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Abstract

The study aimed at determining mechanism(s) by which amobarbital (amytal) suppresses glucose oxidation in cerebellar granule neurons
in primary cultures, a glutamatergic preparation. When challenged with a depolarizing K concentration (55 mM), the cells doubled their
rate of glucose oxidation (production of "*CO, from U-["*C]glucose) and glycolysis (lactate accumulation). At normal K concentration,
amobarbital reduced *CO, production with half-maximum effect at 0.5—1 mM; at 55 mM K", the inhibition was more potent, with more
than half of the K *-induced stimulation abolished at 50 uM. Dixon plot analysis showed a single inhibitory mechanism at 5.4 mM K *, but at
55 mM K ¥, two kinetically different mechanisms could be distinguished. A more pronounced compensatory amobarbital-induced increase in
glycolysis at 5.4 than at 55 mM K * suggested that amobarbital in addition to its inhibition of mitochondrial respiration inhibited K *-induced
increase in energy demand, probably by its known suppression of stimulated glutamate release. © 2002 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Barbiturates decrease oxygen and glucose consumption
in intact brain (Carlsson and Siesjo, 1975; Nilsson and
Siesjo, 1975; McQueen et al., 1984; Hodes et al., 1985;
Blacklock et al., 1987; Otsuka et al., 1991; Khan et al.,
1997). They have a similar effect in brain slices, where the
increased respiration caused by electrical stimulation or
exposure to a depolarizing K™ concentration is more
sensitive to the inhibition than the unstimulated oxygen
uptake (Mcllwain, 1953; Ghosh and Quastel, 1954). The
barbiturates inhibit energy metabolism by interference with
NADH oxidation, and amobarbital (amytal) is the prototype
of a barbiturate inhibiting mitochondrial respiration (Aldrich
and Parker, 1960; Gutman et al., 1970). This is the reason
that amobarbital was chosen for the present study in spite of
its limited clinical use. Regulatory mechanisms triggered by
impairment of ATP re-synthesis by oxidative phosphoryla-
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tion (including energy charge, NAD "/NADH ratio and
concentrations of glycolytic and oxidative intermediates
[reviewed by Hertz and Dienel, in press]) lead in synapto-
somes and in the perfused heart to an increase in glycolysis,
which compensates for a considerable part of the reduction
in oxidative production of ATP (Nishiki et al., 1979; Dagani
and Erecinska, 1987).

Barbiturates have hypnotic-sedative and anesthetic
effects (Fischer and von Mering, 1903; Bolliger and Mad-
dox, 1931), and they may enhance neuronal survival follow-
ing cerebral energy failure (Belopavlovic and Buchthal,
1980; Spetzler and Hadley, 1989; Mortier et al., 2000). It
has been disputed whether the anesthetic effect is secondary
to barbiturate-induced inhibition of energy metabolism
(Quastel and Wheatley, 1932) or to inhibition of energy-
requiring processes (Larrabee, 1965; Michenfelder and
Theye, 1970; Michenfelder, 1974). In support of the latter
concept, it was recently found that relatively low concen-
trations of barbiturates inhibit evoked release of glutamate
from cultured cerebellar granule cells and brain slices (Miao
et al., 1998; Qu et al.,, 2000; Buggy et al., 2000). This
observation raises the question whether inhibition of gluta-
mate release by barbiturates may contribute to their spe-
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cially marked effect on stimulated respiration in brain tissue,
that is, whether evoked release of glutamate normally
increases energy metabolism.

Primary cultures of cerebellar granule cells release large
amounts of glutamate in a Ca”"-dependent manner in
response to K "-induced depolarization (Drejer et al.,
1982; Levi et al., 1984; Peng et al., 1991; Varming et al.,
1997). Exposure to high K concentrations also increases
the rate of oxidative metabolism (Peng et al., 1994),
although this response is virtually abolished in cultures
grown in such a manner that the K "-induced glutamate
release is impaired and the cultures show dendritic degen-
eration (Peng and Hertz, 1993). This finding suggests that
the metabolic response to depolarizing K™ concentrations
mainly may be exerted by release of glutamate, whereas the
direct stimulatory effect of K on glucose metabolism is
modest, possibly due to rapid inactivation of Na ™ channels
during maintained depolarization. Cultured cerebellar gran-
ule cells express glutamate receptors together with high-
affinity GABA (‘y-aminobutyric acid) receptors of both the
GABA, and the GABAg subtype (Meier and Schousboe,
1982; Drejer et al., 1986; Schousboe, 1999), and synaptic
profiles are abundant (Peng et al., 1991). However, no
information seems to exist whether exposure to glutamate
can increase the metabolic activity in cerebellar granule
neurons.

