Journal of Cerebral Blood Flow & Metabolism (2010) 30, 211-221
© 2010 ISCBFM All rights reserved 0271-678X/10 $32.00

www.jcbfm.com

Altered brain mitochondrial metabolism in healthy
aging as assessed by in vivo magnetic resonance
spectroscopy

Fawzi Boumezbeur!?, Graeme F Mason!?, Robin A de Graaf'#, Kevin L Behar'?,
Gary W Cline®, Gerald I Shulman®®’, Douglas L. Rothman"* and Kitt F Petersen®

'Department of Diagnostic Radiology, Yale School of Medicine, New Haven, Connecticut, USA;
*Neurospin, I2BM, CEA, Gif-sur-Yvette, France; *Department of Psychiatry, Yale School of Medicine,

New Haven, Connecticut, USA; *Department of Biomedical Engineering, Yale School of Medicine,

New Haven, Connecticut, USA; *Department of Internal Medicine, Yale School of Medicine, New Haven,
Connecticut, USA; ®Department of Cellular and Molecular Physiology, Yale School of Medicine, New Haven,
Connecticut, USA; ”"Howard Hughes Medical Institute, Yale School of Medicine, New Haven, Connecticut, USA

A decline in brain function is a characteristic feature of healthy aging; however, little is known about
the biologic basis of this phenomenon. To determine whether there are alterations in brain
mitochondrial metabolism associated with healthy aging, we combined *C/'H magnetic resonance
spectroscopy with infusions of [1-'3C]glucose and [2-'*Clacetate to quantitatively characterize
rates of neuronal and astroglial tricarboxylic acid cycles, as well as neuroglial glutamate—glutamine
cycling, in healthy elderly and young volunteers. Compared with young subjects, neuronal mito-
chondrial metabolism and glutamate—glutamine cycle flux was ~30% lower in elderly subjects. The
reduction in individual subjects correlated strongly with reductions in N-acetylaspartate and gluta-
mate concentrations consistent with chronic reductions in brain mitochondrial function. In elderly
subjects infused with [2-'3Clacetate labeling of glutamine, C4 and C3 differed from that of the
young subjects, indicating age-related changes in glial mitochondrial metabolism. Taken together,
these studies show that healthy aging is associated with reduced neuronal mitochondrial meta-
bolism and altered glial mitochondrial metabolism, which may in part be responsible for declines in
brain function.
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Introduction

Normal human aging is associated with a decline in
brain function, including cognitive, memory, and
sensory processes (Hedden and Gabrieli, 2004).
Alterations in mitochondrial function have been
implicated in age-related neurodegenerative diseases
through reactive oxygen species hypothesis and have
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been suggested to have a role in the loss of brain
function with healthy aging (Reddy, 2007). However,
direct evidence of impaired mitochondrial function
has not been shown. Studies using positron emission
tomography (PET) have shown decreases in brain
glucose metabolism associated with aging (Salat
et al, 2004; Kalpouzos et al, 2009), but these may
not be related to mitochondrial changes. Further-
more, it is unclear whether the decreases are due to
changes at the cellular level or are secondary to brain
shrinkage (Ibafiez et al, 2006).

Over the past decade, advances in magnetic
resonance spectroscopy (MRS) by several groups
have provided direct noninvasive measurements of
metabolic fluxes in the healthy human brain (for
reviews, see Shen and Rothman, 2002; Hyder et al,
2006; Mangia et al, 2009) and have been applied to
studies of patients with neurodegenerative disorders
(Lin et al, 2003). Of particular interest in this regard
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is the recent development of *C MRS methods, in
combination with selectively '*C-labeled precursors,
to measure individual rates of neuronal (Vica,) and
glial (Vicag) mitochondrial energy production, as well
as the rate of the glutamate—glutamine cycle—a mea-
sure of neurotransmitter glutamate release (Veyqe). In
these studies, we applied these novel *C MRS
methods to directly determine whether the rates of
neuronal and glial tricarboxylic acid (TCA) cycle
flux, which are a direct measure of mitochondrial
function, are altered in the brain of healthy, elderly
subjects compared with young control subjects.

Materials and methods
Subjects

Seven healthy, nonsmoking elderly (2 women/5 men; aged:
76 £ 8 years, body mass index: 24 +3kg/m®) and eight
young (3 women/5 men; aged: 26 £7 years, body mass
index: 23 £ 4 kg/m?) volunteers were studied. All subjects
underwent a complete medical history and physical
examination along with blood tests to verify their normal
blood and platelet counts, electrolytes, AST (aspartate
transaminase), ALT (alanine transaminase), urea nitrogen,
creatinine, cholesterol, and triglycerides. All subjects (both
young and elderly) were in excellent health, nonsmoking,
and were free of any significant chronic diseases that might
impact brain metabolism, including diabetes, hepatic,
renal, cardiovascular, and pulmonary conditions, hyper-
tension, mental disorders, and joint disease. This was
determined by medical history and physical examination,
including blood screens and electrocardiogram. None of
the subjects took any medications, except the young female
subjects who took birth control pills. Before enrollment, all
subjects underwent a 75-g, 3-h oral glucose tolerance test
(OGTT) to verify normal glucose tolerance defined as a
fasting plasma glucose level >80 and <100mg/dL and a
mean plasma glucose concentration level <140mg/dL at
120 mins and normal HgbA, (<6%). No subject showed
evidence for previous ischemic episodes or clinically
relevant brain shrinkage in the quantitative gray—white—
cerebrospinal fluid (CSF) magnetic resonance imaging (MRI)
that was part of the scanning procedure (see Figure 1).
All subjects had correctable vision and were able to view
the projection screen.

