Molecular Neurobiology (2022) 59:7495-7512
https://doi.org/10.1007/5s12035-022-03053-5

=

Check for
updates

Divergent Cellular Energetics, Glutamate Metabolism,
and Mitochondrial Function Between Human and Mouse Cerebral
Cortex

Emil W. Westi' - Emil Jakobsen'2 - Caroline M. Voss' - Lasse K. Bak'? - Lars H. Pinborg? - Blanca I. Aldana’ -
JensV. Andersen'

Received: 30 April 2022 / Accepted: 24 September 2022 / Published online: 6 October 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

Disruptions of brain energy and neurotransmitter metabolism are associated with several pathological conditions including
neurodegenerative diseases such as Alzheimer’s disease. Transgenic rodent models, and in vitro preparations hereof, are
often applied for studying pathological aspects of brain metabolism. However, despite the conserved cerebral development
across mammalian species, distinct differences in cellular composition and structure may influence metabolism of the
rodent and human brain. To address this, we investigated the metabolic function of acutely isolated brain slices and non-
synaptic mitochondria obtained from the cerebral cortex of mice and neurosurgically resected neocortical tissue of humans.
Utilizing dynamic isotope labeling with '*C-enriched metabolic substrates, we show that metabolism of glucose, acetate,
B-hydroxybutyrate, and glutamine operates at lower rates in human cerebral cortical slices when compared to mouse slices. In
contrast, human cerebral cortical slices display a higher capacity for converting exogenous glutamate into glutamine, which
subsequently supports neuronal GABA synthesis, whereas mouse slices primarily convert glutamate into aspartate. In line
with the reduced metabolic rate of the human brain slices, isolated non-synaptic mitochondria of the human cerebral cortex
have a lower oxygen consumption rate when provided succinate as substrate. However, when provided pyruvate and malate,
human mitochondria display a higher coupled respiration and lower proton leak, signifying a more efficient mitochondrial
coupling compared to mouse mitochondria. This study reveals key differences between mouse and human brain metabolism
concerning both neurons and astrocytes, which must be taken into account when applying in vitro rodent preparations as a
model system of the human brain.
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Introduction

The brain is a highly energy-demanding organ consum-
ing up to 20% of the total body energy expenditure [1].
The majority of energy used by the brain is related to
neurotransmission and restoration of ion gradients [1, 2],
making a constant supply of energy essential to maintain
cerebral function. Glucose is the primary energy substrate
of the brain, but brain cells can utilize several other sub-
strates for the production of energy [3]. As an example, the
ketone body pB-hydroxybutyrate (BHB), which is produced
by the liver during fasting, can support up to 50-60% of
the brain’s energy requirements [4]. Furthermore, amino
acids, including neurotransmitters, also serve as cerebral
metabolic fuels [5, 6]. Synthesis of glutamate, the princi-
pal excitatory neurotransmitter of the mammalian brain,
is linked to cellular metabolism through the tricarboxylic
acid (TCA) cycle intermediate a-ketoglutarate [7-9].
Astrocytes are the primary homeostatic glial cells of the
brain and function in close metabolic collaboration with
neurons. Astrocytic processes enclose most synapses and
are responsible for uptake of the majority of the released
neurotransmitter glutamate [10]. In the astrocytes, gluta-
mate can either be utilized as a metabolic substrate in the
TCA cycle or be converted into glutamine by the enzyme
glutamine synthetase (GS) [11]. Glutamine is subsequently
transferred from the astrocytes to neurons hereby aiding to
replenish the neuronal glutamate pool [7, 12]. This shut-
tling of neuronal glutamate and astrocytic glutamine is
collectively known as the glutamate-glutamine cycle and
is crucial to sustain neurotransmission [13, 14].
Metabolic disturbances of the brain are linked to multi-
ple neurological conditions, including neurodegenerative
diseases. Alzheimer’s disease is strongly associated with
cerebral hypometabolism of glucose [15], hampered neu-
rotransmitter metabolism [16], and mitochondrial dysfunc-
tion [17]. Similarly, Huntington’s disease is also accom-
panied by cerebral alterations in glucose metabolism and
impaired mitochondrial energetics [18, 19]. Transgenic
rodent models are often applied in the attempt to explore
potential metabolic mechanisms of neurodegeneration or
effects of metabolic intervention [20, 21]. Animal models
represent a valuable tool for studying human diseases and
are commonly used for a large variety of experimental
cerebral preparations including brain slices, cell cultures,
and isolated mitochondria [22]. Although brain develop-
ment appears to be conserved across mammalian species
[23, 24], the human cerebral cortex displays unique fea-
tures not found in rodents. Notable differences include the
size and complexity of human astrocytes [25, 26] and the
presence of specialized neuronal sub-types absent in the
rodent brain [27]. Despite the generally conserved cellular
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architecture, comparative studies have revealed large dif-
ferences between the transcriptome profiles of the human
and mouse brain [23, 28, 29], which may profoundly affect
brain signaling and metabolism. However, direct compari-
sons of functional metabolism of common in vitro prepara-
tions, with cellular and subcellular resolution, between the
rodent and human brain remain scarce.

The overall aim of this study was therefore to assess and
compare functional metabolic parameters of acutely isolated
cerebral cortical tissue of mice and humans. To achieve this,
we incubated acutely isolated slices prepared from cerebral
cortical tissue of mice and humans, in the presence of energy
substrates enriched with the stable carbon isotope *C and
assessed the intracellular isotopic enrichment of metabolites
by gas chromatography-mass spectrometry (GC—MS) analy-
sis. Moreover, we investigated the mitochondrial function of
isolated non-synaptic mitochondria prepared from mouse and
human cerebral cortical tissue. We report distinct differences
in both energy and neurotransmitter metabolism between
mouse and human brain slices, particularly of glucose and
glutamate. Furthermore, we demonstrate substrate-dependent
differences in mitochondrial function between isolated non-
synaptic mitochondria from mouse and human brain tissue.
Overall, our results provide new insights into functional brain
metabolism, which will aid the use of rodents as metabolic
model systems of the human brain in both health and disease.