The first aim of the present study was to investigate
whether glutamate does, indeed, stimulate energy metabo-
lism in cerebellar granule cells. This was the case, support-
ing the hypothesis that amobarbital may exert part of its
metabolic inhibition of K *-stimulated glucose metabolism
in cerebellar granule neurons by inhibiting glutamate-medi-
ated stimulation of both oxidative metabolism and glyco-
lysis. The second goal was to compare the effect on K -
stimulated and non-stimulated glucose oxidation by a wide
range of amobarbital concentrations to investigate potential
differences between amobarbital’s effect on stimulated and
non-stimulated metabolism as well as differences between
different concentration ranges of amobarbital (i.e., whether
evidence could be obtained for a distinction between more
and less potent effects). A kinetic analysis revealed that
amobarbital inhibits only one parameter during exposure to
a normal K* concentration, but two different parameters,
one more potently than the other, during exposure to a
depolarizing K" concentration. The third goal was to
distinguish between the possibilities that (1) amobarbital
inhibits K “-stimulated metabolism by two different mech-
anisms, which both suppress energy metabolism directly, or
(2) that amobarbital in addition to its well-established
inhibition of one energy-yielding mechanism (NADH oxi-
dation) also inhibits an energy-requiring mechanism (such
as glutamate-mediated stimulation of energy metabolism).
In support of the second interpretation, it was found that
amobarbital inhibits glycolysis to a larger extent during
incubation in medium with a normal K concentration than
in K" -rich medium. This observation suggests that during

exposure to a depolarizing K concentration, amobarbital
increases glycolysis (due to inhibition of oxidative metab-
olism) and suppresses an energy-requiring process.

2. Methods and materials
2.1. Cell cultures

Cerebellar granule cells were cultured as previously
described (Schousboe et al., 1989; Peng et al., 1991), with
minor modifications, and following procedures approved by
the Animal Care Committee of University of Saskatchewan.
Briefly, 7-day-old mouse pups were rapidly decapitated and
the brains removed. After removal of the meninges, the
tissue was cut into cubes of ~ 0.4 mm side dimensions,
exposed to trypsin in a calcium—magnesium-free salt sol-
ution, reintroduced into tissue culture medium, passed
through nylon sieves (80 um pore width) and seeded into
polylysine-coated standard 35-mm-Falcon tissue culture
dishes, using one cerebellum per culture dish. The cultures
were grown in a slightly modified Dulbecco’s medium
(Juurlink and Hertz, 1992), in which the glucose concen-
tration was increased to 30 mM and the K concentration to
24.5 mM, the glutamine concentration was decreased to 0.8
mM, and 100 pU/I insulin and 7% horse serum were added.
The elevated K" concentration is necessary for normal
development of the cells (mimicking incoming neuronal
activity during development in vivo), the glucose concen-
tration was increased to eliminate medium change, which
neuronal cultures tolerate poorly, and the reduced glutamine
concentration enhances the survival of these cells. After 2
days, cytosine arabinoside was added to the medium to a
final concentration of 40 uM to curtail the number of
astrocytes that develop in the cultures (to <10% of total
cell volume in mature cultures). Since this compound
degrades rapidly at 37 °C and the cells do not tolerate
change of medium well, no subsequent medium change was
made. The cells were used at the age of 10 days, when they
have developed characteristics of mature cerebellar granule
neurons in vivo (Schousboe and Hertz, 1987; Peng et al.,
1991).