Each subject participated in two MRS studies: (1)
hyperglycemia with administration of [1-'*C]glucose and
(2) during [2-"*Clacetate administration. The studies were
conducted in random order. The subjects were admitted in
the morning after an overnight fast; two antecubital
intravenous lines were inserted, i.e., one for infusion and
the other for blood collection. The subjects were positioned
within the magnet and after acquisition optimization and
collection of baseline **C spectrum, either [1-"*C]glucose or
[2-*Clacetate was infused. During both experiments, the
subjects were awake with their eyes open and were
watching a slide show presentation of neutral nature
pictures during the study.

For glucose experiments, a primed-variable rate infusion
of [1-*Cl]glucose was administered (1.1 mmol/L of 99%
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Figure 1 Typical position of the spectroscopic volume of interest
(~100mL) and brain segmentation into gray matter (GM, left),
white matter (WM, center), or cerebral spinal fluid (CSF, right)
from two healthy young (top) and elderly volunteers (bottom).
In spite of the overall brain atrophy in the elderly subjects,
the proportion of gray and white matter in the volumes of
interest was similar (Young: %GM =47 + 1% versus Elderly:
%GM =49 + 2%).

APE (Atom Percent Enrichment), Cambridge Isotopes,
Cambridge, MA, USA) to increase plasma glucose concen-
trations to 180 mg/dL and maintain this for 120 mins. For
acetate experiments, [2-'®Clacetate was administered
(350 mmol/L sodium salt of 99% "*C APE, Sigma-Aldrich,
Miamisburg, OH, USA) as a primed-continuous infusion of
3.0mg/kg per min for the 120-min study duration (Shen
et al, 1999; Lebon et al, 2002). Blood samples were
collected for every 5 to 10mins for determining plasma
glucose and acetate APE, as well as for concentrations of
plasma glucose and lactate. Plasma glucose and lactate
concentrations were measured using an YSI STAT 2300
Analyzer (Yellow Springs Instruments, Yellow Springs,
CA, USA). Fractional enrichments and distribution of **C
label among the six glucose carbon atoms were determined
by gas chromatography-mass spectroscopy as described
previously (Mason et al, 2007).

3C/'H Magnetic Resonance Spectrometry Acquisition

Magnetic resonance spectrometry data were acquired on a
4.0-T whole-body magnet interfaced to a Bruker AVANCE
Spectrometer (Bruker Instruments, Billerica, MA, USA).
Subjects were placed supine within the magnet, with
their heads immobilized with foam and lying on top
of a radiofrequency probe consisting of one **C circular
coil (8.5cm in diameter) and two 'H quadrature coils
for acquisition and decoupling. Volumes of interest
(~100mL) were centered in the midline occipito-parietal
lobe. After tuning, acquisition of scout images, shimming
with the FASTERMAP procedure, and calibration of
decoupling power, *C spectra were acquired before and
during the "*C-labeled substrate infusion using a localized
adiabatic **C-["H]-refocused INEPT sequence optimized for
glutamate and glutamine-C4 using 3D-ISIS combined with



outer volume saturation for the localization of "H magne-
tization (Shen et al, 1999) (128 transients, TR (repetition
time) =2.5secs, 5.3mins time resolution). The spectro-
scopic volume was located in the occipital-parietal
lobe, with the size adapted to each volunteer (Young
(N=8): 97.6+2.5mL and Elderly (N=7): 97.4+1.6mL,
respectively).

'H spectra were acquired under the exact same
conditions using a 'H radiofrequency probe (7cm in
diameter) and a phase-encoding LASER-POCE sequence
(FOV (field of view)=16cm, 16 steps, 16 transients,
TR=3.5secs, TE (echo time) =42 msecs) (Marjanska et al,
2004). A reference spectrum and a double-inversion
metabolite-nulled spectrum (TI,=1.7 secs, TI,=0.54 secs)
were acquired from the same volume of interest (Barker
et al, 1994; Behar et al, 1994). The spectroscopic volume
was located in the occipital-parietal lobe (Elderly (N=7):
26.4 +* 0.9mL).

Data Processing

Magnetic Resonance Imaging Segmentation: The tissue
composition of each voxel was determined from T,-based
image segmentation maps as described previously (Mason
and Rothman, 2002). Briefly, sets of B, maps and inversion-
recovery images were acquired and processed to yield
quantitative T, and proton density maps, which were
converted to segmented images of gray matter, white
matter, and CSF (see Figure 1).

