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Abstract Glucose and acetate metabolism and the syn-
thesis of amino acid neurotransmitters, anaplerosis, gluta-
mate-glutamine cycling and the pentose phosphate pathway
(PPP) have been extensively investigated in the adult, but
not the neonatal rat brain. To do this, 7 day postnatal (P7)
rats were injected with [1—13C] glucose and [1,2—13C]acetate
and sacrificed 5, 10, 15, 30 and 45 min later. Adult rats
were injected and sacrificed after 15 min. To analyse
pyruvate carboxylation and PPP activity during develop-
ment, P7 rats received [1,2—13C]glucose and were sacrificed
30 min later. Brain extracts were analysed using 'H- and
3C-NMR spectroscopy. Numerous differences in metabo-
lism were found between the neonatal and adult brain. The
neonatal brain contained lower levels of glutamate, aspar-
tate and N-acetylaspartate but similar levels of GABA and
glutamine per mg tissue. Metabolism of [1-'*C]glucose at
the acetyl CoA stage was reduced much more than that of
[1,2-13C]acetate. The transfer of glutamate from neurons to

T. S. Morken - A.-M. Brubakk

Department of Laboratory Medicine, Children’s and Women’s
Health, Norwegian University of Science and Technology
(NTNU), 7489 Trondheim, Norway

E. Brekke - A. Haberg - U. Sonnewald (D<)

Department of Neuroscience, Norwegian University of Science
and Technology, 7489 Trondheim, Norway

e-mail: ursula.sonnewald @ntnu.no

M. Widerge

Department of Circulation and Medical Imaging,
Norwegian University of Science and Technology,
7489 Trondheim, Norway

A.-M. Brubakk

Department of Pediatrics, St. Olav University Hospital, Central
Norway Regional Health Authority, 7006 Trondheim, Norway

@ Springer

astrocytes was much lower while transfer of glutamine
from astrocytes to glutamatergic neurons was relatively
higher. However, transport of glutamine from astrocytes to
GABAergic neurons was lower. Using [1,2-'*C]glucose it
could be shown that despite much lower pyruvate carbox-
ylation, relatively more pyruvate from glycolysis was
directed towards anaplerosis than pyruvate dehydrogena-
tion in astrocytes. Moreover, the ratio of PPP/glucose-
metabolism was higher. These findings indicate that only
the part of the glutamate-glutamine cycle that transfers
glutamine from astrocytes to neurons is operating in the
neonatal brain and that compared to adults, relatively more
glucose is prioritised to PPP and pyruvate carboxylation.
Our results may have implications for the capacity to pro-
tect the neonatal brain against excitotoxicity and oxidative
stress.

Keywords Neonatal - Brain - Glutamate-glutamine cycle -
Pyruvate carboxylation - Pentose phosphate pathway -
3C-NMR spectroscopy

Introduction

Glucose is the main substrate for the adult brain. Its metab-
olites are used for energy production, tricarboxylic acid
(TCA) cycle function and neurotransmitter synthesis
whereas in the neonatal brain alternate substrates like ketone
bodies are used [1, 2]. In order to be metabolised, these
substrates must pass the blood-brain-barrier (BBB). Ketone
bodies have high rates of transport via specific monocarb-
oxylate transporters (MCTs) until weaning, when the
expression of MCT1, the major transporter in the BBB,
decreases quickly, while that of glucose transporters
increases [3]. Acetate is transported via the same transporters
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as ketone bodies and is thus an excellent tool to probe ketone
body transport [4]. In the adult brain acetate is exclusively
metabolised in astrocytes [5] whereas it has been calculated
that at the acetyl CoA level approximately 70 % of the
available glucose in the adult brain is metabolised by neurons
[6]. In the neonatal brain it is conceivable that acetate is
utilised by both neurons and astrocytes since MCTs are
observed on both [3]. Nuclear magnetic resonance
spectroscopy (NMRS) with [1,2-13C]acetate can be used to
probe this.

After uptake into the cell, glucose (via pyruvate from
glycolysis) and acetate can be converted to the TCA cycle
substrate acetyl CoA. It has been reported that glucose
oxidation is lower and that the average time the metabolites
stay in the TCA cycle before conversion to substances such
as neurotransmitters glutamate and thereafter y-amino
butyric acid (GABA) is longer in the neonatal compared to
the adult brain [7]. This is in part attributed to the low
levels of enzymes for pyruvate metabolism and oxidative
glucose metabolism in the postnatal period [8].

Pyruvate carboxylase, the brain’s exclusive anaplerotic
enzyme [9], is present in astrocytes only [10], and is of
major importance for glial metabolic support of neuro-
transmission. Pyruvate carboxylase content is low in the
neonatal period and increases 15-fold up to young adult age
(postnatal day 30—40) when the level reaches a plateau [8].

Most of the glutamate in the brain is found in neurons
and is released into the synapse after depolarisation [11].
The ability of astrocytes to take up glutamate from the
synapse and convert it into glutamine by the astrocyte
specific enzyme glutamine synthetase [12] is vital for
normal metabolic homeostasis and as a defence mecha-
nism against excitotoxicity [13]. The subsequent transfer
of glutamine from astrocytes to neurons for deamidation to
glutamate closes the glutamate-glutamine cycle. The
number of glutamine transporters on astrocytes (SN1) on
postnatal day seven (P7) is similar to adult levels but
increases over the next 7 days and peaks on P14 with twice
the number found on adult astrocytes, paralleling the
synaptogenetic spurt period [14, 15]. Neuronal glutamine
transporters are also present on postnatal day 7 [16], set-
ting the stage for transport of glutamine from astrocytes to
neurons and the subsequent utilisation of glutamine for
glutamate synthesis. Expression of the predominantely
astrocytic glutamate transporter GLT-1 on astrocytes is
low in the neonatal brain [17] possibly limiting the ability
of astrocytes to rapidly reduce the glutamate concentration
in the synaptic cleft, and thus increasing the danger of
excitotoxic events. However, the actual cycling of gluta-
mate and glutamine between the neuronal and astrocytic
compartments has not been characterised in the neonatal
brain.

v-Amino butyric acid is known to be excitatory in the
neonatal brain and its level has been reported to be similar
in neonatal and adult brain [18]. Thus, GABA release may
be crucial for signalling between nerve cells during early
brain development. However, the homeostasis of GABA in
the neonatal brain has not been explored in detail.