Methods
Materials

The stable isotopes [U-13C]g1ucose (CLM-1396-PK, 99%),
[U-13C]D-p-hydroxybutyrate (CLM-3853-PK, sodium salt,
97%), [U-13C]glutamate (CLM-1800-H-PK, 98%), and
[U-13C]glutamine (CLM-1822-H-PK, 98%) were all from
Cambridge Isotope Laboratories (Tewksbury, USA) and
[1,2-13CJacetate (282,014, sodium salt, 99%) was from ISO-
TEC (St. Louis, MO, USA). Pyruvic acid (107360), succinic
acid (S3674), malic acid (M1000), adenosine-5'-diphosphate
(ADP, A5285), oligomycin A (75351), carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP, C2920), anti-
mycin A (A8674), and rotenone (R8875) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Percoll™
(17-0891-01) was from GE Healthcare, Uppsala, Sweden.
All other reagents were of the purest grade available from
regular commercial sources.

Preparation of Brain Tissue
Male NMRI mice (weight: 42.3 g+ 1.0 g) were purchased

from Harlan (Horst, The Netherlands) and housed at the
Department of Drug Design and Pharmacology, University
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of Copenhagen, in a specific pathogen-free, humidity, and
temperature-controlled facility with 12-h light/dark cycle.
Fluctuating levels of sex hormones can affect brain mito-
chondrial function, particularly in females [30]. To avoid this
potential variation, only male mice were included in this study
and sex-specific aspects of the work could therefore not be
evaluated. The mice were acclimatized for 2 weeks before
experiments and were single-housed in individually ventilated
cages with free access to chow and water. The mice were
used for experiments at 12—13 weeks of age (corresponding to
early adulthood). Experiments were approved by the Danish
National Ethics Committee and performed according to the
European Convention (ETS 123 of 1986). Mice were eutha-
nized without anesthesia by swift cervical dislocation and
decapitated. The brain was quickly excised and transferred
to ice-cold artificial cerebrospinal fluid (ACSF) containing
in millimolar: NaCl, 128; NaHCO;, 25; D-glucose, 10; KClI,
3; CaCl,, 2; MgSO,, 1.2; KH,PO,, 0.4; pH="7.4. The mouse
cerebral cortex was isolated before slicing. Human neocortical
tissue was obtained from patients undergoing hippocampal
resections at Rigshospitalet (Copenhagen, Denmark). During
surgery, patients were anesthetized by continuous infusion of
the short-acting anesthetics propofol and remifentanil. The
use of human neocortical tissue was approved by the local
Ethics Committee in Copenhagen (H-2-2011-104) with writ-
ten informed consent from all patients prior to surgery. In
total, human neocortical tissue was obtained from 11 patients
(7 female, 4 male) aged 24-59 years (39 years average). No
significant correlation between patient age and metabolic out-
comes was observed (Spearman correlation, p > 0.05 for all
reported metabolic parameters, data not shown). The neocorti-
cal tissue of the temporal lobe was resected in order to facili-
tate access to the mesial temporal lobe, e.g., amygdala, hip-
pocampus, and parahippocampal gyrus, involved in epileptic
seizures. Histopathological examination of the neocortical tis-
sue revealed no abnormal pathological features. Immediately
after resection, the cortical tissue was transferred to ice-cold
ACSF and transported on ice to the laboratory. To establish
a baseline profile of the amino acid content, freshly isolated
cerebral cortical tissue of both mouse and human origin was
transferred to ice-cold 70% ethanol and tissue extracts were
obtained as described for brain slices below.

Brain Slice Incubations

Incubation of acutely isolated brain slices was performed
as previously reported for both mouse and human brain tis-
sue [31, 32]. The tissue was sliced (350 um) on a Mcllwain
tissue chopper (The Vibratome Company, O’Fallon, MO,
USA). Two mouse slices or 1 human slice (grey matter only)
were kept just below the surface of 10 mL 37 °C oxygenated
(5% CO,/95% O,) ACSF and pre-incubated for 60 min. Sub-
sequently, the media were exchanged for ACSF containing

the '*C-enriched substrates: 5 mM [U—13C]glucose, 5 mM
[1,2-13Clacetate, 5 mM [U-'3C]p-hydroxybutyrate, 0.5 mM
[U—13C]glutamate, or 1 mM [U—13C]glutamine and incubated
for additional 60 min. All conditions, except [U—13C] glucose,
were further supplemented with 5 mM unlabeled D-glucose.
Incubations were terminated by quickly transferring the
slices into ice-cold 70% ethanol. The tissue was subsequently
sonicated and centrifuged (4000 gx20 min) and the super-
natant was removed and lyophilized before further analysis.
Pellets were saved for protein determination (Pierce protein
assay). Lactate released from brain slices to the medium
during incubation was determined by an L-lactic acid kit
(Boehringer Mannheim/R-Biopharm/Roche) according to
the manufacturer’s instructions. Part of the metabolic data
of human cerebral cortical slices (incubation with [1 ,2-13C
acetate) has previously been published as metabolic valida-
tion of the resected tissue [32], but has here been reanalyzed
and compared to mouse brain slices.

Metabolic Mapping Using Gas
Chromatography-Mass Spectrometry (GC-MS)
Analysis

Brain slice extracts were analyzed by GC-MS for the
determination of '*C enrichment of TCA cycle intermedi-
ates and connected amino acids as previously described
in detail [33]. Briefly, slice extracts were reconstituted in
water, acidified, extracted twice with ethanol, and deri-
vatized using N-tert-butyldimethylsilyl-N-methyltrifluoro-
acetamide. Samples were analyzed by GC (Agilent Tech-
nologies, 7820A, J&W GC column HP-5 MS) coupled to
MS (Agilent Technologies, 5977E). The isotopic enrich-
ment was corrected for the natural abundance of '*C by
analyzing standards containing the unlabeled metabolites
of interest. Data from the [U—13C]glucose (Figs. 1 and 2),
[1,2-13Clacetate (Fig. 3), and [U—BC]B-hydroxybutyrate
(Fig. 4) incubations is presented as M + X, where M is the
molecular ion and X is the number of '3C atoms in the mol-
ecule. Furthermore, for these three substrates, the cycling
ratio describing the rate of >C accumulation and TCA
cycle activity [34] is presented. Data from the [U-'3C]glu-
tamate (Fig. 5) and [U-13C] glutamine (Fig. 6) incubations
is presented as M + X, showing the direct metabolism and
first turn metabolism of the substrates [35].

Determination of Amino Acid Amounts
by High-Performance Liquid Chromatography
(HPLC) Analysis

Amino acid content was determined by HPLC to assess the

baseline amino acid levels of the cerebral cortical tissue
and slice uptake of glutamate and glutamine. Tissue and
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slice extracts were reconstituted in water and analyzed by
reverse-phase HPLC (Agilent Technologies, 1260 Inifinity,
Agilent ZORBAX Eclipse Plus C18 column) to quantita-
tively determine the amounts of amino acids [36]. A pre-
column derivatization with o-phthalaldehyde and fluores-
cent detection, A, =338 nm, 4., =390 nm, was performed.
Gradient elution with mobile phase A (10 mM NaH,PO,,
10 mM Na,B,05, 0.5 mM NaNj;, pH 8.2) and mobile phase
B (acetonitrile 45%: methanol 45%: H,0 10%, V:V:V) was
performed. The amounts of amino acids were determined
from analysis of standards containing the amino acids of
interest.