'H Spectra Analysis

All 'H spectra were analyzed using an LCModel 6.1
(Provencher, 1993) (Stephen Provencher, Oakville, ON,
Canada). The LCModel was generated by simulating
spectra for every observable metabolite with Matlab 7.0
(The MathWorks, Natick, MA, USA) and SpinWizard
(Bruker Analytik GmbH, Ettlingen, Germany) using pub-
lished values of "H chemical shifts and homonuclear "H-'"H
coupling constants (Jiu) obtained from Govindaraju et al
(2000). After subtraction of an averaged macromolecule
spectrum from the raw spectra, 1-Hz Gaussian apodization
was applied before the LCModel analysis. Relative con-
centrations obtained from the LCModel were converted to
absolute concentrations by reference to the endogenous
water signal. The water content for each voxel was
calculated using tabulated values of water content in gray
matter (43.3 mol/L), white matter (35.9mol/L), and CSF
(55.0mol/L) (Lentner, 1981). Corrections were applied for
T, relaxation effects and proton density differences bet-
ween the ‘Young’ and ‘Elderly’ cohorts on the basis of the
individual T, and proton density maps of the brain (data
not shown).

3C Spectra Analysis

All "*C spectra were also analyzed using LCModel 6.1
modified to process '*C spectral data as explained by
Henry et al (2003). The LCModel was generated by
simulating spectra for every observable isotopomer with
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NMRSim 2.8 (Bruker Analytik GmbH, Ettlingen, Germany)
using published values of "C chemical shifts and homo-
nuclear "C-'*C coupling constants (Joc) obtained from
Henry et al (2003). The spectra were added three-by-three
in running averages of 16 mins to increase the signal to
noise ratio (SNR) before processing. A 3-Hz Gaussian
apodization and zero filling to 8K data points were applied
to all spectra before the LCModel analysis. Relative
concentrations obtained from the LCModel were converted
to absolute concentrations by reference to the natural
abundance (1.1%) signal of N-acetylaspartate (NAA)
carbon-3 assuming a NAA pool size of 11umol/g for
‘Young’ subjects on the basis of previous **C MRS measure-
ments that performed natural abundance quantitation
(Mason et al 2007). For the elderly subjects, measured
NAA concentrations determined from 'H MRS spectra
were used. Calibration of the basis set to account for
differences in polarization transfer efficiency and off-
resonance effects were realized using a series of phantom
experiments (data not shown). For the very first time
points, because of the low signal-to-noise ratio, systematic
overestimations were apparent. Therefore, peak heights
were determined manually and scaled on the last spec-
trum. To improve sensitivity of the measurement, only
singlet signals were considered for glutamate (Glu-C4,
Glu-C3, and GluC-2) and glutamine (GIln-C4, GIn-C3, and
GIn-C2). On the basis of probabilities of obtaining double-
and triple-labeled isotopomers, correction factors were
calculated and applied to account for the contribution of
these isotopomers (Glu-C43, Glu-C32, Glu-C234, GIn-C43,
GIn-C32, and GIn-C234).

Metabolic Modeling Analysis

Model Fitting to "°C Time Courses and Metabolic Flux
Determination: Previous labeling experiments have estab-
lished that cerebral metabolism can be characterized by
two distinct metabolic compartments associated with
neurons and glial cells (see Lebon et al, 2002). Time
courses of '*C labeling for glutamate and glutamine in the
C4, C3, and C2 positions from both [1-'*C]glucose and
[2-"°Clacetate were fitted simultaneously according to this
two-compartment metabolic model (Mason et al, 1995;
Mason et al, 1999; Gruetter et al, 2001; Henry et al, 2006)
using Matlab 7.0 (The MathWorks) and Cwave (Mason,
2003) with time courses for plasma acetate, lactate, and
glucose concentrations, as well as 'C fractional enrich-
ments as input functions for each experiment. Values for
rates of the glutamate—glutamine cycle (Vi) along with
rates of neuronal and glial TCA cycles (noted as Vica, and
Vicag, Tespectively) were adjusted iteratively using a
simulated annealing algorithm. The mitochondrial-cyto-
solic glutamate—o-ketoglutarate exchange rate in neurons
and astrocytes (Vx, and Vx,) were fitted to improve the
accuracy of TCA cycle rates determination. Pyruvate
carboxylase activity (Vpc) was considered equal to 0.06 of
Veyalo On the basis of the value reported previously by
Mason et al (2007)after the infusion of [2-'*Clglucose in
humans. For the young group, concentrations of glutamate
and glutamine used for the modeling were assumed to be
9.1 and 4.1 umol/g, respectively, on the basis of the values
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reported by a previous MRS study of a similar volume
(Mason et al, 2007). For the elderly group, glutamate and
glutamine pools sizes considered were those given by the
"H spectra analysis. Recently, the precision of using a two-
compartment model to calculate metabolic fluxes has been
evaluated numerically for a [1-*C]glucose infusion (Shes-
tov et al, 2007; Shen et al, 2009). High precision was found
for the measurement of the neuronal TCA cycle, but there
was lower precision for measuring the glutamate—gluta-
mine cycle because of the product precursor relationship of
glutamine from neuronal glutamate. To enhance the
precision of determining glutamate—glutamine cycle flux
as well as the glial TCA cycle, we conducted studies using
[2-*Clacetate (Lebon et al, 2002), which directly labeled
the astrocytic glutamate and glutamine pool. For each
subject, data from the glucose and acetate infusions were
fitted simultaneously to obtain metabolic rates. In addition,
the fraction of astrocytic glutamate as a fraction of the total
was calculated from group data and found to be similar
within the elderly and control subjects, and consistent
with the previous report of Lebon et al (2002) of ~7% of
the total pool.