Although alternative substrates for energy production
are of major importance in the developing brain, the
presence of glucose is essential [1]. This is in part due to
the fact that the pentose phosphate pathway (PPP) requires
glucose-6-P. In early brain development there is a need for
production of nucleotides for DNA synthesis. Furthermore,
myelination begins during the first postnatal week in the rat
with a concurrent need for NADPH for lipid synthesis and
the regeneration of reduced glutathione (GSH) [19, 20].
These needs can be met by the PPP, which produces
nucleotides and NADPH. Earlier animal and human studies
have shown that the pathway accounts for approximately
2-5 % [21-23] of the glucose metabolism in the adult brain
and can be upregulated to 9-20 % in response to injury [24,
25]. However, little is known about the PPP in the devel-
oping brain.

The aim of the present study was to characterise meta-
bolic pathways for glucose and acetate and neuronal-
astrocytic interactions in the neonatal brain, and compare
these to those in adults. [1,2-13C]glucose and [1—13C]g1u—
cose probe predominately neuronal metabolism whereas
[1,2-*CJacetate probes primarily astrocytic metabolism
[5]. Our aims were to analyse: (1) if the utilisation, cycling
and incorporation of ['*C]glucose would be lower; (2) if
the relative proportion of ['*C]glucose metabolised via the
pentose phosphate and pyruvate carboxylation pathways
would be larger; (3) the different transfers of substrate
between the cellular compartments in the neonatal versus
the adult brain.

Materials and Methods
Materials

Sprague-Dawley rats were purchased from Scanbur AS,
Norway. The average bodyweight of the P7 pups was
12.6 £ 0.1 g and of adult rats 250 + 10 g. [1-"*C]glucose,
[1,2-13C]glucose and [1,2—13C]acetate 99 % 3¢ enriched)
were from Cambridge Isotope Laboratories (Woburn, MA,
USA), D,O (99,9 %) from CDN Isotopes (Pointe-Claire,
Canada), ethylene glycol from Acros Organics (Geel,
Belgium) and 3-(trimethylsilyl)-1-propane-sulfonic acid
(DSS) from Sigma-Aldrich (St. Louis, MA, USA). All
other chemicals were of the purest grade available from
regular commercial sources.
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Methods
Animal Procedures

All experiments were approved by the Animal Care and Use
Committee at the Norwegian University of Science and
Technology (Forsgksdyrutvalget). Postnatal day seven (P7)
Sprague-Dawley rats of both genders were injected intra-
peritoneally (ip.) with [1-'*C]glucose (543 mg/kg, 0.3 M)
and [1,2-"*Clacetate (504 mg/kg, 0.6 M) and decapitated 5,
10, 15, 30 and 45 min after injection (n = 3—4 at each time-
point). One group of P7 rats (n =4) was injected with
[1,2-"*C]glucose (564 mg/kg, 0.3 M) and decapitated after
30 min. In separate experiments, male adult rats (~3 months
old, n = 10) were injected ip. with [1-"*C]glucose (543 mg/
kg, 0.3 M) and [1,2-"°Clacetate (504 mg/kg, 0.6 M) and
decapitated after 15 min. Heads were snap-frozen in liquid N,
and stored at —80 °C until extraction.

Extraction

Entire cerebri (P7) and cortex cerebri (adults) were dis-
sected and extracted using perchloric acid (PCA) or
methanol-chloroform extraction (P7: 30 and 45 min). 7 %
PCA was added and tissue was homogenized using a Vibra
Cell sonicator (Model VCX 750, Sonics & Materials,
Newtown, CT, USA). The homogenates were centrifuged
at 3,000xg at 4 °C for 5 min. The neutralised supernatants
were lyophilized and re-suspended in D,O before being
lyophilized once more in order to minimize the proton
content of water. When methanol-chloroform extraction
was applied, methanol was added and tissue was homog-
enized using the same sonicator. Subsequently, chloroform
and water were added, the samples were centrifuged at
3,000xg at 4 °C for 15 min and the supernatants were
transferred to a new tube. Water was added to the second
tube and the samples were centrifuged at 3,000x g at 4 °C
for 15 min in order to separate the lipids from the super-
natant with intracellular extracts. Finally, the supernatant
was lyophilized, and treated as described above.

e -NMR-Spectroscopy and 'H -NMR-Spectroscopy

Lyophilized samples were dissolved in 400 ul D,O con-
taining 0.01 % ethylene glycol and 18.2 % DSS. The
supernatants were transferred to Samplelet tubes
(5.0 x 103.5 mm) for insertion into the SampleJet auto-
sampler (Bruker BioSpin GmbH, Rheinstetten, Germany).
All samples were analysed using a QCI CryoProbe™
600 MHz on a 14.1T Ultrashielded Plus Avance III magnet
(Bruker BioSpin GmbH, Rheinstetten, Germany) operating
at 600 MHz using a QCI CryoProbe™. Proton decoupled
3C-NMR spectra were obtained using an acquisition time
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of 1.7 s, a relaxation delay of 0.5 s and a flip angle of 30°.
Scans were accumulated at 30 kHz spectral width with
98 K data points. The number of scans was typically 2,400.
The same spectrometer was used to obtain the 'H-NMR
spectra. Scans were accumulated with a pulse angle of 90°,
acquisition time was 2.7 s and relaxation delay was 10 s.
The number of scans was 32. Relevant peaks in the spectra
were identified and integrated using TopSpin™ 3.0 soft-
ware (Bruker BioSpin GmbH, Rheinstetten, Germany).
Concentrations of metabolites were calculated from the
integrals of the peaks using DSS ("H-NMR spectra) or
ethylene glycol ('*C-NMR spectra) as internal quantifica-
tion standards.

Amounts of Metabolites, 3¢ Label and % '>C Enrichment

Integrals from the "H-NMR spectra were corrected for the
numbers of protons constituting the peak and for '*C
containing metabolites. The integrals from the '*C-NMR
spectra were corrected for differential nuclear Overhauser
and relaxation effects, and singlets in the '>C spectra were
corrected for natural abundance of '*C (1.1 %) calculated
from the 'H spectra. All amounts were corrected for tissue
weight. % 'C excess enrichment was calculated from the
amounts of label corrected for natural abundance over the
total amount of metabolite and will in the following be
called % '*C enrichment. It should be noted that due to the
euthanisation method used in the present study some post
mortem effects were unavoidable. It is well known that
GABA content increases with time after death, and com-
paring our results with the in vivo data from Tkac et al.
[18] it is apparent that the value of GABA is indeed
increased. However, since the euthanisation methods were
the same for postnatal and adult rats, amounts should be
comparable. When evaluating amounts of glutamate, glu-
tamine and aspartate between our study and that of Tkac
et al. [18] no differences were evident.

