxylates, including
D-lactate. The effects of a range of concentrations of CHC and L-
and D-lactate are presented in Figure 5. CHC was the most potent
of the compounds tested. L-Lactate produced significant inhibi-
tion at 10 and 20 mm. p-Lactate produced no significant inhibition
of uptake, even at 20 mM. Using the difference between control
(no inhibitor present) and maximal inhibition with CHC as the
total inhibitory effect, the ICy, values were estimated from the
graph to be (in mm): 0.35 for CHC, 10 for L-lactate, and >20 for
D-lactate.

The concentration-response relationships for uptake inhibition
by pyruvate and fluoroacetate are shown in Figure 6. Pyruvate
was more effective than fluoroacetate and produced more inhibi-
tion at 20 mm than CHC at 10 mm. Pyruvate produced significant
inhibition at all tested concentrations from 1 to 20 mm. Fluoro-
acetate produced significant inhibition at 5 mm and at higher
concentrations. DIDS significantly inhibited uptake at 1 mm (by
24%) but did not produce greater inhibition at 2 or 5 mm (data
not shown). The ICs, values (relative to the inhibition produced
by CHC) were (in mm): 1 for pyruvate, 7 for fluoroacetate, and
>5 for DIDS. The concentrations found to inhibit uptake are
high but in line with the theoretical calculated concentrations
required to inhibit such a low-affinity transporter based on a
competitive inhibition model.

Additional compounds were tested for uptake inhibition at 1
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Figure 4. Uptake by astrocytes of [ '*CJacetate at concentrations ranging
from 0.2 to 20 mM at 4°C. Data points are mean = SD of triplicate
determinations. The line represents a fit of the data to the Michaelis—
Menten equation. This fit provided a calculated K, of 9.3 = 3.0 mM and
a V. of 648 = 102 nmol/min per milligram of protein. An Eadie—

max
Hofstee plot of the average uptake at each concentration (inset) was
linear, indicating a single kinetic component. This experiment was re-
peated three times, and similar results were obtained.

mm with 0.2 mm 1-[ **Clacetate to elucidate the mechanism of
acetate uptake. The rank order of efficacy and the percent inhi-
bition in parentheses for all compounds tested at 1 mMm are as
follows: CHC (68 + 16%), pyruvate (47 = 10%), ethacrynic acid
(39 £ 17%), fluoroacetate (31 = 26%), DIDS (24 = 7%), and
propionate (14 * 8%). Those found to be ineffective at 1 mm were
L-lactate, D-lactate, malate, glyoxylate, and 2-propylpentanoic acid.
Ethacrynic acid is a phenoxyacetic acid that inhibits ATP-
dependent chloride transport in the brain (Shiroya et al., 1989).
The sodium salt of 2-propylpentanoic acid (sodium valproate) is
an anticonvulsant monocarboxylate (Gale and Iadarola, 1980).
Glyoxylate and malate do not inhibit the monocarboxylate trans-
porter in other systems. DIDS is an inhibitor of anion exchange at
low concentrations and inhibits the monocarboxylate transporter
at higher concentrations. The pharmacology of inhibition of ac-
etate transport by these compounds in astrocytes is very similar to
that of the monocarboxylate transporter studied in other tissues
(Poole and Halestrap, 1993).

Acetate transport by synaptosomes
[ *C]Acetate uptake in synaptosomes did not increase with time
of incubation at 4 or 37°C (Fig. 7). The time-independent asso-
ciation observed at 37°C was unaffected by addition of 10 mm
CHC (Fig. 7). Preloading synaptosomes for 15 min with 1 mm
L-lactate did not increase ['*CJacetate uptake at 4°C (data not
shown). To demonstrate that the synaptosomes used in these
studies were intact and capable of uptake, they were also tested
for their ability to take up glutamate (Fig. 7). [**C]Glutamate
uptake was similar to that observed previously (Waniewski and
Martin, 1983).