Previous in vivo studies have strongly suggested that the
glutamate—glutamine cycle is the major pathway of
neuronal glutamate repletion; however, other pathways
are active in cell cultures. These pathways were not
included in the modeling, because any flux of alternate
glutamate precursors from the glia to neurons would be
included in the [2-'®*Clacetate measurement (Lebon et al,
2002). Several studies have shown that anaplerosis may
have an important role in maintaining the glutamate—
glutamine cycle, through replenishment of lost glutamate
due to either glial oxidation or diffusion into the extra
cellular fluid (ECF) (Gruetter et al, 2001; Lebon et al, 2002;
Oz et al, 2004; Hyder et al, 2006; Mason et al, 2007). As
labeling curves from the [1-"*Clglucose and [2-"*Clacetate
precursors are not highly sensitive to the rate of anaplero-
sis, but are based on steady-state labeling from [1-"*C]glu-
cose, the fractional rate of anaplerosis was similar between
both the groups and would not impact the calculated
fluxes significantly. To definitively address the question of
whether anaplerosis is altered in aging would require
either the use of [2-°Clglucose as a precursor or obtaining
time courses from [1-'*Clglucose with higher sensitivity
to the C2 positions of glutamate and glutamine (Mason
et al, 2007).

LCModel Analysis

Figure 1 in Supplementary material shows two steady-state
spectra from the same young volunteer, obtained from
(Supplementary Figure 1A) the last 15mins of a 2-h
[1-'*Clglucose or (Supplementary Figure 1B) the last
25mins of a 2-h [2-'*Clacetate infusion, scaled to show
the differences in the pattern of '*C labeling between
acetate and glucose infusions. As detailed, the multiple
positions of glutamate, glutamine, and aspartate are well
resolved with typical Cramer—Rao lower bounds values at
the end of the study being below 5% for Glu-C4, below
15% for glutamate-C3, glutamine-C4, glutamate-C2, and
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aspartate-C3, and below 25% for NAA-C3, glutamine-C3,
and glutamine-C2. To achieve a higher level of accuracy in
the measurement of the NAA-C3 signal, '*C labeling was
assumed to be negligible during the first 60 mins, and all
spectra were summed over this interval. In this manner,
the Cramer—Rao lower bounds for the NAA-C3 peak was
<15%. Figure 2 in Supplementary material shows a
typical 'H neurochemical profile acquired from one of
the elderly volunteers (thick line) and its best fit by linear
combination of spectra (thin line). The major metabolites
(from top to bottom: NAA, glutamate + glutamine, creati-
nine, myoinositol, and choline) were determined with
Cramer—-Rao lower bounds below 5%. The average con-
centrations are given in Table 1B.

Metabolic Modeling and Flux Determinations

Figures 2A-2D show glutamate-C4, glutamate-C3
([1-**Clglucose infusion), and glutamine-C4, glutamine-C3
([2-"*Clacetate infusion) experimental time courses, as well
as the corresponding best fits obtained for a young and an
elderly volunteer. The average values for Vica, Vican,
Vrcag and Ve, for both groups are given in Table 1A. The
value Vicag/Virea is also given and represents the contribu-
tion of the astroglia to overall brain oxidative energy
metabolism.

Correlation Between Changes in Compartmentalized
Metabolite Concentrations and Fluxes

Positive correlations were found between individual
neuronal metabolite concentrations (NAA and glutamate)
and flux rates (Vican) (see Figures 3A and 3B, respectively),
as well as between astroglial ones (myo-inositol and Vicag)
(see Figure 3C) using Pearson’s correlation coefficients.

Statistical Analysis

Statistical analyses were carried out using SysStat (Systat
Software, San Jose, CA, USA). The statistical significance
of differences between the young and elderly subjects,
were performed using two-sample Bonferroni’s t-tests. The
correlation between neuronal and astroglial metabolites
and fluxes in the elderly volunteers were calculated using
Pearson’s product-moment correlation coefficients (R). All
data are presented as mean * s.d.

Results

The MRS studies were carried out on a whole-body
4.0-T magnet (Bruker Instruments) from volumes
of interest (~100mL) centered in the midline
occipito-parietal lobe of 15 healthy volunteers, 8
young (3 women and 5 men; aged: 26 %7 years,
body mass index: 23 +4kg/m?* mean+s.d.) and 7
elderly (2 women and 5 men; aged: 76 + 8 years, body
mass index: 24 * 3kg/m? mean +s.d.) all of whom
underwent separate [1-'*Clglucose and [2-"*Clacetate
infusions. To match levels of wakefulness and visual



Altered brain mitochondrial metabolism in healthy aging
F Boumezbeur et a/

A Young B Elderly
14 B GluC4 + GluC3 14 O GluC4 © GluC3
) S 12 B
£ £ - i
= S0t pAE
] P oD
w2 = o
z = = u
St E 08 =
Eﬁ 'E E 4 5] a
o= E 06 o
8 g o
T . ® =
= E E 04 _ P
z £
2 = 02 o
¢ ¥ o
2 2 00 . : )
L} 20 40 (1] &0 100 120
time {min) time (min)
C o6 A GInC4  ® GInC3 D 06 - A GInC4 O GInC3
% Tos
z 05 = 05 |
2 Eo04p E 04
E = = |
R £
2 503 g 03]
of g |
z B g
- 02 E 02
! .| e
L S 01 - T >
i 0l %
¥ ¥
-0 5 . T 00
0 20 40 60 80 100 120 0 20 40 60 80 100 120

time {min) time (min)