2.2. Measurement of glucose oxidation

Rates of oxidative metabolism were determined by
measuring production of labeled CO, from U-["*C]glucose
(Yu et al., 1982), and they were expressed as nanomoles
glucose metabolized per minute per milligram protein. This
value is nominal, because the intracellular specific activity
of glucose is unknown, and because label is diverted by
retention of glucose in intermediates, inclusive released
lactate. Tissue culture medium with ['*C]-labeled glucose
and either 5.4 or 55 mM K" was added to intact cultures
after aspiration of culturing medium and washing with fresh,
serum-free medium. Immediately thereafter, each dish was
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introduced into its own airtight chamber, which was closed
with a rubber stopper. At the end of the 60-min incubation
period at 37 °C in an atmosphere of air with 5% CO,, acetic
acid was injected through the stopper into the culture dishes
to acidify the medium to expel all CO,. At the same time, a
NaOH solution was injected into plastic beakers presus-
pended in the chambers to trap released CO,. After 30 min,
the chambers were opened, and the beakers with trapped
radioactivity and samples of incubation medium were trans-
ferred separately into scintillation counting vials for deter-
mination of radioactivity. The amount of protein per culture
was determined by the Lowry method (Lowry et al., 1951),
using serum albumin as the standard.

2.3. Measurement of lactate production

Glycolysis was measured by determination of lactate in
the medium and in the cells at the end of 1 h of incubation in
tissue culture medium in an air/CO, atmosphere by the aid
of an Amersham kit, in which lactate was oxidized to
pyruvate and concomitant reduction of NAD " was re-
corded. Each vial of 10 mg NAD " was reconstituted with
2 ml glycine buffer, double-distilled water and 0.1 ml of the
supplied lactate dehydrogenase preparation. One milliliter of
the reaction mixture was added to each medium sample (0.1
ml), to an appropriate amount of cell extract, and to blanks
(fresh medium alone). The total reaction volume was
increased to 3 ml by addition of double-distilled water,
mixed by vortexing, and incubated for 30 min at 25 °C. At
the end of the incubation period, absorbance values of
NADH were read at 340 nm, using a water blank as the
reference. The lactate contents were calculated from a
standard calibration curve, and expressed per milligram
protein, determined as described above. These values rep-
resent the balance between production of lactate from
glucose and utilization of lactate and its precursor pyruvate
by oxidative metabolism, and >80% of the total amount of
lactate was found in the incubation media. From previous
experiments, it is known that the lactate concentration in the
medium increases almost rectilinearly during the first few
hours of incubation, although lactate oxidation increases
with the increase in its concentration, suggesting that the
rate of lactate accumulation provided an only slightly
underestimated measurement of the rate of glycolysis.

2.4. Measurement of glucose phosphorylation

Determination of '*CO, formation from labeled glucose
or of lactate accumulation in the medium was unsuited for
determination of the effect of glutamate on energy metab-
olism, because the amount of protein per culture became
moderately decreased, compared to control cultures incu-
bated in normal medium. Instead, the rate of glucose
phosphorylation was measured using U-['*C]deoxy-p-glu-
cose, a glucose analog that is phosphorylated but not further
degraded and accumulates in intact cells as ['*C]deoxy-p-

glucose phosphate. After an initial wash, the cells were
incubated at 37 °C for 30 min in tissue culture medium in an
air/CO, atmosphere in the presence of U-['*C]deoxy-p-
glucose. After the experiments, the cultures were rinsed
by three thorough washes ( ~ 5 s each) with tissue culture
medium before cell lysis in a solution of NaOH. This
method has previously been found appropriate to remove
non-phosphorylated deoxyglucose (Hertz et al., 1998). Pro-
tein content and radioactivity were measured in aliquots of
the NaOH solution, and from these values, combined with
the measured radioactivity in the incubation media, relative
rates of glucose phosphorylation were calculated and
expressed both per culture (there was only a slight varia-
bility in the protein contents per culture within each batch of
cultures) and per milligram protein.

2.5. Statistical analysis

Statistical analysis was performed by ANOVA (analysis
of variance) except for Fig. 2, where 95% confidence limits
for both the experimental value observed at 1| mM amobar-
bital and the value at this concentration, which could be
extrapolated from the correlation between metabolism and
amobarbital concentration in the concentration interval 0—
0.5 mM, were determined as described by Zar (1984).

3. Results
3.1. Effect of glutamate on glucose phosphorylation

Phosphorylation of deoxy-p-glucose per culture during
30 min of incubation was significantly increased by 50 uM
glutamate, and 500 pM had a larger stimulatory effect
(Table 1). This was in spite of the fact that the protein
content in the glutamate-treated cultures had declined by
15-20%. Accordingly, expression of glutamate stimulation
per milligram protein (which is justifiable, because only
deoxy-p-glucose phosphate remaining in the cells is meas-
ured) showed a stimulation of >40% by 500 uM gluta-
mate. However, if the incubation period was extended to
60 min, there was a distinct reduction of deoxy-p-glucose
phosphorylation per culture (due to cell death during the
incubation), and there was no longer any stimulation of
deoxy-p-glucose phosphorylation per milligram protein
(results not presented).