The amount of [ '*Clacetate associated with synaptosomes at 0
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Figure 5. Effect of increasing concentrations of L-lactate, D-lactate, and
CHC on [ "*CJacetate uptake by astrocytes at 4°C. Individual compounds
were added to the cells simultaneously with 0.2 mm [ *C]acetate after a 15
min preincubation with 10 mMm L-lactate. Data points represent the mean *
SD (n = 4) for each concentration. Separate controls were included for
each compound. This experiment was repeated and similar results were
obtained. *Significant difference from control uptake; p < 0.05.

min was 3.7 = 0.3 nmol/mg protein at 4°C and 3.6 = 2.1 nmol/mg
protein at 37°C and did not change significantly with increasing
time of incubation (Fig. 7). One possible mechanism for this
association is the rapid movement of ['*Clacetate into the syn-
aptosomes by passive diffusion. Acetate, the predominant anionic
form of the molecule at pH 7.4, is relatively impermeant. Diffu-
sion of the undissociated acid (acetic acid) across lipid bilayers
has a permeability coefficient of 6.6 X 107* cm/sec at 22°C
(Walter and Gutknecht, 1984). At pH 7.4, the undissociated acid
represents 0.23% of the total acetate (pK, = 4.76) and the
effective permeability coefficient would be 1.5 X 10> cm/sec.
Assuming the synaptosome membranes have the same permeabil-
ity as the lipid bilayers, with an estimated radius of 1 um, the half
time for acetate entry would be ~2 sec at 22°C. Therefore, even
at 4°C, diffusion could be rapid enough to approach equilibrium
for extrasynaptosomal and intrasynaptosomal acetate—acetic acid
within the time it takes to perform a 0 min incubation (<5 sec).
The cytoplasmic pH in synaptosomes is reported to be 0.27 pH
units more acidic than the extracellular medium when a
bicarbonate-free HEPES-buffered solution is used (Sanchez-
Armass et al., 1994). This pH difference would shift the equilib-
rium for acetate to the extracellular space producing an intracel-
lular acetate concentration of 108 um at the extracellular
concentration of 200 um. Based on the intrasynaptosomal volume
calculated by Marchbanks (1975), the intrasynaptosomal concen-
tration of acetate caused by diffusion would reach a maximum of
714 pmol/mg protein at equilibrium. This would account for 20%
of the association observed at 0 min.
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Figure 6. Effect of pyruvate, fluoroacetate, and CHC on [ '*Clacetate
uptake by astrocytes at 4°C. This experiment was performed and is
presented as described in the legend to Figure 5. CHC was only tested at
10 mMm to allow comparisons between experiments.

Similarly, the intracellular pH in mouse astrocytes is 6.68 when
the extracellular pH is 7.35 in bicarbonate-free HEPES-buffered
solutions (Wuttke and Walz, 1990). This pH difference would
yield an intracellular concentration of 43 um. Based on the
intracellular volume of attached astroglial cells (Waniewski et al.,
1991), the calculated diffusional component in astrocytes yields
an equilibrium concentration of acetate of 214 pmol/mg protein.
This represents <10% of the ['*Clacetate uptake observed in
astrocytes in 15 sec.

If diffusion can account maximally for only 20% of the associ-
ation of acetate with the synaptosomes, what is the remainder
attributable to? The association of [ '*C]sucrose and [ '*Clacetate
with varying concentrations of synaptosomes was compared. Su-
crose does not readily cross cell membranes and is therefore a
useful marker for the extracellular space. ['*C]Sucrose and
[**CJacetate were found to be distributed equally in proportion to
the concentration of synaptosomal protein. The association of
[ **C]sucrose and [ *C]acetate with the synaptosomes presumably
represents entrapment of extracellular fluid in the pellet pro-
duced by centrifugation of tissue vesicles through an oil layer.
The volume of the extracellular space calculated from the
[ **C]sucrose measurements is 14.1 + 2.0 ul/mg protein. With an
extracellular concentration of acetate of 0.2 mm, the amount of
acetate entrapped in the extracellular sucrose space would be
2.8 = 0.4 nmol/mg protein. This value is 76% of the total acetate
associated with synaptosomes (3.7 = 0.3 nmol/mg protein at 4°C).
Therefore, the major proportion of the ['*Clacetate associated
with synaptosomes is caused by entrapment in the extracellular
space, and the remainder can be accounted for by diffusion.
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Figure 7. Synaptosomes incubated at 4 or 37°C do not increase their
uptake of [*Clacetate over time. The observed association of ['*C] label
at 37°C is not altered by addition of 10 mm CHC. Synaptosomal suspen-
sions were incubated with 0.2 mM [ **CJacetate alone at 4 or 37°C in the
presence or absence of CHC. At the indicated times, aliquots of the
suspension were diluted into cold buffer containing 10 mmM CHC and
immediately centrifuged through a layer of silicone oil at room temper-
ature. Synaptosomes from the same preparation were kept on ice in 0.32
M sucrose until the acetate-uptake experiments were completed and then
were incubated with 0.01 mm [ "*C]glutamate at 37°C. Data points repre-
sent the mean * SD of five determinations. The 4°C experiment was
repeated two additional times and the same results were obtained. There
were no significant differences in [ *Clacetate uptake between individual
time points or between synaptosomes incubated with or without CHC.