Glucose % Enrichment

Glucose % enrichment was calculated from o-glucose
satellites in the "H-NMR spectra, representing protons on
the '*C labelled glucose in the a-C1 position over the sum
of a-glucose and its satellites.

Labelling Patterns After Injection of [1->C]Glucose
(Fig. la, b)

Via glycolysis, [1-"*C]glucose will yield one unlabelled
pyruvate (not considered further) and one [3-'*C]pyruvate
molecule which can enter the TCA cycle as [2-"*Clacetyl
CoA via PDH after condensation with oxaloacetate. After
several steps o-[4-'*Clketoglutarate will be formed and can
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give rise to [4-13C] glutamate, [4-13C] glutamine and
[2->C]IGABA (from [4-'’C]glutamate). If o-[4-'*C]keto-
glutarate stays in the cycle, the '>C label will be scrambled in
the symmetrical molecule succinate to yield equal parts of
[2-13C] or [3-13C]succinate, fumarate, malate, oxaloacetate
and aspartate. [2-13C] or [3-13C]0xaloacetate can condense
with acetyl CoA and yield [2—13C] or [3—13C]glutamate/glu—
tamine and [3—13 Clor [4—13 C]GABA from the 2nd turn of the
TCA cycle if the acetyl CoA is unlabelled. If labelled, the
molecules will in addition be labelled in the positions men-
tioned above from the 1st turn of the TCA cycle.

Labelling Patterns After Injection of [1,2-">C]Acetate
(Fig. 1a, b)

[1,2-"*C]acetate will enter the TCA cycle via acetyl CoA and
yield [4,5-13C]glutamate/glutamine and [1,2-13C]GABA. If
the label remains in the TCA cycle for a 2nd turn, it will lead
to glutamate and glutamine equally labelled in either
[1 ,2—13C] or [3—13C]glutamate/glutamine and [3—13C] or
[4-"*C]GABA.

Labelling Patterns After Injection of [1,2-">C]Glucose
(Fig. la, c)

Using [1,2-"°C]glucose it is possible to distinguish the label-
ling patterns in metabolites derived from the PPP from those
resulting from glycolysis. In contrast to [1-'*C]glucose from
which the label will be lost as '*CO,, [1,2-"*C]glucose will
retain the '°C atom in the C2 position if metabolised via PPP.
[1-13C]ribulose is formed from [1,2—13 Clglucose. Three mol-
ecules of [1-13C]ribulose are involved when [1,3-13C]- and
[1-"*C]fructose-6-P as well as one unlabelled glyceraldehyde
are formed. The labelled [1,3-13C]- and [1-13C]fructose-6-P
will generate [1,3-">C]- and [3-'°C]glyceraldehyde and sub-
sequently pyruvate labelled in the same positions [26]. Three
molecules of [1,2-"*Clglucose  will generate one
[1,3-"*C]pyruvate, one [3-'*C]pyruvate and three unlabelled
molecules of pyruvate which can either enter the TCA cycle
and lead to labelling in glutamate/glutamine/GABA, or be
reduced to lactate or transaminated to alanine maintaining the
same labelling patterns as pyruvate. The sum of [1,3-'>C]- and
[3-1*C]lactate/alanine can be quantified in the C3-positions in
the spectra. [4-'*Clglutamate/glutamine and subsequently
[2-">*C]GABA can be formed from the 1st turn of the TCA
cycle via PDH. PPP followed by PC will generate label in
[2-"*C]glutamate/glutamine and [4-'?C]GABA. The part of
the labelled oxaloacetate which backfluxes to the symmetrical
molecule fumarate before it is again reverted to oxaloacetate,
can be detected due to the formation of [3-13C]glutamate/

glutamine and [3-">C]JGABA which appears in addition to
[2-'*C]glutamate/glutamine and [4-'*C]GABA. Via glycol-
ysis, 3 molecules of [1,2-"*Clglucose will generate three
molecules of [2,3-"*C]pyruvate and three unlabelled mole-
cules of pyruvate, with corresponding labelling patterns in
lactate and alanine. If this pyruvate is metabolised via PDH,
the 1st turn of the TCA cycle will lead to formation of o-
[4,5—13C]ketoglutarate and thus [4,5—13C] glutamate/gluta-
mine and [1,2—13C]GABA. If [2,3-13C]pyruvate is carboxyl-
ated to [2,3—13C]oxaloacetate, this will yield [2,3-13C]
glutamate/glutamine/aspartate and [3,4-'>°C]JGABA.

Pyruvate Recycling

A possible confounding factor to the interpretation of the
labelling patterns described earlier would be the presence
of extensive pyruvate recycling [27, 28]. After injection
of [1,2-"*Clglucose pyruvate recycling would lead to
formation of [1-'*C] or [2-'*C] or [1,2-"*Clacetyl CoA
which could lead to singlet or doublet formation in the C4
and C5-positions of glutamate and glutamine. Since
[4-13C]glutamate is also labelled from PPP derived
metabolites, quantification of the amounts of [5-'>C]glu-
tamate and [5-]3C]glutamine was used to evaluate this
possibility.

Metabolic Ratios (See Sections Above and Fig. 1
for Explanation of Labelling Patterns)

Acetate/Glucose Utilisation Ratio The acetate/glucose
utilisation ratio in glutamate, GABA and glutamine gives
the relative contribution of acetate and glucose to the
labelling of these compounds which in the adult brain
reflects mainly astrocytic (glutamine) and neuronal (glu-
tamate and GABA) metabolism.

The following equations were used:

[4,5—"3C]glutamate(glutamine)

1
[4-13C]glutamate (glutamine ) (m
[1,2—3C|GABA )
2-B3C]JGABA

Pentose Phosphate Pathway (PPP)/Glucose Metabolism
Ratio (Fig. 1) The sum of labelling via the PPP and
glycolysis is called glucose metabolism (GM). Due to
redistribution of the carbon atoms within the PPP, two
labelled molecules of pyruvate correspond to the utilisation
of three molecules of [1,2-13C]glucose. While, when me-
tabolised via glycolysis, three labelled molecules of
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Fig. 1 Simplified presentation of 3¢ labeling patterns of metabolites
following injection of [1—13C]glucose and [1,2-*Clacetate, or
[1,2—13C]glucose. a An overview over the principal metabolic
pathways discussed. b The labeling patterns in lactate, alanine,
aspartate, glutamate, glutamine and GABA following metabolism of
[1—13C]glucose and [1,2-'*CJacetate. ¢ The labeling patterns in the
same metabolites following metabolism of [1,2—'3C] glucose. The
circles symbolise the carbon backbone of the molecules. Dark grey
filled circles mark the position of the label resulting from glycolysis,
followed by conversion to acetyl CoA by PDH where applicable. A
middle line crossing the dark grey circle indicates that the pyruvate
has instead undergone pyruvate carboxylation before being converted
to the metabolite depicted. The direction of the middle line indicates if

pyruvate correspond to the utilisation of the same number
of [1,2—13C]glucose molecules. Thus, all values represent-
ing the PPP must be multiplied by 1.5 to adjust for this
difference.