3.2. Amobarbital effect on glucose oxidation

In the medium with normal K concentration (5.4 mM)
and no amobarbital (control conditions), '*CO, production
by intact primary cultures of mouse cerebellar granule
neurons amounted to 0.79 £ 0.05 nmol/min per mg protein
(n=20). Elevation of the concentration of K" to 55 mM
almost doubled '*CO, production rate. There was only little
variability between individual cultures from the same cul-
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Table 1

Effects of extracellular L-glutamate on rate of glucose phosphorylation,
measured as phosphorylation of ['*C]deoxyglucose (deoxy-p-glucose-P),
during 30 min of incubation in tissue culture medium

Parameter 0 Glutamate 50 uM 500 uM
Glutamate Glutamate
Deoxy-b-glucose-P 100 + 3.5% 115.6 +£3.9 124.5+1.8
per culture, %
Protein per culture, mg 337.6+ 6.4 300.5+3.6 295.1+1.3
Deoxy-D-glucose-P per 100 £2.5 130.7+3.9 1422+1.2

milligram protein, %

All results in the presence of glutamate are statistically significantly
different (P <0.05 or better) from controls (0 glutamate), and the effect of
500 uM glutamate on deoxy-p-glucose phosphorylation, expressed per
milligram protein, is statistically different from that of 50 uM glutamate.

2 All rates of deoxy-p-glucose phosphorylation (dpm/min) are ex-
pressed as percentages = S.E.M. values of that in ‘sister’ cultures, which
were not exposed to glutamate. Results are averages of three individual
experiments.

ture batch but more pronounced batch-to-batch variation. To
compensate for the variability in rates of CO, production
between cultures from different batches in the examination
of the correlation between amobarbital concentration and
rates of glucose oxidation, all values were expressed relative
to those observed in the same batch of cultures (‘sister’
cultures) during incubation under control conditions.

Fig. 1 shows the effect of amobarbital concentrations
between 50 pM and 2.5 mM on rate of '*CO, formation
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Fig. 1. Effects of amobarbital concentrations between 50 uM and 2.5 mM
on rates of conversion of U-["*Cglucose to '*CO, by primary cultures of
mouse cerebellar granule neurons incubated in tissue culture medium
containing either 5.4 (open circles) or 55 mM K™ (filled squares) for 1 h.
All rates are expressed relative to those observed in same-day experiments
in cultures from the same batches incubated at 5.4 mM K" in the absence
of amobarbital (shown as 100%). Results are mean + SEM. of 4-9
individual experiments from at least two culture batches in the presence of
amobarbital and 20 and 21 individual experiments without amobarbital in
the presence and absence of elevated K *, respectively. S.E.M. values are
shown by vertical bars, when reaching beyond the symbols. Control rates of
U-[14C]glucose oxidation without amobarbital in the low-K * medium were
0.79 £ 0.05 nmol/min per mg protein (n=20). The rates of glucose
oxidation at 5.4 and 55 mM K" differed significantly from each other
(P<0.05 or less) at amobarbital concentrations of 0, 0.05 and 1.0 mM.

from U-['*C]glucose during incubation in media containing
either 5.4 or 55 mM K ™. In the medium with 5.4 mM K™,
4CO, production was only little affected by amobarbital
concentrations up to 0.25 mM, but at amobarbital concen-
trations above 0.25 mM, it decreased gradually to one fifth
of its value in the absence of amobarbital. ECs, was
between 0.5 and 1.0 mM. The ‘stimulated’ respiration
during exposure to 55 mM K™ was much more potently
inhibited by amobarbital, with more than 50% reduction of
the stimulatory effect (but not of total respiration) at 50 uM.
At higher amobarbital concentrations, there were only minor
differences between the respiratory rates in the presence and
absence of excess K *, although rates of '*CO, production
were consistently slightly lower in the K "-rich medium at
amobarbital concentrations at or above 1 mM (Fig. 1).