Extracellular entrapment and diffusion of [ '*CJacetate impose
a relatively high background on the study of nondiffusional ace-
tate uptake by synaptosomes. The question then is what is the
minimum detectable increase in uptake in this system? Astro-
cytes demonstrate a continuous increase in [**Clacetate labeling
for up to 1 min. With synaptosomes, it should be possible to
detect a 25% increase (from 3.7 to 4.7 nmol/mg protein) given the
small variance (SD, 0.3) in uptake measurements at 4°C. If this
increased uptake occurred in 1 min, it would represent a rate of
uptake by synaptosomes of 1 nmol/min per milligram of protein.
Therefore, astrocytes accumulate acetate at least 10 times faster
than synaptosomes. There is evidence in the literature that syn-
aptosomes are relatively impermeant to acetate. Treating synap-
tosomes with ether to increase their permeability increased the
rate of acetylcholine production from acetate 10-fold (Tucek,
1967a).

The extracellular volume for synaptosomes obtained from the
[**C]sucrose measurements (14.1 = 2.0 ul/mg protein) seemed
too large when compared with published values. The volume
obtained by Pastuszko et al. (1982) was 5.4 = 0.9 ul/mg protein
using [ '*C]polyethylene glycol as an extracellular marker. This
was based on protein measured by the method of Lowry et al.
(1951). The Bradford (1976) assay was used in all our uptake
experiments because of the small amounts of protein in the wells
containing astrocytes. The synaptosomal protein contents were
reanalyzed with the Lowry method and found to be approxi-
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Figure 8. Effect of CHC on "CO, production from 1-['*Clacetate in
cortical astrocytes and synaptosomes. Both preparations were incubated
with 0.2 mM sodium acetate under identical conditions in an oxygenated,
glucose-containing, HEPES-buffered HBSS at 37°C for the indicated
times. CHC (10 mM) was added to the tissues at the same time as the
1-["*CJacetate. Data points represent the mean * SD of four determina-
tions. *Significant differences between CHC and control-treated astro-
cytes or synaptosomes at the times indicated; p < 0.05. This experiment
was repeated two additional times, and the same results were obtained.

mately twice as high as those analyzed by the Bradford method.
The recalculated extracellular space was 7.6 = 1.0 ul/mg protein,
which is similar to other published values.

Effect of CHC on acetate metabolism to *CO, in
astrocytes and synaptosomes

Astrocytes and synaptosomes incubated at 37°C in oxygenated
glucose-containing buffer both produced significantly less *CO,
from [ "“CJacetate in the presence of 10 mm CHC (Fig. 8). Thus,
the acetate that is converted to **CO, is accumulated primarily
by the monocarboxylate transport process. The failure to com-
pletely block **CO, production by astrocytes with CHC may be
attributable to the fact that [ '*Clacetate uptake is not completely
inhibited by 10 mm CHC (Fig. 6). The low level of "*CO, pro-
duction in synaptosomes relative to astrocytes (5%) is consistent
with the low level of acetate uptake by synaptosomes. Some of the
14C0O, production also may be attributable to the very small glial
contamination of synaptosomes.

DISCUSSION

The present study demonstrates first that astrocytes produce
C0O, from 1-["*CJacetate much more rapidly than do synapto-
somes. The difference in acetate utilization was not attributable
to the selective cellular localization of acetyl-CoA synthetase,
because acetyl-CoA synthetase activity is greater in synapto-
somes than in astrocytes. The preferential utilization of acetate
by astrocytes is attributable to much more rapid uptake of acetate
by astrocytes than synaptosomes. Transport of acetate appears to
be mediated by a carrier having many properties in common with
the proton-coupled monocarboxylate transporter. Synaptosomes
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do not have detectable acetate uptake other than that caused by
diffusion under any of the conditions used to measure uptake by
astrocytes. The metabolism of acetate to CO, was significantly
inhibited by the specific monocarboxylate transport inhibitor
CHC in both preparations.