Isolation of Non-synaptic Mitochondria
and Determination of Oxygen Consumption Rate

Isolation of non-synaptic mitochondria was performed using
a Percoll gradient as previously described [37]. All proce-
dures were performed on ice or at 4 °C. Acutely isolated
brain tissue was submerged in isolation buffer (MSHE), con-
taining in millimolar: mannitol, 210; sucrose, 70; HEPES,
5; EGTA, 1; and 0.5% BSA (fatty acid free); pH="7.2, and
gently homogenized using a Teflon on glass douncer at 500
revolutions/min for 7-8 strokes. The homogenate was cen-
trifuged (500 g x5 min) to pellet cell remnants. The super-
natant was centrifuged (14,000 g x 10 min) and the pellet
re-suspended in 12% Percoll MSHE solution. This suspen-
sion was gently layered on a 21% Percoll MSHE solution
and centrifuged (18,000 gx 15 min). The supernatant was
discarded and the pellet was washed with two subsequent
centrifugations (18,000 gx5 min and 14.000 g x5 min) by
suspending the pellet in MSHE buffer and discarding the
supernatant after each centrifugation. The final pellet, con-
taining the isolated mitochondria, was re-suspended and
diluted in MSHE and protein amounts were determined
using the Bradford protein assay with BSA as standard pro-
tein. The oxygen consumption rate (OCR) was investigated
using a Seahorse XFe96 analyzer (Seahorse Biosciences,
MA, USA). The isolated mitochondria were diluted in assay
buffer (MAS), containing in millimolar: mannitol, 220;
sucrose, 70; KH,PO,, 10; MgCl,, 5; HEPES, 2; EGTA, 1;
and 0.2% BSA (fatty acid free); pH=7.2. Twenty-five uL
of mitochondrial suspension, containing 2 ug of protein for
the succinate condition and 4 pg of protein for the pyruvate/
malate condition, was added to a Seahorse 96-well plate and
centrifuged (2000 gx 20 min x4 °C). After centrifugation,
155 pL. MAS containing pyruvate (10 mM) in combination
with malate (2 mM) or succinate (10 mM) and rotenone
(2 uM) (all final concentrations and pH 7.2) was added to
the wells and the plate was analyzed immediately at 37 °C.
In total, 7 measurement cycles (2 min mix, 1 min wait, 3 min
measure) were performed (as outlined in Fig. 7B). After 3
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initial baseline measurements, 4 injections were performed
to stimulate or inhibit mitochondrial respiration. Firstly, ADP
(4 mM) was injected, stimulating ATP synthesis and thus
ATP synthase—driven respiration. Subsequently, oligomycin
A, an inhibitor of the ATP synthase, was added to termi-
nate ADP-mediated respiration. Then, the mitochondrial
uncoupler FCCP, allowing protons from the intermembrane
space to flow into the matrix hereby stimulating uncoupled
respiration, was injected. Finally, antimycin A was injected
to inhibit the flow of electrons from complex III to com-
plex IV, thus leaving only residual non-mitochondrial oxy-
gen consumption. Data was collected and extracted using
the Wave software (Agilent Technologies, CA, USA). Non-
mitochondrial OCR (i.e., OCR after antimycin A injection)
was subtracted all values. The OCR is presented as pmol O,/
min/pg protein. Basal OCR refers to the OCR before any
compound addition. As a measure of general mitochondrial
function, the respiratory control ratio (RCR) was calculated
by dividing the OCR after ADP injection by the OCR after
oligomycin A injection [38]. Mitochondrial function of non-
synaptic mitochondria of the mouse cerebral cortex was pre-
viously determined [37] and is here compared to the isolated
mitochondria of the human neocortex.

Experimental Design and Statistical Analyses

Data is presented as mean + standard error of the mean (SEM),
with individual data point presented. Each data point (repre-
sented by a circle or a square in the graphs) represents bio-
logical replicates (i.e., obtained from one individual), which is
denoted by “n” in the figure legends. Two independent groups
were compared (mouse vs. human) and Welch unpaired 7 test
was applied corrected for multiple comparisons using the Ben-
jamini—Hochberg procedure with a critical value for false dis-
covery of 0.05 [39]. The significance level was set at p <0.05
and is indicated with a single asterisk.

Results
Intracellular Amino Acid Amounts

To establish a metabolic baseline, we first assessed a panel
of central amino acids by high-performance liquid chroma-
tography (HPLC) analysis of freshly isolated mouse and
human cerebral cortical tissue. The intracellular taurine
content of the mouse cerebral cortical tissue was higher
when compared to that of human tissue (mouse vs. human:
158.24+26.5 nmol/mg vs. 26.5+5.2 nmol/mg) (Table 1).
The levels of aspartate, glutamate, glutamine, and the inhibi-
tory neurotransmitter GABA were all similar between mouse
and human cerebral cortical tissue.
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Fig. 1 Glycolytic activity in mouse and human cerebral cortical
slices. Intracellular '*C enrichments of alanine and lactate and lac-
tate amounts released to media of mouse and human cerebral corti-
cal slices following metabolism of [U-'*C]glucose. Metabolism of
[U-13C]glucose via glycolysis results in M+3 labeling of the glyco-

Glycolysis and Oxidative Glucose Metabolism

To functionally investigate cellular aspects of brain energy
metabolism, we next incubated acutely isolated cerebral
cortical brain slices with *C-labeled metabolic substrates
and determined the subsequent '3C enrichment of TCA
cycle intermediates and connected amino acids by gas
chromatography-mass spectrometry (GC-MS) analysis.
Glucose is the primary energy substrate of the brain, and
metabolism of [U-13C]glucose provides a general over-
view of metabolic function in brain slices [31]. Follow-
ing uptake, [U-'C]glucose is metabolized via glycolysis
to yield pyruvate M + 3, which can be transaminated to
alanine M + 3 by alanine aminotransferase (ALAT) or
reduced to lactate M + 3 by lactate dehydrogenase (LDH)
(Fig. 1). The enrichments of both alanine M + 3 and lactate
M + 3 were found to be lower in extracts of human slices
when compared to mice, indicating a lower intracellular
glycolytic activity in the human cortical slices. During