Figure 2 Time courses of glutamate (A and B) and glutamine (C and D) 3C concentrations for C4 and C3 positions from one young
(left, dark symbols) and one elderly (right, open symbols) volunteer during the infusion of [1-*3Clglucose (top) and during the infusion
of [2-13Clacetate (bottom). The corresponding best fits by the metabolic model are shown as solid lines through the data points. The
scale for glutamine is adjusted to facilitate the visualization of the kinetics. Symbols: Glu-C4: squares (M and [1); Glu-C3: diamonds

(® and <); GIn-C4: triangles (A and A); GIn-C3: circles. (O and @).

Table 1 Mean flux values (a) and metabolites pools sizes (b) for Young and Elderly subjects

(a)

(Mean *s.d.) Virea Vrcan VTCAg Vc:ycle VTCAg/ Virca chcle/ Vican
Young (n=8) 0.6510.03 0.531+0.03 0.13+£0.01 0.16 £0.01 20+1 0.32+0.03
Elderly (n=7) 0.54+0.04 0.38£0.04 0.17 £0.01 0.13+0.02 312 0.34+0.03
Difference -17% (P=0.04) —28% (P=0.02) —30% (P=0.02) —24% (P=0.06) +58% (P=107%) + 7% (P=0.56)
(b)

(Mean + s.d.) NAA Glu Ins GIn Cho Cr
Young (n=7) 10.8+0.6 8.9+0.8 7.5+1.0 3.710.6 1.5+0.1 8.3+0.7
Elderly (n=7) 9.7%+1.0 7.710.6 94+1.0 3.91£0.7 1.4+0.2 8.41+0.7
Difference —10% (P=0.05) —14% (P=0.04) +25% (P=0.03) +5% (P=0.66) —4% (P=0.49) +4% (P=0.95)

Vrca, total TCA cycle rate; Vrcan, neuronal TCA cycle rate; Vircag, glial TCA cycle rate; Ve, glutamate—glutamine cycle rate; Vrcag/Vrca, astroglial contribution to
total brain oxidative energy synthesis (in %); Veye/Vrcan, ratio of the glutamate-glutamine cycle rate to neuronal TCA cycle rate ratio. B: NAA,
N-acetylaspartate; Glu, glutamate; Ins, myo-inositol; Gin, glutamine; Cho, choline; Cr, creatine; flux values are expressed as pmol per g per min, whereas

metabolite concentrations are expressed as umol per g. Level of significance: P-values were calculated with a Bonferroni's ¢-test.

stimulation, subjects were asked to remain awake
with their eyes open and to watch a slide show
presentation during the study. A nurse was present at
all times and performed periodic checks to insure
that the subject was awake and observing the slides.
Subjects were allowed to wear glasses within the
magnet to view the projection screen.

Before the MRS studies, we carried out MRI
volumetric analyses using T, image segmentation of
the volume of interest of each volunteer. Figure 1
shows segmented (gray, white, CSF) MRI images of
young and elderly subjects from each respective
group. The percentage of gray matter versus gray +
white matter in the volume of interest was similar in
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Figure 3 Pearson’s correlation coefficients. (A and B) calculated between neuronal metabolites Glu and NAA and V+can, neuronal
TCA cycle rate; (C) calculated between astroglial metabolite Ins and Vrcag, glial TCA cycle rate. Closed circles: individual values
measured for Elderly (n = 7). Open circles: average values for the respective metabolite concentrations from a young cohort (n = 7).
Fluxes and metabolite concentrations are expressed as umol per g per min, and umol per g, respectively.

Table 2 !3C fractional enrichment of glutamate (from
[1-'3Clglucose infusion) and glutamine (from [2-'3Clacetate
infusion) in positions C4 and C3 for ‘Young' and ‘Elderly’
subjects at the end of a 2-h infusion

(Mean + s.d.) Glu-C4 Glu-C3 GIn-C4 GIn-C3
Young (n=8) 18.3+1.2 13.6+0.8 14.9+2.4 6.8+ 1.0
Elderly (n=7) 17.3+1.1 12.7+£0.9 15.0+£3.2 7.811.5

Fractional enrichment values are given in %, (means = s.d., n = 7 for ‘Elderly’
subjects; n =8 for ‘Young' subjects). The natural abundance (1.1%) was
subtracted.

the young (47 +1%, n=8) and elderly (49+2%,
n=7) subjects. However, the percentage of CSF
relative to the total volume was slightly higher in
the aged group (elderly versus young: 18 + 2% versus
15+ 1%, mean * s.d.