For these studies, functionally intact and relatively pure prep-
arations were required to allow direct comparison of astrocytes
and neurons. Two different preparations were used: rat cortical
astrocytes in primary cell culture and rat brain cortical synapto-
somes. Neuronal cell cultures are not of sufficient density to
permit reliable detection of acetate transport, and the presence of
astrocytes in such cultures would compromise the goal of the
study. Contamination with glia and extrasynaptosomal mitochon-
dria is minimal in the synaptosomal preparation used (Dodd et
al., 1981; Loscher et al., 1985). Our previous studies confirmed
that the astrocytic contamination was low because the rate of
glutamine production in these synaptosomes (Battaglioli and
Martin, 1990) is <5% of that of cultured astrocytes (Waniewski,
1992). It was important also to eliminate free mitochondria,
because they may accumulate and metabolize acetate.

Earlier studies demonstrated that there was much more incor-
poration of acetate carbon into glutamate, glutamine, and TCA
cycle intermediates in astrocytes than in neurons (Sonnewald et
al., 1993). The current study demonstrates that acetate metabo-
lism to CO, is much more rapid in astrocytes than synaptosomes.
The metabolism of other energy substrates to CO, has been
compared in similar preparations (McKenna et al., 1993). The
rate of "*CO, production from ['*CJacetate by astrocytes in the
present study, 26 nmol/hr per milligram of protein with 0.2 mm
acetate is faster than the rate reported for any of the tested
substrates at 1 mMm. These included malate, lactate, glucose, glu-
tamine, and 3-hydroxybutyrate (McKenna et al., 1993).

Both astrocytes and synaptosomes have significant and compa-
rable levels of acetyl-CoA synthetase activity. The similarity of
the activity in these two preparations to that found in whole
cortex homogenates argues against the specific cellular compart-
mentation of this enzyme. Other investigators have reported high
activities for acetyl-CoA synthetase in mammalian brain synap-
tosomes (Tucek, 1967b; Szutowicz and Lysiak, 1980), but this is
the first direct comparison of acetyl-CoA synthetase activity in
astrocytes and synaptosomes. Thus, the preferential utilization of
acetate by astrocytes is not explained by differences in the cellular
distribution of acetyl-CoA synthetase.

Research on acetate transport in the nervous system has fo-
cused primarily on movement across the blood-brain barrier;
previous studies suggest that uptake occurs by passive diffusion
(Oldendorf, 1973; Terasaki et al., 1991). Such nonspecific entry
would not likely be differentially expressed in neurons versus
astrocytes. Our findings of time dependence, saturability, and
inhibition by selective inhibitors provide evidence that intact
astrocytes accumulate acetate by a specific carrier mechanism.
This carrier displays many of the properties described for the
proton-coupled monocarboxylate transporter. Uptake is transac-
celerated by preloading cells with acetate or L-lactate, and the
pharmacology of inhibition is similar to that of the monocarboxy-
late transporters studied in erythrocytes, liver, skeletal muscle,
and heart cells (Poole and Halestrap, 1993), and the cloned
transporters MCT1 and MCT?2 (Garcia et al., 1994).

Fluoroacetate is toxic because it is metabolized to fluoroci-
trate, which inhibits the aconitase step in the TCA cycle (Peters,
1963). Fluoroacetate has been shown to selectively inhibit the
TCA cycle of astrocytes over neurons (Keyser and Pellmar, 1994),
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but the mechanism for its selectivity is not known. The chemical
similarity of acetate and fluoroacetate and the ability of fluoro-
acetate to effectively inhibit acetate uptake suggests that it may
also be accumulated preferentially by astrocytes.

CHC is an effective inhibitor of ['*CJacetate uptake but does
not inhibit completely. One possible explanation for this is that
acetate enters astrocytes by an additional pathway. The partial
inhibition produced by DIDS and ethacrynic acid suggests that
some of the acetate may enter by another carrier such as an anion
exchanger.