A Dixon-type plot of the same results is shown in Fig. 2.
It can be seen that the reciprocal values of the relative rates of
CO, production during incubation in the low-K = medium
followed a straight line (correlation coefficient 0.98), when
expressed as a function of the concentration of amobarbital,
except at very low and very high amobarbital concentrations.
The adherence to a straight line suggests that amobarbital
perturbed only a single parameter (Dixon, 1953; Nishiki
et al., 1979), which is likely to be its well-established direct
suppression of energy metabolism. The deviation at the low
concentrations can be explained by a relatively low potency,

1/glucose oxidation rate

0 05 1 15 2 25 3
Concentration, mM

Fig. 2. Dixon-type plot, showing the reciprocal values of the respiratory
rates from Fig. 1 as a function of the concentration of amobarbital. In the
medium with 5.4 mM K™ (open circles), a straight line is followed, except
at the extremes of amobarbital concentrations (correlation coefficient 0.98),
suggesting that only a single mechanism is perturbed by the drug. In the
medium with 55 mM K * (filled squares), a straight line is followed from 0
to 0.5 mM amobarbital (correlation coefficient 0.99), reflecting the higher
potency, but subsequently, the reciprocal values of the metabolic rates
deviate from the straight line toward a higher value, that is, a more
pronounced inhibition. This behavior is not consistent with impairment of
only one mechanism, but indicates the recruitment of a second inhibitory
factor when the concentration of amobarbital exceeded 0.5 mM. For
statistical analysis of this effect, see Results.
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and the deviation at the high concentration of amobarbital
reflects that maximum inhibition had been approached or
reached. In the K " -rich medium, the correlation between the
reciprocal value of the respiratory intensity and the concen-
tration of amobarbital was different (Fig. 2). There was no
deviation at low barbiturate concentrations, reflecting the
high potency of the inhibition, and a straight line (correlation
coefficient 0.99; y-axis intercept at 0 mM 0.64 percentage ™ ';
slope 2.22 percentage ~ '/mM) was followed only up to an
amobarbital concentration of 0.5 mM. When the concentra-
tion of amobarbital was further increased to 1 mM, a devia-
tion from the straight line occurred toward a much higher
reciprocal value of the rate of glucose oxidation, that is, a
lower than expected glucose oxidation rate.

The measured value at 1 mM amobarbital was 4.76
percentage ~ ', corresponding to a CO, production rate of
21.0% of control value, with 95% confidence limits of 3.45
and 6.07 percentage ~ ' (29.0% and 16.5% of control value).
This degree of inhibition is significantly higher than the
extrapolated value to 1 mM of the straight line delineating
the effect of amobarbital concentrations between 0.05
and 0.5 mM, which was 2.86 percentage ~' (0.64+2.22
percentage ~ '), corresponding to a CO, production rate of
35.0% of control value, with 95% confidence limits of 3.20
and 2.52 percentage ~ ' (31.3% and 39.7%). The statistically
significant difference between the extrapolated and the
measured values conclusively shows that the increase of
amobarbital-mediated respiratory inhibition in the range
0.5—1.0 mM is larger than expected from an isolated effect
of the inhibitory mechanism at work in the range 0.05-0.5
mM amobarbital (Dixon, 1953). Since the suppressing effect
of amobarbital is more potent during exposure to a depola-
rizing K concentration than in its absence, it is reasonable
to assume that the inhibition within the lower concentration
range of amobarbital represents inhibition of K " -induced
glutamate release, and that the additional effect unmasked at
higher concentrations represents the conventional barbitu-
rate-mediated inhibition of NADH oxidation, which is
approximately equipotent at high and low K" concentra-
tions.