Figure 2 depicts the experimental time courses of
glutamate-C4 and glutamate-C3 (from [1-'*Clglucose
infusion) and glutamine-C4 and glutamine-C3 (from
[2-"°Clacetate infusion) obtained for a ‘Young’ and an
‘Elderly’ volunteer. The slower rate of **C labeling of
glutamate from [1-"*Clglucose in the elderly com-
pared with the young subject is visually apparent
from the time courses. The corresponding best fits of
the metabolic model to the time courses yields values
for the metabolic rates. The average values of the
rates Vica, Vrcan, Vrcag and Vg, for both groups
are given in Table 1. The steady-state '*C fractional
enrichments were similar in both the groups (see
Table 2), indicating that the slower increase of
labeling in the elderly subjects was due to a reduced
rate in metabolism as opposed to a reduction in cell
number.

As summarized in Table 1 and as shown schema-
tically in Figure 4, there was a 28% reduction in
neuronal mitochondrial TCA cycle flux (Vican) in the
elderly volunteers compared with the young volun-
teers. A similar decrease in mitochondrial TCA cycle
flux (Veyae) and rates of neuronal mitochondrial TCA
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cycle flux (Vican) is consistent with findings in
animal models showing that the glutamate—
glutamine cycle flux (Viya,) is proportional to
mitochondrial energy metabolism (Sibson et al,
1998; Hyder et al, 2006). In addition to reduced rates
of neuronal metabolism, we found evidence for
altered glial mitochondrial metabolism in elderly
subjects (Table 1). An increase in the relative labeling
of glutamine-C3 to glutamine-C4 may reflect a larger
fraction of the **C-labeled carbon that enters the glial
TCA cycle from [2-'*C]acetate undergoing more than
one turn relative to glutamine synthesis, which
removes carbon from the TCA cycle (Lebon et al,
2002). Metabolic modeling of the labeling time
courses indicated that astroglial TCA cycle rate
(Vicag) was ~30% greater in the elderly subjects,
all exceeding the average rate of the young subjects.
As discussed below, a caveat to this interpretation is
that the change in the glutamine relative C4 and C3
labeling may reflect a decrease in the relative rate of
anaplerosis in the elderly subjects.

To test whether the changes in metabolic rates
were a consequence of cellular alterations as
opposed to differences in occipital lobe activation
in the magnet, we compared the neuronal TCA cycle
rates of each elderly subject with the concentrations
of NAA and glutamate measured in the same volume
using short TE "H MRS. N-acetylaspartate is synthe-
sized in the neuronal mitochondria, and decreased
levels observed in neurologic disorders correlate
with either neuronal loss or reductions in neuronal
functional activity (Moffett et al, 2007; Benarroch,
2008). Central nervous system glutamate is primarily
found in glutamatergic neurons, and levels correlate
with NAA. As illustrated in Figure 3, positive
correlations were found between individual rates of
neuronal mitochondrial TCA cycle flux (Vican) and
concentrations of the neuronal metabolites, NAA and
glutamate (Pearson’s correlations: R=0.87 between
NAA and Vica, and R=0.93 between glutamate and
Vrcan). A similar relationship between neuronal
oxidation rate and NAA levels was found by Lin
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Figure 4 Neuronal-astroglial metabolic model and fluxes altered
with aging. '3C label that is incorporated from [2-!3Clacetate or
[1-!3Clglucose enters the mitochondrial TCA cycle of astroglia
and neurons (primarily), respectively. The exchange of label into
the glutamine pool that is localized to the astroglia and the
glutamate pool that is primarily neuronal allows the rates of the
astroglial and neuronal TCA cycles to be measured. Label will
cross from the neurons to the astroglia and back through the
glutamate—glutamine cycle in which released neurotransmitter
glutamate is taken up by the astroglia, converted to glutamine,
and then released back to the neuron for restoration of the
glutamate pool. We found that both the neuronal TCA cycle and
the glutamate-glutamine cycle were reduced, and that the
astroglial TCA cycle was increased in healthy elderly subjects.
The primary findings are a decrease in both Ve and Vyca, in the
elderly subjects. There was also a measured increase in the rate
of the glial TCA cycle in the elderly subjects; however, we have
placed it in parentheses because of the possibility of other
changes in glial metabolic pathways accounting for the
difference in labeling patterns, in particular anaplerosis. Left:
neuronal compartment; Right: astroglial compartment. Abbre-
viations: Lac, lactate; Glc, glucose; Pyr, pyruvate; AcCoA, acetyl
coenzyme A; OAA, oxaloacetate; oKG, o-ketoglutarate; Glu,
glutamate; GlIn, glutamine; Asp, aspartate; V,., acetate con-
sumption rate; Vppnn, flux through neuronal pyruvate dehydro-
genase; Vppue, astroglial  flux through the pyruvate
dehydrogenase; Vrcan, neuronal TCA cycle rate; Vicag, glial
TCA cycle rate; Vpc, flux through pyruvate carboxylase; Ve,
glutamate—glutamine cycle rate.