Table 1 Intracellular amino acid amounts of fresh acutely isolated
cerebral cortical brain tissue from mouse and humans determined by
high-performance liquid chromatography (HPLC)

Fresh tissue

Metabolite (nmol/mg) Mouse (6) Human (6) P value

Aspartate 96.5+11.3 70.9+8.2 0.10, n.s
Glutamate 323.5+51.8 467.8+69.1 0.13, n.s
Glutamine 109.4+18.4 134.2+20.6 0.39, n.s
GABA 38.8+6.3 34.6+5.1 0.62, n.s
Taurine 158.2+26.5 26.5+5.2 4.1E—3%*

n.s., not significant. Mean + SEM, n=6, Welch ¢ test with Benjamini—
Hochberg correction, * <0.05

LDH
<«— lLactate

[ Mouse

lytic end-product pyruvate. As pyruvate is in equilibrium with alanine
and lactate, through the enzymes alanine aminotransferase (ALAT)
and lactate dehydrogenase (LDH), the *C enrichment in alanine and
lactate reflects the glycolytic activity. Mean +SEM, n=6-7, Welch ¢
test with Benjamini—-Hochberg correction, * <0.05

Human

incubation, brain slices release lactate into the incuba-
tion media [31]. No changes were found in the released
amounts of lactate between the mouse and human slices,
inferring that the differences in glycolysis may be lim-
ited to intracellular activity. In the mitochondria, pyruvate
M + 3 can be converted into acetylCoA M +2 by pyru-
vate dehydrogenase (PDH) and subsequently enter the
TCA cycle (Fig. 2). AcetylCoA M +2 will give rise to
13C enrichment in TCA cycle intermediates and connected
amino acids (M + 2 in the first turn and M + 3/M + 4 in the
second turn of the TCA cycle) [33]. The 13C enrichment
from metabolism of [U-'3C] glucose was overall lower in
the human brain slices when compared to mice, observed
as lower M + 2 labeling in malate, aspartate, glutamate,
glutamine, and GABA following first turn metabolism of
[U-'3C]glucose (Fig. 2). No changes were observed in cit-
rate M + 2, which may indicate that the flux of acetylCoA
derived from PDH activity is similar between cerebral cor-
tical slices of mouse and human origin. Despite this, the
13C labeling, following second turn metabolism of [U-'3C]
glucose, was lower in all measured metabolites (citrate,
aspartate, malate, glutamate, glutamine, and GABA) in
human cortical brain slices when compared to brain slices
from mice. The overall reduction in *C enrichment from
[U-13C]glucose metabolism suggests a lower rate of glu-
cose oxidation in the human brain slices. The intracellu-
lar 13C enrichment can furthermore be used to calculate
the cycling ratio, which is a measurement of the over-
all rate of the TCA cycle [34]. In the human slices, the
TCA cycling ratio was found to be lower in all measured
metabolites, when compared to the cycling ratios obtained
from the mouse slices. Collectively, these results show
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Fig.2 Oxidative metabolism of [U-13C] glucose in mouse and human
cortical slices. Intracellular '3C enrichment of TCA cycle intermedi-
ates and connected amino acids in mouse and human cerebral cortical
brain slices following metabolism of [U—BC]glucose. [U-13C]Glucose
is metabolized through glycolysis to yield pyruvate M+ 3, which can
enter the TCA cycle as acetylCoA M +2, resulting in '3C enrichment
in both TCA cycle intermediates and connected amino acids. First
turn metabolism of [U-'*Clglucose is reflected as M+2 labeling,

that oxidative glucose metabolism and TCA cycle activity
operate at lower rates in human cerebral cortical slices.

Astrocyte Acetate Metabolism

Next, we provided the slices with [1,2-13C]acetate, which
is a marker of astrocyte metabolism [40]. [1,2-3C]Acetate
enters the astrocytic TCA cycle as acetylCoA M +2 (Fig. 3).
The overall highest '°C enrichment from metabolism of
[1,2-3C]acetate, in both mouse and human brain slices,
was observed in citrate and glutamine, which is in accord-
ance with previous studies [31, 41, 42] and indicates active
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whereas second turn metabolism of [U-'*C]glucose is represented
as M +3/M +4 labeling. TCA cycling ratios, calculated from the '*C
enrichments, reflect the overall rate of the TCA cycle. AAT, aspartate
aminotransferase; GAD, glutamate decarboxylase; GDH, glutamate
dehydrogenase; GS, glutamine synthetase; PDH, pyruvate dehydroge-
nase. Mean+SEM, n=6-7, Welch ¢ test with Benjamini-Hochberg
correction, *<0.05

astrocyte metabolism in the slices. As observed for metabo-
lism of [U-"*C]glucose, the '*C enrichment of the measured
metabolites was generally lower in the human brain slices
following metabolism of [1,2-1*C]acetate when compared to
that in the mouse brain slices. This was the case for M + 2
labeling of citrate, malate, aspartate, glutamate, and GABA,
but not glutamine M + 2. The M + 3/M + 4 labeling from
[1,2-13C]acetate metabolism, reflecting the second turn of
the TCA cycle, was likewise lower in the human slices, but
only for glutamate, glutamine, and GABA, when compared
to the mouse cortical slices. Similarly, the TCA cycling
ratios from metabolism of [1,2-'3C]acetate were lower for
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Fig.3 Astrocyte metabolism of [1,2-'3CJacetate in mouse and human
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ates and connected amino acids in mouse and human cortical brain
slices following metabolism of [1,2-13C]lacetate. [1,2-'3C]Acetate is
primarily metabolized in astrocytes and enters the TCA cycle as ace-
tylCoA M +2, giving rise to '*C enrichments in TCA cycle interme-
diates and amino acids. First and second turn metabolism of [1,2-3C]

citrate, malate, glutamine, and GABA, in the human brain
slices, suggesting a generally lower rate of astrocyte oxida-
tive metabolism in human brain slices.