The PPP/GM ratio for lactate and alanine is therefore
calculated as:

@ Springer

the pattern is derived from backflux or not. Two lines crossing
indicate that the labeling pattern from backflux cannot be distin-
guished from the labeling pattern from forwardflux. An “A” in the
middle of the circle indicates that the labeling pattern is derived from
[1,2-"3Clacetate metabolism. Light grey diamonds mark the position
of the label resulting from the PPP. The middle lines crossing
symbolise the same as mentioned above. For simplicity, only
condensation of oxaloacetate with unlabeled acetyl CoA is shown
for the 2nd turn. o-KG, a-ketoglutarate; BF, backflux; gln, glutamine;
glu, glutamate; GS, glutamine synthetase; P, phosphate; PAG,
phosphate activated glutaminase; PC, pyruvate carboxylase; PDH,
pyruvate dehydrogenase; PPP, pentose phosphate pathway

[3—'3C]lactate(alanine) x 1.5
[2,3-13C]lactate(alanine) + [3-13C]lactate(alanine) x 1.5

(3)

If the pyruvate is further metabolised via PDH the PPP/
GM ratio for glutamate and glutamine can be calculated as:
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[4—"13C]glutamate(glutamine) x 1.5
[4,5-13C]glutamate(glutamine) + [4-13C]glutamate(glutamine) x 1.5

(4)

It should be noted that this equation does not include
labelling via PC, and may thus be less suited for calculation
of the PPP/GM ratio in the astrocytic compartment.

Pyruvate Carboxylase/Pyruvate Dehydrogenase (PC/
PDH) Ratio The ratio of flux via PC, which can only be
found in astrocytes [10], versus flux via PDH, which is
present in both neurons and astrocytes, was calculated for
glutamate and  glutamine  from  [1,2-">C]glucose
metabolism.

The PC/PDH ratio for glutamate and glutamine is cal-
culated as:

[2,3—13C]glutamate(glutamine)

5
[4,5-13C]glutamate(glutamine) )
For GABA the PC/PDH ratio will be:
[3,4-13C]|GABA ©)
[1,2-3C]GABA

Pyruvate Carboxylase/Pyruvate Metabolism Ratio Iso-
topomers derived from [1,2-'*Clglucose can be used to
calculate an over-all ratio for the amount of pyruvate me-
tabolised via PC relative to the sum of pyruvate metabo-
lised via PDH and PC. It was a ratio of the sum of 1st turn
labelling from PC in glutamate, glutamine, asparate and
GABA over the sum of 1st turn labelling from both PC and
PDH activity in the same metabolites, giving rise to an
approximation for the ratio for total PC/total pyruvate
metabolism (PC.,/PM,,,):

[2, 3-13C] glutamate + [2, 3-13C] glutamine
+ [3,4-"C|GABA + [2,3-"*C]asparate/
([4,5-C] glutamate + [4, 5-'*C|glutamine
+[1,2-"C]GABA + [1,2-"C]asparate (7)
+[3,4-"C]asparate + [2,3-"°C] glutamate
+[2,3-"*C| glutamine + [3,4-""C|GABA
+[2,3-"*CJasparate)

Cycling Ratios from 2nd and 1st Turn of the TCA Cycle in
Glutamate, Glutamine and GABA The cycling ratios give
information on how long the label stays in the TCA cycle
before it is incorporated into glutamate, glutamine and
other metabolites. Cycling ratios of label from ['*C]glu-
cose and [13C]acetate were calculated from rats injected
with [1,2-13C] glucose and those receiving [1,2-13C]acetate
and [1-"*C]glucose, respectively. The cycling ratios for
glutamate and glutamine from both [1,2-"*C]glucose and

[1,2-"*CJacetate can be calculated using the same equation
(Eq. 8). Cycling ratios cannot be calculated for GABA due
to similar labelling patterns from [1-'>C]glucose and
[1,2-'3C)acetate in the 2nd turn of the TCA cycle.

The cycling ratio for label from glucose and acetate in
glutamate and glutamine synthesis will be:

2 x [1,2-"3C] glutamate(glutamine)

[4, 5-13C]glutamate(glutamine) ®)
Transfer Ratio from Astrocytes to Neurons Given that
most of the glutamate in the brain is located in the neuronal
compartment [11] and acetate is metabolised only in
astrocytes [5], substantial labelling of [4,5-13C]glutamate
from [1,2-'*Clacetate can only happen with the help of
[4,5-13C] glutamine that is transferred from the astrocytic to
the neuronal compartment. Thus, a ratio between
[4,5-]3C]glutamate and [4,5-]3C]glutamine would reflect
the transfer from astrocytes to neurons. Based upon this
assumption, the transfer of substrate from astrocytes to
glutamatergic neurons can be estimated as:

% enrichment [4, 5—'3C]glutamate

©)

% enrichment [4, 5-13C]glutamine
Similarly, an estimate of the transfer of substrate from

astrocytes to GABAergic neurons can be made as:

% enrichment [1,2—"3C]GABA
% enrichment [4, 5-13C|glutamine

(10)
Statistics

Data are presented as mean =+ standard error of the mean
(SEM) or mean £95 % confidence interval (only in Fig. 2).
For two-group comparisons Levene’s test for equal vari-
ances was performed, and the adequate Student’s ¢ test was
used. p < 0.05 was chosen as level of significance.

Results

"H-NMR spectra were used to quantify amounts of central
metabolites, which are listed in Fig. 2. Taurine and alanine
were the only metabolites which were higher in the neo-
natal compared to the adult brain. The neonatal brain had
twofold lower levels of glutamate and several-fold lower
levels of NAA and aspartate compared to the adult brain,
while the levels of glutamine were similar, and those of
GABA and succinate were only slightly smaller.