et al (2003) in a *C MRS study of patients with
Alzheimer’s disease. The rate of the glial TCA cycle
was compared with the level of myo-inositol, an
osmolyte and putative glial cell marker (although the
assignment is not well established as for NAA in
neurons—see Martin, 2007), and a weaker but

significant correlation was found (Pearson’s
R=0.64).
Discussion

To examine whether aging affects brain mitochon-
drial function, we conducted two separate studies
using [1-"*Clglucose and [2-**C]acetate to specifically
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assess rates of the neuronal and glial TCA cycle flux,
respectively, in healthy young and elderly subjects.
We found that in elderly subjects, the rate of the
neuronal TCA cycle was ~28% lower with a similar
reduction in the rate of the glutamate—glutamine
cycle. Before our study, age-related changes in brain
metabolism in humans were reported using PET
and arterio venous (AV) difference studies. Early AV
difference studies by Kety (1956) reported an overall
decrease in brain oxygen consumption (CMRO,) with
aging, which were supported by several "*H,O-PET
studies (Martin et al, 1991). Similarly, results of
'8F-fluoro-deoxy-glucose (**FDG)-PET studies have
noted reductions in overall brain glucose consump-
tion (CMRy,) with normal aging of ~10% to 20%,
including the regions measured in this study
(Kalpouzos et al, 2009). However, in contrast to
the **C MRS methods used in the current studies,
"FDG-PET studies do not directly assess neuronal
and glial mitochondrial metabolism. Furthermore,
conclusions regarding reduced CMRy. have been
questioned by Rapoport et al. who suggested that
these differences could be accounted for by cortical
shrinkage (Ibanez et al, 2006).

An advantage of C MRS is that both total
metabolic flux and the turnover time of metabolic
pools can be determined, permitting rate changes
due to neuronal metabolism to be distinguished
from potential neuronal loss. The turnover time,
which is inversely proportional to the average
metabolic flux within the cells, is not influenced
by a loss of neurons. For example, assuming that
oxidative metabolism in the remaining neurons is
unaffected by lost cells, the turnover time of the
3C label in glutamate would be the same as for a
brain with no neuron loss. We found that the
reduction in the neuronal TCA cycle rate reflected
a slower turnover time (Figure 4) and could not
be explained by tissue loss, as assessed by either
quantitative volumetric MRI or by decreases in the
absolute size of metabolite pools, which were
significantly less (—10% and —14% for NAA and
Glu, respectively) than the decrease in the neuronal
TCA cycle rate.

Greater metabolic decreases in glucose utilization
have been measured in humans with neurodegen-
erative diseases, such as Alzheimers’s by PET
(Rapoport, 1999) and **C MRS (Lin et al, 2003), but
these changes are associated with a much greater
extent of gray matter loss and tissue shrinkage than
what was observed in our subjects. A potential
explanation for the discrepancies in the FDG-PET
literature on the basis of our findings is that the
decrease in neuronal glucose oxidation may be
masked by the increase in glial glucose oxidation,
the degree of which may depends on the exact
conditions in the scanner (e.g., degree of light and
auditory deprivation, and wakefulness of the sub-
ject). Alternatively, because FDG-PET measures total
glucose uptake, and not glycolysis, a selective
decrease in the rate of the neuronal TCA cycle
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may be masked by an increase in nonoxidative
glycolysis.

The occipital volume of interest was chosen
largely because the majority of '*C MRS studies of
the human brain have been reported from this region
mainly because of the relative ease of acquiring MRS
spectra from this site. However "*C MRS spectra from
the human frontal lobe has been recently shown
(Sailasuta ef al, 2008) opening up other brain regions
to study. Both the elderly and young subject groups
underwent stringent selection criteria to rule out
conditions other than aging that may impact brain
metabolism. Among the exclusion criteria were the
use of medications, all chronic diseases including
neurologic and psychiatric diseases, and acute
disease at the time of the study. Tests for diabetes
and hypertension were conducted to ensure that our
subject groups were free of these conditions, the
latter being found by Salat et al (2004) to have the
major impact on CMR,, with aging. Undiagnosed
depression was not tested, but although an early
preliminary PET study reported significant metabolic
decline in depressed older subjects (Kumar et al,
1993), subsequent studies have found only small
metabolic changes (Nikolaus et al, 2000) and the
earlier finding may have been due to a history
of hypertension and vascular disease not being
excluded (Ibafiez et al, 2006). The possibility of
undiagnosed Alzheimer’s disease and other neuro-
degenerative or ischemic disorders were ruled out on
the basis of examination of the quantitative T,
segmentation image, which showed no evidence of
significant gray matter changes or previous lesions.
Mild cognitive impairment due to incipient Alzhei-
mer’s disease, which could have been missed does
not significantly affect the metabolic rate of the
midline occipital lobe (Rapoport, 1999). Owing to the
difficulty of finding elderly subjects who met all
these exclusion criteria, and the rigors of the 2.5-h
study, our subject group number was somewhat
limited. Further advances in *C MRS may allow
the same information to be obtained from studies
with reduced infusion times (Lin et al, 2003).

An alternate explanation for the reduction in Vica,
and V.. is that the elderly subjects had reduced
occipital lobe activity because of different levels of
wakefulness within the magnet. To minimize these
differences, subjects were regularly questioned by
the nurse present during the study to insure that they
were awake. Furthermore, the strong correlation
between the concentration of NAA and the reduction
in Vican suggests that the reduction in neuronal
mitochondrial activity in the elderly subjects reflects
a chronic condition rather than an acute effect of
wakefulness. Studies in animal models and in
human clinical diseases, such as epilepsy and
multiple sclerosis, have shown that when average
neuronal activity is reduced because of a reduction
in neuronal input (e.g., diaschisis), NAA levels are
also decreased, and that normal NAA levels are
restored once activity is normalized (De Stefano et al,
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1999; Moffett et al, 2007; Benarroch, 2008). This
relationship with activity is most likely due to NAA
being synthesized in the neuronal mitochondria.
Isolated cell studies have shown a direct relationship
between the rates of NAA synthesis and mitochon-
drial oxygen consumption (Clark et al, 2006).