Metabolism of the Ketone Body B-Hydroxybutyrate

To further explore the metabolic function of the isolated
brain slices, we next applied the ketone body [U-'3C]
B-hydroxybutyrate ([U-'>*C]BHB) as an energy substrate.
Similar to [1,2-!*CJacetate, [U-'*C]pHB enters the TCA
cycle directly as acetylCoA M + 2; however, $HB is prefer-
entially metabolized in neurons rather than astrocytes [43,
44] (Fig. 4). The °C enrichment from metabolism of [U-'C]

acetate is reflected as M+2 and M+3/M+4 labeling, respectively.
The cycling ratios calculated from 13C enrichments of [1,2-3C]
acetate metabolism reflect the rate of the astrocyte TCA cycle. AAT,
aspartate aminotransferase; GDH, glutamate dehydrogenase; GS,
glutamine synthetase. Mean + SEM, n=6-7, Welch ¢ test with Benja-
mini—Hochberg correction, * <0.05

BfHB in human brain slices was lower in several of the meas-
ured TCA cycle metabolites and amino acids following first
turn metabolism (M + 2 labeling), with the exception of
glutamate M + 2 and citrate M+ 2. Citrate M +2 was sig-
nificantly increased in the human slices which suggests an
increased entry of acetylCoA from [U-'3C]pHB metabolism
when compared to mouse cortical slices. Following second
turn metabolism of [U-'*C]BHB, the M + 3/M + 4 labeling
was lower in malate, glutamine, and GABA in the human
brain slices. Only the TCA cycling ratios of glutamine and
GABA were lower in the human brain slices when com-
pared with mice. These results show that the rate of ketone
body metabolism of human brain slices is lower than that of
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Fig.4 Metabolism of the ketone body [U-'3C]p-hydroxybutyrate
in mouse and human cortical slices. Intracellular *C enrichment
of TCA cycle intermediates and connected amino acids in mouse
and human cortical brain slices following metabolism of [U-13C)
B-hydroxybutyrate ([U-'*C]pHB). Metabolism of [U-'>C]pHB can
primarily be attributed to neurons, and will enter the TCA cycle
as acetylCoA M+2, giving rise to '*C enrichments in TCA cycle

mouse slices, however, not as pronounced as observed for
metabolism of [U—13C]glucose and [1,2-13CJacetate.

Uptake and Metabolism of Glutamate

Glutamate is the primary excitatory neurotransmitter in the
mammalian brain. However, glutamate is also closely con-
nected to cellular energy metabolism in the brain and serves
as an energy substrate supporting oxidative metabolism of
the TCA cycle [7-9]. Extracellular glutamate is rapidly
removed from the synapse via high-affinity uptake systems
present in both astrocytes and neurons [45]; however, astro-
cytes are the primary cell type responsible for glutamate
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intermediates and amino acids. First and second turn metabolism of
[U-'3C]BHB is reflected as M+2 and M +3/M+4 labeling, respec-
tively. The cycling ratios reflect the rate of the TCA cycle calculated
from '3C enrichments. AAT, aspartate aminotransferase; GAD, gluta-
mate decarboxylase; GDH, glutamate dehydrogenase; GS, glutamine
synthetase. Mean + SEM, n=6-7, Welch ¢ test with Benjamini-Hoch-
berg correction, * <0.05

uptake [10]. Cellular uptake of [U-3C] glutamate leads to
M +5 enrichment of the intracellular glutamate pool in
brain slices [35]. The M + 5 labeling in glutamate was simi-
lar between mouse and human cortical brain slices (Fig. 5).
This was also the case for the total amounts of intracellu-
lar glutamate (mouse vs. human: 358.7 +27.4 nmol/mg vs.
281.9 +42.6 nmol/mg), suggesting similar glutamate uptake
capacities (Table 2). Once taken up, [U-'*C]glutamate
can enter the TCA cycle as a-ketoglutarate M +5 and can
hereby give rise to M+ 5 or M +4 labeling (direct metabo-
lism) or M +3/M + 2 labeling (first turn of TCA cycle) in
the connected metabolites (Fig. 5). The M +5 labeling of
a-ketoglutarate was lower, whereas the 13C enrichment of
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Fig.5 Metabolism of [U—BC]glutamate in mouse and human cortical
slices. Intracellular '*C enrichment of TCA cycle intermediates and
connected amino acids in mouse and human cortical brain slices fol-
lowing metabolism of [U-'*C]glutamate. Following uptake, [U-1*C]
glutamate can be converted to glutamine M+5 or enter cellular
metabolism as a-ketoglutarate M+ 5. Direct and first turn metabo-

malate, aspartate, and citrate was similar, between human
and mouse slices, after direct metabolism of [U-13C]glu-
tamate. Following a turn of the TCA cycle, the M+ 3 and
M + 2 labeling was found to be lower in a-ketoglutarate,

lism of [U—13C]glutamate is reflected as M+5/M+4 and M +3/M +2
labeling, respectively. AAT, aspartate aminotransferase; GAD, gluta-
mate decarboxylase; GDH, glutamate dehydrogenase; GS, glutamine
synthetase. Mean + SEM, n=6-7, Welch ¢ test with Benjamini—Hoch-
berg correction, * <0.05

malate, aspartate, and citrate in human cortical brain slices
when compared to cortical brain slices from mice. Besides
being a metabolic substrate of the TCA cycle, glutamate also
serves as the precursor for glutamine and GABA synthesis.
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Fig.6 Metabolism of [U—BC]glutamine in mouse and human cor-
tical slices. Intracellular '*C enrichment of TCA cycle intermedi-
ates and connected amino acids in mouse and human cortical brain
slices following metabolism of [U-'*C]glutamine. Following uptake,
[U-'*C]glutamine can be converted to glutamate M+5 by phos-
phate-activated glutaminase (PAG) and enter cellular metabolism as

Interestingly, much higher labeling of glutamine M + 5
and GABA M +4 from [U-13C]g1utamate metabolism was
observed in the human tissue when compared to cortical
brain slices from mice. This observation suggests that human
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a-ketoglutarate M + 5. Direct and first turn metabolism of [U-'3C]glu-
tamine is reflected as M+5/M+4 and M +3/M+2 labeling, respec-
tively. AAT, aspartate aminotransferase; GAD, glutamate decarbox-
ylase; GDH, glutamate dehydrogenase; PAG, phosphate-activated
glutaminase. Mean+SEM, n=6-7, Welch ¢ test with Benjamini—
Hochberg correction, * <0.05

astrocytes have a larger capacity for glutamine synthesis
supporting neuronal GABA synthesis. Moreover, we found
that the total amounts of aspartate were higher in the mouse
cortical slices compared to human brain slices (mouse vs.
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Table 2 Intracellular amino acid amounts of cerebral cortical brain slices from mouse and human following incubation with 0.5 mM [U-13C]
glutamate and 1.0 mM [U-'*C]glutamine determined by high-performance liquid chromatography (HPLC)