In order to obtain information about the time course for
incorporation of '*C label into metabolites, rat pups were
injected with [1—13C]glucose plus [1,2—13C]acetate and

@ Springer
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Fig. 2 Brain extracts from postnatal day 7 (dark grey bars) and adult
(light grey bars) rats were analyzed by "H-NMR (n = 10 in each age
group). For more details see “Materials and Methods”. Results are
presented as mean £95 % CI. Unpaired Student’s ¢ test was used to
compare P7 and adult rats. Asterisks indicate statistical difference
from the same metabolite in adult rats. p values: *<0.05, **<0.001

decapitated at different time points, as earlier described.
The '*C enrichments in brain glucose and acetate did not
change significantly with time (Table 1). Pyruvate, the
end-point of glycolysis, can be reduced to lactate or
transaminated to alanine. Thus, the B¢ labelling of lactate
and alanine reflects glycolytic activity. % '*C enrichment
in alanine and lactate was quantifiable from 30 min
onwards (Table 1). The maximum % '°C enrichment in
pyruvate and thereby lactate and alanine is 50 % of % '*C
enrichment in glucose. However the % '*C enrichment in
these metabolites was much smaller, indicating pyruvate
formation via PPP activity and contributions from bran-
ched chain amino acids. Figure 3 shows the amounts of '*C
label in different isotopomers of glutamate, glutamine and
GABA at the different time points. At 15 min after injec-
tion '3C label in most metabolites was detectable, but
small. By 30 min, the amounts of the first turn metabolites
[4-13C]glutamate, [4-13C]glutamine and [2—13C]GABA
were close to the maximum (Fig. 3). Thus, we decided to
use a 30 min incorporation time for the labelling experi-
ment with [1,2-13C] glucose in the P7 rats as well as for the
major comparisons with adult rats. Experiments with adult
rats were carried out with a 15 min waiting time after
injection as earlier described [29-31]. Typical *C-NMR
spectra from P7 rats 30 min after injection of [1-'*C]glu-
cose and [1,2—13C]acetate (a) and after injection of
[1,2-13C]g1ucose (b) are shown in Fig. 4.

Table 1 Total amounts of glucose, lactate, alanine (nmol/g), % excess enrichment and amounts of [1—'3C] glucose, [3—]3C]lactate, [3—13C]alanine
and [1,2-"*CJacetate (nmol/g) in brain extracts from P7 rats injected with [1-13cy glucose and [1,2-13CJacetate

Labelling time (min)

5(m=4) 10 (n = 3) 15 =3) 30 (n=4) 45 n=4)

Glucose

Total amount 1,883 + 207 2,253 + 323 1,599 + 88 1,363 £ 77 1,687 + 184

[1-*C]Gle 146 + 65 196 + 37 132 + 21 119 + 12 125 + 28

13C enrichment (%) 235+ 8.9 300 + 6.7 274+ 35 29.1 + 1.7 242+ 35
Lactate

Total amount 1,758 + 397 9,322 4+ 119 9,622 + 84 3,453 + 372 3,134 + 344

[3-13C]Lac na na na 204 + 30 153 + 12

13C enrichment (%) na na na 6.0 + 0.7 5.0+ 03
Alanine

Total amount 485 £+ 18 363 + 92 294 + 55 536 + 20 493 £+ 37

[3-13C]Ala na na na 39+ 4 3343

13C enrichment (%) na na na 72 +0.5 6.7 0.7
Acetate

[1,2-13C]Ace 412 + 168 433 4+ 99 653 + 48 452 + 38 307 + 169

Postnatal day 7 rat pups were injected with [1-'>C]glucose plus [1,2-'>Clacetate and decapitated after 5, 10, 15, 30 and 45 min. Total amounts
and those of '>C-labelled metabolites are given as nmol/g wet weight. Brain extracts were analysed using "H-NMR (glucose, lactate, alanine) and
13C NMR (acetate). For more details see “Materials and Methods“. Results are presented as mean £+ SEM

Ace, acetate; Ala, alanine; Glc, glucose; Lac, lactate; na, natural abundant 3¢ only
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At all time-points, the amounts of '*C labelled isotop-
omers and the % enrichment from [1—13C]glucose were
lower for glutamate, glutamine and GABA in the neonatal
versus adult brain (Table 2; Fig. 3). This difference was
particularly pronounced for [4-'°C]glutamine. When com-
paring % enrichment of [4-'>C]glutamate after 15 min it
can be calculated that [1—13C]g1ucose metabolism was
lower by a factor of six in the neonatal compared to adult
brain (P7 1.4 + 0.1 %; adult 7.7 & 0.6 %, p < 0.001).
However, in [4-13C] glutamine the % enrichment after
15 min was lower by a factor of eleven (P7 0.4 & 0.1 %;
adult 44 4+0.5%, p=0.002). Metabolism of
[1,2-'3C)acetate 15 min after injection was 50 % lower in
the neonatal compared to the adult brain, seen in the %
enrichment of [4,5-13C]glutamine (P7 6.2 £ 1.4 %; adult
144 £ 14 %, p=0.009) and similar to the adult in
[4,5-"°C]glutamate (P7 3.6 + 0.4 %; adult 3.1 £ 0.7 %,
p = 0.31). However, after 30 min the % enrichment in
[4,5-13C] glutamine in the neonatal brain was similar to that
of the adult brain after 15 min (Table 2) and that of
[4,5-"°C]glutamate was significantly higher. Amount and
% '3C enrichment with [1,2-'>*C]JGABA was much smaller
in neonates compared to adults at all time points.

The neonatal brain utilised significantly more acetate
relative to glucose compared to that of adults, particularly
for glutamine synthesis, but also the synthesis of the neu-
rotransmitters glutamate and GABA (Table 2). There was
no detectable 2nd turn labelling from [1,2-13C]acetate
metabolism until 30 min after injection. However, after
30 min the cycling ratio of label from [1,2-'*Clacetate in
relation to glutamate and glutamine was similar in the P7
rats compared to adults (Eq. 8). Due to very high acetate
utilisation and peak overlap in the C3-positions a reliable

(a) Glutamate (b)
42 4]
200 { £ Q) 3 [2C]
¥k 3] [457°C] 250 ] ¥x[37°C]
AR [4,57°C] AR [4,57°C]

[#cy 200 -
150 4 150
100 -

100 A

Glutamine (C)

cycling ratio for glucose could not be calculated from the
experiment with [1—13C]glucose and [1,2-13C]acetate. It
could, however, be calculated from the experiment using
[1,2-*C]glucose (Table 3 and 4), which gave a cycling
ratio for glutamate of 0.27 £ 0.02, while there was no
detectable 2nd turn labelling from PDH-related GM in
glutamine except in one sample.