Although functional alterations in the aged brain
are well established, the reported changes in cortical
cellular composition and density in humans with
healthy aging are relatively minor (Peinado, 1998).
There are small reductions in gray and white matter
volume with the most pronounced reductions in
cortical thickness occurring in the frontal regions
(Resnick et al, 2003). A relatively minimal loss of
volume has been reported in the occipital and
occipital-parietal lobe, consistent with our segmen-
tation findings (Haug and Eggers, 1991; Leuba and
Kraftsik, 1994). The number and density of neuronal
and glia cells have also been reported to be un-
changed in most of the cortical areas of the aged
human brain (Haug and Eggers, 1991).

An alternate explanation for reduced neuronal
mitochondrial metabolism, and reports of reduced
brain function with healthy aging, is that it reflects
impaired mitochondrial metabolic capacity. Theore-
tical studies (Attwell and Laughlin, 2001) have
concluded that functional processes account for the
majority of energy consumption even in the resting
state in rodents and humans. Consistent with this
conclusion, MRS measurements in animal models
have found a direct proportionality between the rate
of the neuronal TCA cycle and the rate of the
glutamate—glutamine cycle, and that functional pro-
cesses account for more than 80% of neuronal energy
consumption in the awake rodent cerebral cortex
(Sibson et al, 1998; Oz et al, 2004; for a review, see
Hyder et al, 2006). In this study, the decrease in Vi,
was similar in proportion to the decrease in Vica,
(see Table 1 and Figure 4: —24% and —28% for V.
and Vicaa, respectively) as found in the rodent
studies, which supports a similar relationship be-
tween neuronal function and mitochondrial energy
production in the human brain. The proportional
decrease is consistent with a reduction in mitochon-
drial capacity resulting in reduced function (as
measured by the glutamate—glutamine cycle). How-
ever, at present, we cannot rule out the converse,
namely that reduced neuronal activity leads to a
proportional reduction in neuronal mitochondrial
metabolism. Studies examining the capacity of the
aged brain to sustain increased rates of mitochon-
drial metabolism at graded levels of functional
stimulation may distinguish these possibilities.

Our metabolic analysis indicated an increase in
the glial TCA cycle in the elderly subjects. In the
modeling analysis, this difference was largely caused
by a greater labeling of glutamine-C3 relative to
glutamine-C4 during [2-"*Clacetate infusion between
elderly and young subjects, indicating that glial
mitochondrial metabolism is also altered with aging.
However, altered rates of other metabolic pathways



associated with glial mitochondrial metabolism
could influence the relative '*C labeling of gluta-
mine-C3 and glutamine-C4. For example, reduced
oxaloacetate synthesis from pyruvate (synthesized
from unlabeled glucose) and CO, catalyzed by
astroglial enzyme, pyruvate carboxylase, would lead
to a relative increase in a-ketoglutarate (and gluta-
mine) C3 to C4 labeling. An aging-related decline in
the rate of anaplerosis could lead to decreased
neuronal glutamate, as was seen. However, the lack
of significant changes in glutamine levels (also
expected to be lower) was not observed. Further
studies using pathway-specific **C-labeled sub-
strates, e.g., [2-"°C ]glucose (Mason et al, 2007), are
required to address this question. Further evidence
supporting the finding of altered glial metabolism
was the relationship between Vica, and the level of
myo-inositol in the elderly subjects, which has been
proposed to be a marker for altered glial function
(although not completely specific to glia) and is
known to change in level in neurodegenerative
disorders (for a review, see Martin, 2007). In nonhu-
man primates, there is subtle evidence for decreased
neuronal and increased astroglia volume, although as
reported for the human brain, the differences are not
uniform throughout the brain, and not nearly to the
extent as in the rodent brain (Peters, 2002;
Duan et al, 2003).

Mitochondrial dysfunction associated with aging
has been suggested to be caused by an accumulation
of mtDNA defects and an increased production of
reactive oxygen species (Cooper et al, 1992; Kujoth
et al, 2005). The mitochondrial electron transport
chain is responsible for the transfer of electrons from
NADH or FADH, to electron acceptors, and to
oxygen, forming H,0O. These biochemical events
may lead to a small amount (1% to 5%) of electron
leakage and, subsequently, to reactive oxygen species
production. The brain is not the sole organ where
oxidative stress may lead to altered mitochondrial
capacity. Indeed, reduced mitochondrial energy
production in vivo with aging has also been shown
in human skeletal muscle using MRS (Petersen et al,
2003). Whether a decline in mitochondrial capacity
in healthy aging is a consequence of reactive oxygen
species production or other factors cannot be
addressed herein and awaits future studies.

In conclusion, our results show that healthy
aging is associated with a reduction in brain
cortical neuronal mitochondrial energy production
and altered glial mitochondrial metabolism.
The reductions in neuronal mitochondrial
metabolism, possibly secondary to a loss of mito-
chondrial capacity, may in part be responsible for
the decline in brain function associated with
healthy aging.
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