3.3. Amobarbital effect on lactate formation

To corroborate the conclusion that amobarbital during
exposure to a high K" concentration acts both by inhibiting
an energy-requiring process (glutamate-mediated stimula-
tion) and by directly suppressing an energy-yielding process
(NADH oxidation), the effect of a maximally effective
concentration of amobarbital (2.5 mM) on lactate produc-
tion rates was studied. Under control conditions, the accu-
mulation of lactate in the cells and the incubation medium
amounted to ~ 10 nmol/min per mg protein during the first
hours of incubation (Fig. 3). This value is in agreement with
previously published results (Dienel and Hertz, 2001), and it
corresponds to utilization of 5 nmol glucose/min per mg
protein. The reason that the rate of lactate release is much
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Fig. 3. Effects of 2.5 mM amobarbital on rates of lactate production by
primary cultures of mouse cerebellar granule neurons. The cultures were
incubated in tissue culture medium containing either 5.4 mM K * and no
drug (open column), 54 mM K" and 2.5 mM amobarbital (column
indicated by wavelines), 55 mM K and no drug (horizontally striped
column), or 55 mM K™ and 2.5 mM amobarbital (vertically striped
column) for 1 h. Results are means = S.E.M. of three to five individual
experiments, using cultures from one to two batches. All values are
statistically significantly different (P <0.05 or less) from that at 5.4 mM
K™ in the absence of amobarbital, and the values at 55 mM K" with and
without amobarbital are significantly different from that at 5.4 mM K * plus
amobarbital, but not from each other.

higher than the measured rate of glucose oxidation is
twofold: (1) the measured rate of glucose oxidation is a
nominal value, which represents an underestimate, because
isotope equilibration has not taken place; and (2) a large
volume of incubation medium compared to a small amount
of cells allows lactate efflux to continue at the rate deter-
mined by its rate of formation and the activity of the
monocarboxylate transporter, a carrier facilitating carrier-
mediated transport, which results in net release as long as a
concentration gradient exists between intracellular and
extracellular lactate concentrations (for further discussion,
see Dienel and Hertz, 2001).

During exposure to 2.5 mM amobarbital, lactate produc-
tion in the medium containing 5.4 mM K" increased by a
factor of 5, reflecting activation of regulatory mechanisms
when ATP production by oxidative phosphorylation is
reduced (Fig. 3); in the absence of amobarbital, an increase
of the concentration of K* to 55 mM approximately
doubled the rate of lactate accumulation, a relative increase
corresponding to that of glucose oxidation; however, expo-
sure to 2.5 mM amobarbital in the presence of excess K "
had no additive effect, but increased lactate production
significantly less than in the presence of a normal K™,
suggesting that joint exposure to amobarbital and a high K"
concentration affected glycolysis in two opposite directions:
as in the medium with normal K * concentration, glycolysis
was stimulated due to decreased oxidative phosphorylation,
but at the same time, glucose metabolism was decreased by
an amobarbital-induced inhibition of energy-requiring pro-
cesses normally caused by elevated K *.



58 L. Peng, L. Hertz / European Journal of Pharmacology 446 (2002) 53—61

—-
n

it
1

&
n
1

Glucose oxidation, nmol/ min

>

Fig. 4. Effects of omission of Ca’" in the incubation medium, combined
with an increase of the concentration of Mg?" to 10 mM, on rates of
glucose oxidation by primary cultures of mouse cerebellar granule neurons.
The cultures were incubated in tissue culture medium containing either 5.4
mM K™ and 1.5 mM Ca®* (open column), 5.4 mM K *, zero Ca®* and 10
mM Mg? (column indicated by wavelines), 55 mM K and 1.5 mM Ca®
(horizontally striped column), or 55 mM K *, zero Ca®* and 10 mM Mg?
(vertically striped column) for 1 h. Results are means + S.E.M. of three
individual experiments using cultures from the same batch. The value at 55
mM K" and 1.5 mM Ca®" is statistically significantly (P<0.05 or less)
different from all other values.

3.4. Effect of Ca’" depletion on glucose oxidation

Since K *-evoked release of glutamate from cerebellar
granule neurons, including the presently used preparation
(Peng et al., 1991) is Ca®*-dependent, and since the
accumulated evidence suggests that the effect of amobarbi-
tal on K "-stimulated glucose metabolism is secondary to the
barbiturate-induced inhibition of glutamate release, the
effect of Ca 2™ depletion on glucose oxidation was tested.
This was done by omitting Ca”>* from the medium and
adding 10 mM Mg> " (as the chloride) to displace traces of
Ca?™ from the tissue. Under control conditions, the rate of
glucose oxidation was similar to that illustrated in Fig. 1
(see legend of the figure), and it was stimulated to the same
extent by elevated K (Fig. 4); depletion of Ca® " had no
effect in the presence of 5.4 mM K, but it abolished the
K " -induced stimulation of glucose oxidation.