The metabolism of glucose via PPP was studied using
[1,2-13C]glucose (Table 3). PPP related labelling was evi-
denced by the appearance of [3—13C]lactate, [3—13C]alanine,
[4-'°C]glutamate, [2-'°C]glutamine and [2-'>C]GABA.
These isotopomers (except for [2-'*C]glutamine) could in
theory also be obtained via pyruvate recycling [27, 28]
which would in addition lead to formation of equal
amounts of [5-'>C]glutamate. Analysis of the presence of
[5-"3C]glutamate was used to evaluate the possibility of
labelling via pyruvate recycling. [5-'*C]glutamate was not
labelled above natural abundance (Table 3; Fig. 4). Thus, it
was concluded that correction for pyruvate recycling was
not necessary and that the PPP accounted for around 10 %
of GM in relation to lactate, alanine and glutamate
(Table 4). In [4—13C]glutamine there was no detectable
labelling from [1,2-'*C]glucose above natural abundance
(Table 3; Fig. 4). The labelling of this position is depen-
dent on PPP activity followed by PDH activity. However,
there was more labelling in [2-13C]glutamine (Table 3)
compared to [3-"*C]glutamine, a difference that can only
come from PPP activity followed by PC activity. The C2
and C3 positions can also be labelled from cycling, but
given the undetectable cycling ratio in glutamine, it is
likely that most of the labelling in both [3-'">C]- and
[2-'3C]glutamine is from PPP followed by PC (with/with-
out backflux).
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Fig. 3 Rat pups were injected with [1-'*C]glucose and [1,2-'*C)ace-
tate on postnatal day 7. The animals were decapitated at 5 (n = 4), 10
m=3), 15 mn=3), 30 (n=4) and 45 (n = 4) minutes after
injection. Brain extracts were analysed using '*C-NRM. For more
details see “Materials and Methods”. The graphs represent the

amounts of label in the different isotopomeres of glutamate (a),
glutamine (b) and GABA (c). The y-axis in B has been truncated
between 50 and 100 nmol/g, also the step size is different before and
after the truncation. Results are presented as mean + SEM
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Fig. 4 13C-NMR spectra of the brain extracts from postnatal day 7
rats. The horizontal axis has been truncated in several places.
a Spectrum resulting from metabolism of [1-'3C]glucose and
[1,2-13CJacetate. The peaks of [4—'3C]glutamate and [3-'*C]lactate

Analysis of data from experiments with [1,2-'*C]glu-
cose makes it also possible to study pyruvate carboxylation
via PC and compare it to pyruvate dehydrogenation
via PDH (Table 3). There were similar amounts of
[4,5-"*C]glutamine (from PDH) and [2,3-'°C]glutamine
(from PC) seen in the PC/PDH ratio that was close to 1,
while glutamate clearly contained more label via PDH
compared to PC (Table 4). In the adult brain the PC/PDH
ratio for glutamine has been found to be 0.35 (calculated
from [32] based on isotopomer labelling reported in their
Table 1 combined with Eq. 5 described in the “Methods”
section above). However in the adult brain, a confounding
factor for the PC/PDH ratio in glutamine is the transfer of
glutamate labelled via PDH in the neuronal compartment to
astrocytes. This will give rise to overestimation of PDH in
glutamine synthesis since this glutamate will be converted
to glutamine in the astrocytic compartment. In the adult
brain 40 % of glutamine in astrocytes arises from gluta-
mate labelled via neuronal PDH [33]. Therefore, by sub-
tracting 40 % of PDH in the calculation of PC/PDH in
adults from Kunnecke et al. [32] the ratio with only
astrocytic PDH in glutamine in adults would be 0.35/(1—
0.4) ~ 0.6. However, in the neonatal brain the low percent
enrichment in [4-'3C) glutamine from [1-13C]glucose

@ Springer

have been truncated. b Spectrum resulting from metabolism of
[1,2—13C]glucosc. Most of the peaks are only marked in (a), but some
additional doublets and singlets have been marked in (b). NAA, n-
acetyl aspartate; ppm, parts per million

indicates that the transfer of glutamate from the neuronal to
the astrocytic compartment is very low. Therefore we can
assume that the detectable PDH labelling in glutamine
arises from astrocytic PDH. Using Eq. 7, we estimated the
contribution of PC relative to the sum of neuronal and
astrocytic PDH activity to be 14.5 + 1.1 %.

The transfer of glutamate, glutamine and GABA between
the cellular compartments was different in the neonatal brain
compared to adults (Table 2). The transfer of glutamate from
glutamatergic neurons to astrocytes was much lower than in
the adult brain as evidenced by the low ratio of % enrichment
of [4-13 C]glutamine over [4-13C] glutamate from [1-13 Clglu-
cose (0.11 % 0.02 in the neonatal brain vs. 0.56 + 0.04 in the
adult brain, p < 0.001). In contrast, the transfer of glutamine
from astrocytes to glutamatergic neurons was almost doubled
in the neonatal compared to adult brain as evidenced by the
high labelling with [4,5-'*C]glutamate when compared to
labelling with [4,5-'°C]glutamine (Eq. 9; Table 2). By also
considering the transfer ratio from astrocytes to glutamatergic
neurons at 15 min (Eq. 9 = 0.58 £ 0.03), it was verified that
the relatively higher transfer of substrate was not just due to
longer labelling time. However, the transfer from astrocytes to
GABAergic neurons was lower than in the adult brain at both
30 and 15 min (Eq. 10).
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Table 2 Amounts of '*C-labelled isotopomers, % '*>C enrichment of and metabolic ratios for glutamate, glutamine and GABA derived from

[1-'3C]glucose and [1,2-13C]acetate

Amount (nmol/g)

Enrichment (%)

P7 Adult p value P7 Adult p value
[2-"3C]Glutamate 446 + 45 2074 + 22.0 <0.001 1.0 £ 0.1 26+ 03 0.003
[3-1*C]Glutamate 48.0 £ 5.1 178.1 £+ 18.6 0.001 1.1 £0.2 234+03 0.009
[4-"3C]Glutamate 183.7 £ 9.7 609.5 £ 51.2 <0.001 43+ 04 7.7 £ 0.6 0.003
[4,5-13C]Glutamate 179.4 £ 9.9 244.4 £ 20.6 0.070 4.1+03 3.1 +£02 0.021
[2-"3C]Glutamine 255 £ 2.6 81.3 £ 8.7 <0.001 1.1 £ 0.1 34 +05 0.008
[3-"3C]Glutamine 23.0 £ 0.9 72.2 + 6.6 <0.001 1.0 £ 0.1 3.1 +£0.5 0.005
[4-"3C]Glutamine 102 £ 1.5 103.6 £ 9.6 <0.001 0.5+ 0.1 44 +05 <0.001
[4,5-'3C]Glutamine 2429 + 5.1 348.2 + 29.7 0.008 10.7 £ 0.7 144+ 14 0.121
[2-3CIGABA 122 +2.7 64.9 + 6.0 <0.001 1.2 +03 54 +0.6 0.001
[3-°CIGABA 47 +2.1 259 £33 0.002 0.5+ 0.2 22403 0.008
[4-CIGABA 1.0+ 1.0 333+ 39 <0.001 0.1 £ 0.1 2.8 £ 04 0.001
[1,2-*CIGABA 10.3 £ 1.1 292 + 34 <0.001 1.0 £ 0.1 24 +03 0.016
Acetate versus glucose utilisation
Glutamate (Eq. 1) 0.98 + 0.05 0.40 + 0.02 <0.001
Glutamine (Eq. 1) 25.82 + 443 347 + 0.29 0.015
GABA (Eq. 2) 0.92 + 0.13 0.47 + 0.06 0.003
Acetate cycling ratio
Glutamate (Eq. 8) 0.54 £ 0.01 0.57 £ 0.02 0.297
Glutamine (Eq. 8) 0.40 + 0.02 0.43 + 0.02 0.580
Transfer between astrocytes and neurons
Ast-Glu Neu (Eq. 9) 0.37 + 0.02 0.22 + 0.02 <0.001
Ast-GABA Neu (Eq. 10) 0.09 + 0.01 0.17 £+ 0.05 0.014