Metabolite (nmol/mg) Glutamate Glutamine

Mouse (7) Human (5) P value Mouse (7) Human (6) P value
Aspartate 117.8+7.1 422470 23E-5% 792+6.4 40.7+8.7 54E —3%*
Glutamate 358.7+27.4 281.9+42.6 0.17, n.s 177.1+11.9 218.2+36.7 0.33, n.s
Glutamine 21.7+1.5 22.8+4.9 0.84, n.s 89.3+5.8 49.6+5.2 3. 7E—4*
GABA 199+1.2 16.0+3.0 0.28, n.s 164+1.2 14.0+2.5 0.40, n.s
Taurine 56.7+4.0 12.3+2.3 4.0E - 6* 38.7+3.2 112+2.0 2.8E — 5%

n.s., not significant. Mean + SEM, n=5-7, Welch ¢ test with Benjamini—Hochberg correction, * <0.05

human: 117.8 +7.1 nmol/mg vs. 42.4+7.0 nmol/mg) after
[U-13C] glutamate incubation (Table 2). The elevated aspar-
tate levels in the mouse slices may reflect a lower capacity of
mouse astrocytes to convert glutamate to glutamine, instead
directing glutamate towards aspartate synthesis via aspartate
aminotransferase (AAT) activity to a higher extent than in
human brain slices. Finally, as observed for the freshly pre-
pared tissue, the amounts of taurine were higher in mouse
cortical slices when compared to the human cortical slices
following [U-'*C]glutamate incubation (mouse vs. human:
56.7 +4.0 nmol/mg vs. 12.3 +2.3 nmol/mg), whereas the
levels of glutamine and GABA were similar.

Uptake and Metabolism of Glutamine

Glutamine is selectively synthesized in astrocytes and released
to the extracellular space for support of neuronal glutamate
and GABA synthesis [12, 46]. No difference in the intracellu-
lar labeling of glutamine M+5 was observed between human
and mouse cortical brain slices (Fig. 6). However, the total
amounts of glutamine were higher in the mouse tissue than in
the human tissue (mouse vs. human: 89.3 +5.8 nmol/mg vs.
49.6 +5.2 nmol/mg), which may suggest an increased capacity
for glutamine uptake in the mouse slices (Table 2). Intracel-
lularly, glutamine can undergo hydrolysis to yield glutamate, a
reaction catalyzed by the enzyme phosphate-activated glutami-
nase (PAG) being primarily expressed in neurons [47]. PAG
converts [U-13C]glutamine into glutamate M+ 5 which can
enter the TCA cycle, as a-ketoglutarate M + 5, thus giving rise
to the same labeling patterns as metabolism of [U-'>C]gluta-
mate (Fig. 6). The 13C enrichment of all measured TCA cycle
intermediates and amino acids was lower in the human slices
following both direct and first turn metabolism of [U-'*C]glu-
tamine, suggesting an overall lower rate of glutamine oxidation
in the human cerebral cortex. Similar to the incubation with
[U-13C]glutamate, the total amounts of aspartate were higher in
the acutely isolated brain slices from mice following metabolism

of [U-*C]glutamine (mouse vs. human: 79.2 +6.4 nmol/mg
vs. 40.7 +8.7 nmol/mg) (Table 2), again suggesting an elevated
aspartate production from glutamate in the mouse brain slices. In
line with our previous observations, the amounts of taurine were
again higher in mouse tissue when compared to the human tissue
(mouse vs. human: 38.7+3.2 nmol/mg vs. 11.2+2.0 nmol/mg).

Mitochondrial Function of Isolated Non-synaptic
Mitochondria

To compare the mitochondrial function between human
and mouse cerebral cortex, we finally assessed the oxygen
consumption rate (OCR) of isolated non-synaptic mitochon-
dria. The mitochondria were provided two different substrate
combinations: (1) pyruvate and malate or (2) succinate
(Fig. 7A) and tested by sequential addition of mitochondrial
modulators (Fig. 7B) [37]. The combination of pyruvate and
malate stimulates the generation of NADH, whereas suc-
cinate is the direct substrate for complex II of the electron
transport chain generating FADH, [37]. In the presence of
pyruvate and malate, no differences were observed in the
basal OCR or in the OCR upon respiratory uncoupling by
FCCP between isolated mitochondria from the mouse and
human cerebral cortex (Fig. 7C). However, a higher cou-
pled respiration in response to ADP stimulation was found
in mitochondria from human cerebral cortex compared to
mice, indicating a higher coupling efficiency of the human
mitochondria. Furthermore, the human isolated mitochon-
dria showed a lower proton leak. In accordance with the
higher coupled OCR in the presence of ADP and lower
proton leak, the respiratory control ratio (RCR), a general
measure of mitochondrial function [38], was significantly
higher in the human mitochondria when provided with pyru-
vate and malate (Fig. 7D). When the isolated mitochondria
were provided with succinate as energy substrate, all OCR
measurements (basal, coupled, proton leak, and uncoupled)
were significantly lower in the isolated mitochondria from
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Fig.7 Metabolic function of isolated non-synaptic mitochondria of
the mouse and human cerebral cortex. Oxygen consumption rates
(OCRs) of non-synaptic isolated cortical mitochondria from human
and mice. A The isolated mitochondria were provided with different
metabolic substrates (1) pyruvate and malate (C and D; pink bars)
or (2) succinate (E and F; green bars). B Schematic overview of the
mitochondrial stress test; three baseline measurements were followed
by applications of ADP stimulating coupled respiration; oligomycin

the human cerebral cortex when compared to mitochondria
from mice (Fig. 7E). However, no changes in the RCR were
observed between human and mouse mitochondria when
provided with succinate (Fig. 7F), indicating that the cou-
pling efficiency is comparable between mouse and human
cerebral cortical mitochondria when using succinate as a
mitochondrial substrate.

@ Springer

A inhibiting the ATP synthase (complex V); FCCP inducing maximal
uncoupled respiration, and finally antimycin A blocking mitochon-
drial respiration via complex III. The respiratory control ratio (RCR)
was calculated as the coupled respiration (i.e., after ADP addition)
divided by the proton leak (i.e., after oligomycin A addition) and is
a general indicator of mitochondrial function. Mean + SEM, n=5-6,
Welch ¢ test with Benjamini-Hochberg correction, * <0.05

Discussion

Here, we demonstrate distinct differences in functional
energy and neurotransmitter metabolism between cerebral
cortical tissue of mice and humans. In particular, the rates
of oxidative glucose metabolism and astrocyte acetate
metabolism were considerably lower in human brain slices.
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In addition, we found that human brain slices have a larger
capacity for conversion of exogenous glutamate into glu-
tamine, and subsequently GABA synthesis, when compared
to brain slices from mice. Finally, we show that isolated
non-synaptic mitochondria from the human cerebral cortex
display higher coupling efficiency when provided pyruvate
and malate, whereas this was not the case with succinate as
respiratory substrate.