4. Discussion

4.1. Linkage between K stimulation of glucose oxidation
and glutamate

Two lines of evidence suggest that the K *-induced
stimulation of glucose oxidation and phosphorylation in
cerebellar granule neurons is mediated by K "-induced
release of glutamate: (1) at normal K concentration, gluta-
mate stimulated glucose phosphorylation; and (2) inhibition
of glutamate release by Ca®>* depletion abolished the stim-
ulatory effect of elevated K *. In addition to a direct effect of

the exogenously added glutamate, it is likely that a glutamate
effect on presynaptic receptors may have led to synaptic
release of endogenous glutamate, since stimulation of gluta-
mate receptors leads to glutamate release in cultured cere-
bellar granule neurons (Schousboe et al., 1985).

The conclusion that depolarizing concentrations of K™
mainly exert a long-term (60 min) stimulation of neuronal
energy metabolism by the evoked release of glutamate is
consistent with previous observations that cerebellar granule
cells show very little K "-stimulated glucose oxidation,
when they are cultured in such a manner that they release
no glutamate when exposed to a depolarizing K concen-
tration (Peng and Hertz, 1993), and that primary cultures of
cerebrocortical interneurons, a GABAergic preparation,
likewise show only little response to excess K™ (Peng et
al., 1994). These findings should not be interpreted as
indicating that depolarization and ensuing Na® uptake
(Rose and Ransom, 1996; Takahashi et al., 1997) exert no
metabolic effects on neurons, but rather that such effects
may be short-lasting (compared to an incubation period of
1 h), due to inactivation of Na™ channels. That activation of
glutamatergic receptors also stimulates energy metabolism
in intact brain tissue is indicated by the observation that
NMDA (N-methyl-p-aspartate) causes an increase in gly-
colysis in hippocampal slices (Zhan et al., 1997, 1998).

4.2. Metabolic effects of amobarbital at 5.4 mM K"

A suppression of glucose oxidation was the only inhib-
itory effect seen in cerebellar granule neurons incubated at
5.4 mM K", as indicated by a straight line on the Dixon
plot. It had a similar dose dependence as amobarbital’s
inhibition of oxidative metabolism in the perfused heart
(Nishiki et al., 1979). Moreover, as in the heart and in
isolated synaptosomes (Dagani and Erecinska, 1987), the
inhibition of oxidative metabolism was accompanied by a
compensatory increase in glycolysis. It is not possible to
quantitate the degree to which the increase in glycolysis
energetically compensated for the decrease in oxidative
metabolism, because of the lack of precise quantitative
information about rate of glucose oxidation and possible
oxidation of other substrates.

4.3. Metabolic effects of amobarbital at 55 mM K"

During incubation of cerebellar granule cells at a depola-
rizing K" concentration, there was, in addition, a second
effect of amobarbital, indicated by the enhanced respiratory
depression in the concentration range 0.5—1.0 mM demon-
strated in the Dixon-type plot. This effect by amobarbital is
likely to reflect an inhibition of an energy-requiring process,
since it was accompanied by a decrease, not an increase, in
glycolysis. The greater potency of amobarbital’s effect on
K "-stimulated respiration, than on the non-stimulated respi-
ration together with a similar, high potency of thiopental in
inhibition of K "-stimulated glutamate release from cerebellar
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granule neurons (Miao et al., 1998) suggest that the inhibition
of K "-stimulated respiration at low concentrations of amo-
barbital primarily is evoked by inhibition of glutamate release
from the cells. The additional inhibitory effect of amobarbital
on metabolism in cerebellar granule cells called into action at
amobarbital concentrations above 0.5 mM may accordingly
be due to its inhibition of the respiratory chain, an effect
which is likely to have approximately similar concentration
dependence in media with normal and excess K concen-
tration. This conclusion provides an explanation why barbi-
turates have been found to affect stimulated respiration more
potently than unstimulated metabolism in incubated brain
tissues (Mcllwain, 1953; Ghosh and Quastel, 1954): this is
not due to special metabolic characteristics of the stimulated
respiration, but because barbiturates abolish the stimulus as
such and does this more potently than it suppresses energy
metabolism directly.