Postnatal day 7 rat pups (n = 4) and adult rats (n = 10) were injected with [1-13C]glucose and [1,2-"*CJacetate and decapitated after 30 and
15 min respectively. Brain extracts were analysed using '*C- and 'H-NMR. For calculation of equations (Eq.) and % enrichment see “Materials
and Methods”. Results are presented as mean £ SEM. Unpaired Student’s t test was used to compare P7 and adult rats

Ast, astrocyte; Eq., equation; GABA, GABAerge; Glu, glutamaterge; Neu, neuron

Discussion
Glucose Utilisation

It is well established that glucose is the almost exclusive
fuel in the adult, but not the developing brain [1]. The
number of glucose transporters in the BBB, GLUT-1, is
low in the neonatal brain and rises sharply after the second
postnatal week in the period of neuronal maturation and
brain growth spurt [3, 34]. However, transport over the
BBB does not appear to be a limiting factor since the
amount and % enrichment of glucose in the brain on
postnatal day 7 detected in the present study were similar to
levels published for the adult brain [27, 35]. After entry, a
low glucose utilisation rate in P6 rat brain has been
reported [36]. In agreement with this lower glycolytic
activity was shown directly in the present study by the
lower levels of '*C incorporation from [1-'*C]glucose at all
time-points in lactate and alanine compared to data pub-
lished for the adult brain [27, 35]. Furthermore, it has been

suggested that it is the glucose transporter GLUT-3 on
neurons that is the rate-limiting factor for cerebral glucose
utilisation and not transporters in the BBB [37].

TCA cycle enzyme levels are low in the neonatal com-
pared to adult brain [8] corresponding well with the six-times
lower metabolism of glucose derived metabolites via the
TCA cycle observed in this study evidenced in glutamate
labelling. This reduction is also supported by the smaller
amount of the TCA cycle intermediate succinate and the
lower cycling ratios of glucose-derived isotopomers of glu-
tamate (0.27 £ 0.02) and glutamine (too small to calculate)
compared to those in adults (0.46 £+ 0.0 and 0.77 £ 0.1,
respectively) [38]. Furthermore, our observations are in
agreement with a previous report of lower TCA cycle turn-
over of label from [1-">C]glucose in the postnatal period [7].

Acetate Utilisation
In the adult, transport of [1,2-13C]acetate over the BBB

(via MCT-1) must be slower than metabolism of acetate

@ Springer



566

Neurochem Res (2014) 39:556-569

Table 3 Amounts of '*C-labelled isotopomers and % enrichment of

key metabolites derived from [1,2-13C]g1ucose

Table 4 Metabolic ratios for metabolites derived from

[1,2-13Clglucose

Amounts (nmol/g)

Enrichment (%)

[2,3-13C]Lactate 148.6 + 26.7 9.78 + 0.62
[3-1*C]Lactate 17.1 +£ 39 1.11 £ 0.13
[2,3-13C)Alanine 277 +28 5.09 £ 0.76
[3-"3C]Alanine 27+ 0.7 047 £ 0.12
[1,2-13C]Glutamate 17.8 £ 32 0.46 + 0.07
[2,3-1*C]Glutamate 109 + 1.8 0.30 & 0.06
[4,5-1*C]Glutamate 127.5 £ 13.1 3.39 £+ 0.39
[2-13C]Glutamate 32 +20 0.09 + 0.06
[3-13C]Glutamate 11.0 £ 24 0.30 £ 0.09
[4-"3C]Glutamate 11.7 £ 2.0 0.31 £ 0.06
[5-13C]Glutamate na na
[1,2-"3C]Glutamine nq nq
[2,3-'3C]Glutamine 141+19 0.6 + 0.1
[4,5-"3C]Glutamine 13.8 £ 2.0 0.6 + 0.1
[2-"3C]Glutamine 36+ 1.1 0.16 + 0.04
[3-*C)Glutamine 28+ 1.0 0.13 £+ 0.04
[4-'3C]Glutamine na na
[5-"3C]Glutamine nq nq
[1,2-*CIGABA 464 0.1 0.48 + 0.03
[3,4-*CIGABA nq nq
[2-*C]GABA 0.7 £ 0.6 0.08 + 0.06
[1,2-*C]Aspartate 102 4+ 1.0 1.29 4+ 0.13
[2,3-"*C]Aspartate 34+£12 0.42 £ 0.15
[3.4-1*C]Aspartate 126 £ 0.9 1.62 £0.18

Postnatal day 7 rat pups (n = 4) were injected with [1,2—'3C]glucose
and decapitated after 30 min. Brain extracts were analysed using '*C-
and "H-NMR. For calculation of % enrichment and more details see
“Materials and Methods”. Results are presented as mean + SEM

na, no detectable label except natural abundance; nq, not quantifiable

since acetate is present in serum but not detectable in the
brain as reported by Melo et al. [39], and in the present
study. However, in the neonatal brain, transport over the
BBB exceeds metabolism as evidenced by the presence of
[1,2-"*CJacetate in the brain on P7 shown in this study
(Fig. 4; Table 1). This may be due to the high expression
of MCT-1 in the BBB of the neonate, which decreases after
weaning [3]. 15 min after injection of [1,2-13C]acetate, its
metabolism in the neonatal brain was lower than in adults
by a factor of two. However with longer labelling time
(30 min), % enrichment in [4,5—13C]glutamine was similar
in the neonatal and adult brain and the TCA cycling of
label was similar. Acetate metabolism has earlier been
reported to be higher in P10 versus P30 rat brain [7]. The
label distribution in glutamine, glutamate and GABA from
[1,2-"*CJacetate obtained in the present study demonstrates
that also in P7 rats, acetate is predominantly or exclusively
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PPP/GM (%)