Neuronal and Astrocyte Energy Metabolism

The mouse and human brains differ not only in size, but
also in anatomical complexity and cellular composition.
The size of rodent neurons correlates with the overall size
of brain structures; thus, the size of a mouse neuron will
be smaller than that of larger rodents, e.g., rats [48]. In
contrast, neuronal size does not correlate with increasing
brain mass of the primate brain. This has allowed the pri-
mate brain to maintain a higher neuronal density and more
importantly to minimize the size necessary to accommodate
the number of neurons [49, 50]. Glucose is the main neu-
ronal energy substrate and is mandatory to maintain proper
cerebral function. Based on in vivo '>C nuclear magnetic
resonance (NMR) spectroscopy, it has been estimated that
the total oxidative glucose consumption of the awake brain
is over twice as high in rats (0.86 umol/g/min) [51, 52]
than in humans (0.41 umol/g/min) [53-56]. Similar results
were reached when comparing in vivo cerebral cortical glu-
cose consumption in awake rats and humans, measured by
[*C]2-deoxyglucose autoradiography and ['®F]fluorodeox-
yglucose positron emission tomography (!*F-FDG-PET),
respectively [57, 58]. Larger comparative studies across mul-
tiple mammalian species have demonstrated that the overall
cerebral glucose consumption per gram of brain tissue is
negatively correlated with brain size [50, 59]. Thus, of the
investigated species, the mouse brain had the highest rela-
tive glucose consumption, whereas the human brain had the
lowest [50, 59]. The in vivo observations described above
agree well with our studies of [U-'*C]glucose metabolism in
cerebral cortical slices. Based on the cycling ratios derived
from [U-13C] glucose metabolism, we find that the rate of
TCA cycling in human brain slices was approximately half
of that of mouse slices (Fig. 2). Importantly, these results
demonstrate that acutely isolated brain slices maintain the
metabolic profile of the in vivo brain. The species-specific
differences in glucose metabolism have been suggested to
be mediated by higher neuronal firing rate and synaptic den-
sity of the rodent brain [58], but could also be linked to
differences in glial composition [59]. Indeed, astrocytes do
not follow the same scaling rules as neurons. Human astro-
cytes are much larger in size, are more structurally complex,
and modulate 20 times as many synapses than their rodent
counterpart [26, 60]. In line with the total oxidative glucose

metabolism, it has been estimated that the in vivo astro-
cytic contribution of glucose consumption is several fold
lower in the human brain (0.07 umol/g/min) [54, 56, 61,
62] when compared to the rat (0.18 umol/g/min) [51]. Here,
we applied [1,2-13C]Jacetate to functionally probe astrocyte
metabolism in the brain slices [40, 41] and found that the
rate of astrocyte TCA cycling indeed is lower in human
cortical brain slices when compared to mice (Fig. 3). This
observation supports our previous report of lower oxida-
tive metabolism of branched-chain amino acids, primarily
reflecting astrocyte metabolism, in human brain slices when
compared to mice [63]. Furthermore, cultured human astro-
cytes display a lower basal and ATP-linked mitochondrial
oxygen consumption when compared to mouse astrocytes
[64]. In addition to the lower mitochondrial respiration, it
was suggested that human astrocytes produce more lactate
than mouse astrocytes [64]. This observation, may be in
agreement with our results of similar amounts of released
lactate from human and mouse slices, despite lower 3¢
enrichment of the intracellular lactate pool in human brain
slices (Fig. 1). This could suggest a larger lactate export,
relative to oxidative glucose metabolism, from the human
slices. In contrast, to the pronounced differences in [U-13C]
glucose metabolism between human and mouse slices,
metabolism of the ketone body fPHB was more similar
(Fig. 4). BHB has been found to be primarily metabolized
in neurons in vivo [43, 44], but fHB metabolism is glucose
sparing in both cultured neurons [65] and astrocytes [66].
Interestingly, we observed higher labeling in citrate M 42
following metabolism of [U-'*C]BHB in the human brain
slices. As ketone bodies can compete with glucose for ace-
tylCoA generation, the higher M +2 labeling in citrate likely
reflects a higher entry of fHB-derived acetylCoA into the
TCA cycle [67, 68]. Furthermore, metabolism of [U-13C]
PHB was not reduced to the same extent as [U-13C] glucose
in the human slices, indicating that the human brain retains
a larger basal capacity for ketone body metabolism and
that ketones may serve as an important neuronal substrate
in the human cerebral cortex. It could be argued that the
mouse cohort used in this study (12—-13 weeks, correspond-
ing to early adulthood) was young compared to the human
patient group (39 years on average). However, the mouse
brain metabolome is nearly conserved from early adulthood
(16 weeks) to middle adulthood (60 weeks), including all
cerebral cortical metabolites investigated in this study [69].
Furthermore, despite an age span of 35 years in the human
patient group, no age-related metabolic correlations were
observed, supporting the notion that cerebral cortical meta-
bolic function is maintained throughout adulthood. Finally,
it should be noted that, although the surgically resected
human neocortical tissue was not taken from the epileptic
focus, recurrent seizures may affect the surrounding neocor-
tical tissue. However, no abnormal histopathological features
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were present in the tissue and glial morphology and organi-
zation have likewise been found to be maintained in similar
resected human tissue [60].