The conclusion that amobarbital exerts the potent part of
its inhibition of K " -stimulated respiration by abolishing
evoked release of glutamate is based upon consistent obser-
vations by other authors that barbiturates inhibit glutamate
release from cultured cerebellar granule neurons (Miao et
al., 1998; Qu et al., 2000) and from rat brain cortex slices
(Buggy et al., 2000). In the latter preparation, the reduction
of glutamate release was mediated by stimulation of
GABA 4 receptors, which hyperpolarized the cells. In con-
trast to observations by Damgaard et al. (1996), using
slightly younger mouse cultures of cerebellar granule cells,
and Pearce et al. (1981), using rat cultures, there is no K *-
induced GABA release in the present cultures, which are
highly enriched in cerebellar granule cells of typical mor-
phology (Peng et al., 1991) and show no K "-induced
release of GABA (L. Peng and L. Hertz, unpublished
observation). However, cerebellar granule cells do express
GABA receptors (Meier and Schousboe, 1982; Schousboe,
1999), and barbiturates activate receptor channels even in
the absence of GABA (Mathers and Barker, 1980; Nicoll
and Wojtowicz, 1980; Wong et al., 1984; Amin and Weiss,
1995; Sanna et al., 1995; Rho et al., 1996; Thompson et al.,
1996). The concept that barbiturates exert two different
effects on K “-stimulated energy metabolism in glutamater-
gic neurons, that is, a direct inhibitory effect of oxidative
phosphorylation at relatively high concentrations and a
GABA receptor channel-mediated inhibition of glutamate
release and ensuing reduction of glutamate-stimulated glu-
cose metabolism at much lower concentrations, is thus
consistent with well-established properties of barbiturates.

4.4. Correlation with barbiturate anesthesia and
cytoprotection

The primary goal of the present study was to understand
the mechanism(s) by which a barbiturate known to greatly
suppress the respiratory chain affects glucose metabolism
under stimulated and non-stimulated conditions. To obtain
this information, relatively high concentrations of amobar-

bital had to be employed. However, without doing so, it
would not have been possible to reach the conclusion that
amobarbital at low, pharmacologically relevant concentra-
tions appears to inhibit glucose oxidation primarily as a
result of the abolishment of the stimulatory effect of K *-
mediated glutamate release. This is a novel conclusion,
which may be highly relevant for the understanding of
barbiturate-mediated anesthesia and cytoprotection. It is
consistent with observations by others that also non-barbi-
turate anesthetics interfere with glutamatergic function
(Larsen et al., 1994; Miao et al., 1995; Maclver et al.,
1996; Miyazaki et al., 1997; Larsen and Langmoen, 1998;
Huang and Hertz, 2000; Zuo, 2001). Thus, the present study
supports the concept that during anesthesia, ‘the decline in
oxygen uptake was a result rather than a cause of the altered
neuronal response’ (Larrabee, 1965). It tentatively identifies
inhibition of stimulated release of glutamate as a major
reason for the altered neuronal activity and the subsequent
reduction in energy metabolism.

The cytoprotective action of barbiturates may also be
correlated with inhibition of evoked release of glutamate
rather that with a direct effect on energy metabolism. During
anoxia and hypoxia, only the initial part of the release of
glutamate occurs by exocytosis (Pocock and Nicholls, 1998;
Kawakami et al., 2001), whereas the remainder originates
from non-synaptic parts of neurons and from glial cells by
reversal of active uptake, by swelling-induced opening of
stretch-sensitive anion channels or by damage of cell
membranes secondary to generation of free radicals and
fatty acids. Reduction of stimulated release of glutamate
may, nevertheless, contribute to the neuroprotective effect
of barbiturates, since prevention of the initial exocytotic
release of glutamate during anoxia reduces subsequent
glutamate release from cultured cerebellar granule cells by
other mechanisms, and accordingly enhances cell survival
(Huang and Hertz, 1995). Moreover, the concept that the
neuroprotective effect of barbiturates is not predominantly
due to their inhibition of mitochondrial respiration is in
agreement with the observation by Warner et al. (1996) and
Schmid-Elsaesser et al. (1999) that concentrations of barbi-
turates with sub-maximum effect on electroencephalogram
(EEG) activity and brain metabolism are equally effective in
neuroprotection as are higher concentrations. So are emerg-
ing concepts (Nava-Ocampo et al., 2000; Huang et al.,
2000; Koinig et al., 2001; Kawakami et al., 2001; De
Cristobal et al., 2002) that suppression of glutamate release
by direct or indirect mechanisms may have neuroprotective
effects.
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