Lactate (Eq. 3) 14.40 £ 0.84

Alanine (Eq. 3) 12.98 + 3.62

Glutamate (Eq. 4) 11.86 £ 0.98
PC/PDH

Glutamate (Eq. 5) 0.09 £ 0.001

Glutamine (Eq. 5) 1.09 + 0.22

GABA (Eq. 6) nc

Cycling ratio Glucose
Glutamate (Eq. 8) 0.27 4+ 0.02
Glutamine (Eq. 8) nc

Postnatal day 7 rat pups (n = 4) were injected with [1,2—'3C]glucose
and decapitated after 30 min. Brain extracts were analysed using '*C-
and "H-NMR. For calculation of equations (Eq.) see “Materials and
Methods”. Results are presented as mean == SEM

Eq., equation; GM, glucose metabolism; nc, not possible to calculate
since one or more of the necessary peaks for the calculation were not
quantifiable; PDH, Pyruvate dehydrogenase; PPP, Pentose phosphate
pathway

metabolised in astrocytes. Furthermore, in the P7 animals
relatively more [1,2—13C]acetate than [1-13C]g1ucose was
used for both glutamine and glutamate synthesis compared
to in adults (acetate/glucose utilisation ratios in Table 2),
affirming that GM via pyruvate dehydrogenase was much
lower on P7 than at adult age.

Pyruvate Carboxylation (Anaplerosis)

As mentioned in “Methods”, the de novo synthesis of
neurotransmitter amino acids is only possible via pyruvate
carboxylase in astrocytes [9, 10]. Whereas the glutamine
content was similar, that of glutamate, aspartate and NAA
was much lower in neonatal than adult brain, as has earlier
been reported [18]. Thus, to build up pools of neurotrans-
mitter from neonatal to adult age, there is a necessity for a
close collaboration between astrocytes and neurons. PC
activity has been reported to increase from birth to adult
age by 15-fold [8]. Using [1,2-"*C]glucose it was possible
to establish that approximately 50 % of glucose in astro-
cytes was metabolised via pyruvate carboxylation in neo-
natal rats since the PC/PDH ratio in glutamine was close to
1. Since the PC/PDH ratio in glutamine in adults is 0.6 (see
“Results* for details) this indicates that the pyruvate
derived from the small amount of glucose entering the
astrocytic compartment is to a larger extent used by PC
than PDH in the neonatal compared to adult brain. The
relative contribution of PC relative to the sum of neuro-
nal and astrocytic PDH activity can be calculated to be
14.5 % by analysis of labelling patterns in glutamate,
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glutamine, aspartate and GABA. The equivalent value in
adult brain is approximately 10 % [40].

The Glutamate-Glutamine Cycle

In adult brain the glutamate-glutamine cycle is essential for
efficient glutamatergic neurotransmission: [4-'>C]gluta-
mate released from neurons is mostly taken up into astro-
cytes and is converted into [4-'>C]glutamine and sent back
to the neurons for conversion to glutamate. This is different
in the neonatal brain as evidenced by the low (0.5 &+ 0.1)
% enrichment with [4-'*C]glutamine, indicating negligible
transport of glutamate from neurons to astrocytes. This
may be due to a number of factors: little glutamate release
by the neurons which are building up their glutamate pool;
increased reuptake by neurons; or reduced uptake by the
astrocytes. Transfer from astrocytes to neurons can be
followed by analysing the % enrichment of glutamate and
glutamine with [4,5-13C] glutamate and [4,5—13C]glutamine
respectively (Eq. 9). It is evident from the transfer ratio
(Table 2) that transfer of glutamine from astrocytes to
neurons was relatively higher in the neonatal compared to
the adult brain. This indicates that only the part of the
glutamate-glutamine cycle transferring glutamine from
astrocytes to neurons is operating in the neonatal brain.

GABA

Consistent with earlier reports GABA content was only
slightly smaller in the neonatal compared to the adult brain
when normalised for brain weight [7, 18]. This is in agreement
with the finding that on P7 the density of GABAergic neurons
is similar to that in the adult brain [41]. The PC/PDH ratio was
not quantifiable in GABA, which is an indication that the main
de novo synthesis of GABA has already happened before this
developmental stage. While GABA content was only slightly
lower, incorporation and turnover of '*C label was much
lower in the neonatal compared to adult brain. Also, the
transfer of glutamine from astrocytes to GABAergic neurons
was lower than in the adult brain. This indicates that GAB-
Aergic neurons have the ability to take up GABA from the
synapse early in brain development [42, 43] and therefore are
less dependent on anaplerosis by astrocytes.

pPPP

The PPP/GM ratio in the neonatal brain (11-14 %) was
much higher than that reported for adults (2-5 %) [21-23].
In fact it was at levels comparable to those reported after
stress such as traumatic brain injury in adult human and
rodent brain [24, 25]. Activity of the PPP was evident in
neurons due to the presence of [4-'>C]glutamate. '*C label
was also detectable in [2—13 Clglutamine which is synthesized

via PPP and thereafter PC (Table 3), confirming earlier
reports that the PPP is present in both neurons and astrocytes
[44]. There are several reasons why the neonatal brain needs
to prioritise glucose for the PPP; such as production of
NADPH for GSH reduction, lipid and nucleotide synthesis.
We did not find evidence for pyruvate recycling on postnatal
day 7, which is in agreement with an earlier report of unde-
tectable pyruvate recycling until postnatal day 14 [45].

Conclusion

Neuronal-astrocytic interactions in the neonatal brain were
very different from those in adult brain. The negligible
transfer of glutamate from neurons to astrocytes combined
with the high transfer of glutamine from astrocytes to
neurons indicates that only a part of the glutamate-gluta-
mine cycle works in early brain development, thus oper-
ating as a delivery system of substrate from astrocytes to
neurons. This makes '*C labelled glucose combined with
isotopomer analysis particularly suited for mapping of
neuronal metabolism in early brain development. Overall
GM was five times lower in neonatal brain. However, the
relative amount of glucose which was metabolised via PPP
and anaplerosis (PC) was higher than in adults. The com-
bination of reduced uptake of glutamate in astrocytes and a
high PPP/GM ratio may have implications for the neonatal
brain and its ability for protection against excitotoxicity
and oxidative stress. Future studies should investigate the
significance of these findings in models of disease.
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