The transport of lactate has been compared previously in
astrocytes and neurons. Lactate efflux from astrocytes is seven
times faster than from neurons (Walz and Mukerji, 1988). Al-
though efflux was not blocked by CHC, the authors concluded that
lactate efflux occurred by proton-lactate cotransport. Transport
measured by lactate-induced acidification has shown that cultured
neurons and astrocytes have the same K, (0.38 mm), but neurons
have an 80% higher V,,,,, (Nedergaard and Goldman, 1993). CHC
inhibited [**C]lactate transport in neuronal cultures (Dringen et
al.,, 1993) and C6 glioma cells but not in astrocyte cultures
(Dringen et al., 1995). Lactate transport by rat astrocytes recently
has been shown to be inhibited by CHC and to have kinetic
properties similar to those described here for acetate (Broer et al.,
1997). Thus, it appears that lactate transport is not restricted to
either astrocytes or neurons.

The role of monocarboxylate transport in the nervous system is
not well understood. Tsacopoulos and Magistretti (1996) have
proposed a mechanism in which astrocytes metabolize glucose to
lactate. Neurons accumulate lactate and metabolize it for use in
the TCA cycle. If acetate and lactate are carried on the same
transporter, it is not clear why neurons would accumulate lactate
but not acetate. Although the evidence is indirect, our transac-
celeration experiments indicate that astrocytes also transport
L-lactate. Two monocarboxylate transporters have been cloned
(Garcia et al., 1994) that differ in organ distribution and have
slightly different substrate and inhibitor affinities. Recent evi-
dence indicates that MCT1 is expressed in astrocytes and MCT2
in neurons (Brder et al., 1997). Additional members of this family
may exist with differing substrate specificities (e.g., a lactate
transporter in neurons that does not transport acetate). Under
physiological conditions, the monocarboxylate transporters may
be regulated by the transacceleration mechanism. Cells that pro-
duce lactate may have a greater capacity to accumulate acetate by
heteroexchange with lactate. Cells that rapidly metabolize lactate
may not be capable of such transacceleration. Similarly, cells that
metabolize pyruvate via the TCA cycle may not transaccelerate
acetate uptake. Mouse cortical astrocytes and neurons are capa-
ble of rapidly oxidizing pyruvate to CO, (Fitzpatrick et al., 1988).
Such a process does not likely explain why pyruvate did not
transaccelerate acetate uptake in the present study because me-
tabolism was minimized by the low incubation temperature. Pyru-
vate may not be accumulated by astrocytes.

Several lines of evidence suggest that acetate transport may be
important in the nervous system. Extracellular acetate in the
brain may be derived from at least three sources. Transport from
the peripheral circulation is possible because acetate is produced
by anaerobic bacteria in the gut (Wolin and Miller, 1983) and is
normally present at about 0.2-0.3 mm in the blood. Blood levels
are influenced by diet and the microbial species in the intestine.
Acetate and other minor short-chain fatty acids generated in the
gut are used as an energy source and account for 5-10% of total
caloric use in humans (McNeil, 1984).
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Ethanol is metabolized to acetate. Plasma acetate levels in-
creased from 0.3 to 1 mm for 4 hr after a single intravenous dose
of 0.5 gm/kg ethanol in humans (Orrego et al., 1988). Although
brain acetate levels have not been measured after alcohol con-
sumption, '*C from intraperitoneally injected ['*CJethanol is
incorporated into glutamate, glutamine, and GABA in hamster
brain (Roach and Reese, 1972).

Finally, acetylcholine (ACh) is rapidly metabolized by extra-
cellular cholinesterases to acetate and choline in the brain. If
cholinergic neurons are inefficient in recapturing acetate lost
during ACh release, they would tend to consume acetyl-CoA to
maintain their supply of ACh. A cycle may exist, like the glu-
tamine cycle, that allows for the efficient reutilization by astro-
cytes of acetate lost from cholinergic neurons.

In conclusion, evidence is provided here for a previously un-
described metabolic process in the nervous system. Acetate is
selectively accumulated from the extracellular space by a mono-
carboxylate transporter-like process in astrocytes, in which it is
metabolized to CO,, providing a potential source of energy in
the brain. Incorporation of ['*C] from acetate into glutamine is
used to study “glial” metabolism in the nervous system (Badar-
Goffer et al., 1990; Cerdan et al., 1990; Chapa et al., 1995;
Sonnewald et al., 1996). The present results provide support for
this approach by demonstrating that the biochemical basis for the
selective utilization of acetate is attributable to much greater
uptake by astrocytes than by neurons.
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