Glutamate and Glutamine Metabolism
and Recycling

Besides being the primary excitatory neurotransmitter, gluta-
mate is also an integral part of cellular metabolism, connect-
ing amino acid, and glucose metabolism [7, 9]. Glutamate is
extensively recycled between neurons and astrocytes, as part
of the glutamate-glutamine cycle [12] and neuronal glucose
consumption is linearly correlated with glutamate recycling
[54, 57, 58]. We found significantly higher labeling in glu-
tamine M+ 5 and GABA M + 4 following direct metabolism
of [U-'*C]glutamate in human slices (Fig. 5), whereas the
intracellular levels of glutamate, glutamine, and GABA were
similar in human and mouse brain slices (Table 2). We have
previously demonstrated functional glutamine transfer from
astrocytes to neurons in our slice incubation setup, particu-
larly supporting neuronal GABA synthesis [70]. The ele-
vated °C enrichment in GABA from metabolism of [U-'*C]
glutamate therefore likely reflects increased astrocytic
glutamine synthesis and transfer. As the slices were incu-
bated with elevated concentrations of exogenous glutamate
(0.5 mM), the augmented transfer of glutamine does not
faithfully reflect neurotransmitter recycling. However, our
results demonstrate that human astrocytes have an increased
capacity for glutamine synthesis for neuronal replenishment
of GABA. Indeed, in vivo NMR studies have suggested a
lower rate of glutamine synthesis in the rat brain [71] than
in the human brain [53]. The '>C enrichment in TCA cycle
intermediates after direct metabolism of [U-13C] glutamate
was overall similar in the human and mouse slices. This is in
line with our recent report of functional GABA metabolism,
showing similar rates of oxidative metabolism of [U-13C]
GABA between mouse and human cerebral cortical slices
[32]. In contrast, the '>C enrichment from direct [U-'3C]
glutamine metabolism was lower in all measured metabolites
in the human slices when compared to mouse (Fig. 6). This
overall reduction may reflect either reduced capacity for the
conversion of glutamate to glutamine, or a general lower
metabolic rate. The specific activity of PAG has been found
to be lower in mouse brain [72] as well as cultured neurons
[73], when compared to human brain [74], suggesting that
the enzymatic capacity of PAG does not limit glutamine
metabolism in the human slices. However, as glutamine is
primarily metabolized in the neuronal compartment [47],
the reduced 'C enrichment from metabolism of [U-'3C]
glutamine is in accordance with the lower metabolic rate
of [U-13C]glucose. Interestingly, we found higher intracel-
lular amounts of aspartate in mouse brain slices following
incubations with [U-13C]g1utamate and [U-13C]g1utamine

@ Springer

(Table 2). In contrast, the human brain slices appeared to
be more efficient in converting exogenous glutamate into
glutamine (Fig. 5). Glutamate primarily enters the TCA
cycle via activity of two enzymes: glutamate dehydroge-
nase (GDH) and aspartate aminotransferase (AAT) [7, 75].
Indeed, the expression levels of AAT (genes: Gotl and Got2)
are several fold greater in the mouse cerebral cortex than in
humans [29], supporting that aspartate synthesis is the pri-
mary metabolic pathway handling elevated glutamate con-
centrations in the mouse brain. GDH is particularly enriched
in astrocytes [76] and astrocytic deletion of GDH leads to
decreased glutamate oxidation in the TCA cycle and instead
directs glutamate towards aspartate via AAT activity [77,
78]. Interestingly, human astrocytes express an additional
isoform of GDH, GDH2, which is absent in rodents [28, 29,
79]. Introduction of GDH?2 in mice increases the astrocytic
capacity of both uptake and oxidative metabolism of gluta-
mate [80]. As GDH acts as a metabolic safeguard elevating
oxidative glutamate metabolism during intensive glutamater-
gic signaling [7, 8], the results of this study further suggest
that the combination of high GS and GDH activity of human
astrocytes collectively serves as a metabolic defense against
excess glutamatergic signaling and potential excitotoxicity.

Non-synaptic Mitochondrial Function

Finally, to obtain a better understanding of the metabolic dif-
ferences between the human and the mouse brain, we investi-
gated the functionality of isolated non-synaptic mitochondria
(Fig. 7). It has previously been shown that isolated non-syn-
aptic mitochondria display higher respiration with succinate
as metabolic substrate when compared to the combination of
pyruvate and malate [37, 81-83]. The results presented here
are in line with these previous reports, as the non-synaptic
mitochondria from both mouse and human cerebral cortex had
higher OCRs with succinate as a substrate when compared
to pyruvate/malate. Succinate provides electrons directly to
the electron transport chain via complex II, i.e., succinate
dehydrogenase [37, 84]. The non-synaptic mitochondria from
humans had an overall lower OCR with succinate as substrate,
when compared to mouse mitochondria. Since mitochondrial
respiration on succinate primarily reflects activity of com-
plex II, this observation agrees well with the general lower
metabolic rate of the human cerebral cortical slices (Figs. 2,
3, 4). Comparative studies have found a negative correlation
between cerebral oxygen consumption and brain size [50,
59] agreeing well with these results. In contrast to the overall
lower respiration with succinate, we observed similar basal
and uncoupled OCRs, and even a higher coupled OCR, of the
human mitochondria when provided pyruvate/malate as res-
piratory substrates. Oxidative metabolism of pyruvate relies
on multiple metabolic pathways including functional TCA
cycling and reflects NADH-mediated, and hence complex
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I-driven, respiration [37]. In addition, we also observed a
lower proton leak in the human non-synaptic mitochondria.
The proton leak is the flow of protons across the inner mito-
chondrial membrane not related to energy production, which
constitutes a significant fraction of the resting mitochondrial
metabolic rate [85, 86]. The lower proton leak, in combina-
tion with the higher coupled respiration, leads to much higher
RCR values for the human mitochondria. This suggests that
the human mitochondria are more efficiently coupled and are
better equipped to handle complex I respiration than brain
mitochondria of mice. The preference for pyruvate metabo-
lism of human mitochondria may be explained by the high
enzyme activity of complex I of the electron transport chain
in human brain [87, 88], which is several fold higher than
what has been observed in mice [89]. As a higher mitochon-
drial coupling efficiency will lead to more efficient energy
production, it may be speculated that the enhanced coupling
of the human mitochondria is linked to the overall lower TCA
cycling ratios observed in the human brain slices. Finally, it
should be noted that isolated non-synaptic mitochondria are
derived from multiple different cell types and that depriv-
ing mitochondria of their cellular environment may influ-
ence metabolic outcomes. Further comparative studies of
mitochondrial function in situ or in vivo are therefore highly
encouraged.

Conclusions

Here, we report distinct metabolic differences between cer-
ebral cortical slices and isolated mitochondria from humans
and mice. Overall, the neuronal and astrocytic metabolism
was lower in the human brain slices, whereas human astro-
cytes displayed an increased capacity for glutamine syn-
thesis when faced with elevated glutamate concentrations.
Complex I-driven respiration was more efficient in human
mitochondria when compared to mice, whereas respiration
mediated by complex II was lower in the human mitochon-
dria. The reported metabolic differences between the human
and mouse cerebral cortex are in line with the metabolic
profile of the in vivo brain and have to be considered when
applying rodents as model systems. The overall higher meta-
bolic rate of the rodent brain could lead to overestimations
of the metabolic consequences when using transgenic rodent
models of neurodegenerative diseases and may not accu-
rately reflect similar outcomes in humans.
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