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Abstract

Glucose utilization is reduced in vulnerable brain regions affected by neurological disorders, especially Alzheimer’s disease
(AD), but the basis for abnormal glucose homeostasis is unknown. Studies of brain-bank human tissue have made major
contributions to understanding complex aspects of neurological, psychiatric, and neurodegenerative diseases, but they are not
appropriate for metabolomic analysis of labile metabolites because postmortem intervals between death and tissue freezing
are much too long. Recent reports of postmortem brain glucose levels led to suggestions that AD patients may be hypergly-
cemic and that elevated brain glucose levels along with reduced glycolytic activity reveal abnormal glucose homeostasis
before clinical symptoms become manifest. These conclusions are, however, questioned because virtually all brain glucose
is consumed within minutes after death, followed by progressive increases in glucose and amino acid levels, presumably due
to autolytic changes. To illustrate pitfalls in use of autopsy material for metabolomic assays of labile metabolites, data from
living human brain are compared with those from autopsy samples, and metabolism at the onset of postmortem ischemia is
compared with calculated glycolytic enzyme activities. Postmortem glucose levels range from extremely low to unrealisti-
cally high, precluding their extrapolation to living brain. Indirect evaluation of glycolytic enzyme activities in postmortem
AD brain is not valid because the glucose and amino acid concentrations used in the calculations are not stable after death,
and reported values are unrealistically high. Specific recommendations are provided for non-invasive longitudinal monitor-
ing of brain metabolism and metabolite levels in patients with neurological diseases.
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Abbreviations MRS Magnetic resonance spectroscopy
AD Alzheimer’s disease PCr Phosphocreatine

Ala Alanine PFK Phosphofructokinase

CMR,. Rate of glucose utilization PK Pyruvate kinase

fMRI Functional magnetic resonance imaging Ser Serine

Glc Glucose TCA Tricarboxylic acid

Glc-6-P  Glucose-6-phosphate

GLUT  Glucose transporter

Gly Glycine Introduction

HK Hexokinase

Glucose is the obligatory fuel for brain, and glucose uti-
lization rates (CMR,,.) vary regionally in normal resting

gle
< Gerald A. Dienel brain, with local increases during activation and decreases
gadienel @uams.edu when neural activity is reduced [1]. CMRy, is, therefore,
often used as a surrogate to evaluate functional activity and
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Fig. 1 Pathways and labeling of metabolites by [U-'*C]glucose. a »

Metabolism of labeled glucose (Glc) via the glycolytic and tricar-
boxylic acid (TCA) cycle pathways results in labeling of pathway
intermediates and amino acids at different steps. [*®F]Fluorode-
oxyglucose (FDG) is used in positron-emission tomographic (PET)
studies to measure cerebral metabolic rate (CMR) of total glucose
utilization (CMRy o) at the hexokinase (HK) step because FDG-
6-P is trapped in the cell where it was phosphorylated and not fur-
ther metabolized via the glycolytic pathway. Phosphofructokinase
(PFK) is a key regulatory enzyme of the glycolytic pathway. Pyruvate
kinase (PK) converts phosphoenolpyruvate (PEP) to pyruvate that
can be converted to lactate, alanine, or oxaloacetate, or be oxidized
in the TCA cycle. The rate glucose oxidation (CMR .. qyigation) after
entry of pyruvate into the TCA cycle via the pyruvate carboxylase
(PC) and/or pyruvate dehydrogenase (PDH) reactions is commonly
measured by magnetic resonance spectroscopy (MRS) in conjunc-
tion with metabolic modeling by determination of rates of incorpo-
ration of ['*C]glucose into TCA cycle-derived amino acids during
programmed infusions of ['*CJglucose to achieve steady state, i.e.,
constant fractional enrichment of glucose in arterial plasma and brain
(reviewed in [4]). Rates of oxygen consumption (CMRg,) can be
determined by incorporation of 0, or 70, into H,O with PET or
MRS assays, respectively [4]. An et al. [5] proposed a novel approach
to indirectly estimate the rates of the HK+PFK and PK reactions,
both calculated from ratios of the sum of amino acid concentrations
to glucose concentration (see text). b. Time courses of labeling of
glucose (Glc)-derived amino acids and lactate (Lac) in brain after
a pulse intravenous injection of tracer amounts of [U-!'*C]glucose
into awake rats. Pulse labeling causes the concentration of [“C]glu-
cose in brain to quickly reach a peak, then progressively fall as it is
cleared from plasma (due to uptake and metabolism by body tissues
and metabolism in brain). Concentrations of '“C-labeled metabo-
lites reach peak levels at varying times due to differences in pathway
fluxes, then fall as label is cleared from the metabolic pools. In con-
trast, programmed infusions used in MRS studies keep the concen-
tration of labeled glucose constant, and incorporation of label into
glucose-derived metabolites increases progressively until steady state
for each isotopomer is attained (not shown: for examples in human
and rat brain, see [6, 7]). Dissimilar labeling time courses after pulse
and programmed infusions, use of anesthesia in animal subjects, and
differences in metabolic rates between rodents and primates may also
contribute to variations in the magnitude and time courses of metab-
olite labeling patterns. Also, [U-"*C]glucose labeling reports total
14C in each metabolite, it has high sensitivity, and it can detect rapid
labeling of metabolites with low brain concentrations (e.g., Ser ser-
ine, Gly glycine, and Ala alanine and Lac). On the other hand, MRS
assays are less sensitive and typically focus on the oxidative pathways
with measurement of rates of label incorporation into specific carbon
atoms (isotopomers) of amino acids derived from the TCA cycle.
Note that Ser, Gly, Ala, and Lac are labeled via the glycolytic path-
way, and TCA cycle-derived amino acids (Glu glutamate, Asp aspar-
tate, Gin glutamine, and GABA y-aminobutyric acid) are labeled via
the oxidative pathways downstream of pyruvate. Plotted from data
in Table 1 of Yoshino and Elliott [8]. Glc-6-P glucose-6-phosphate,
Fru-6-P fructose-6-phosphate, Fru-1,6-P, fructose-1,6-bisphosphate,
DHAP dihydroxyacetone phosphate, GAP glyceraldehyde-3-phos-
phate, 1,3-PG 1,3-diphosphoglycerate, 3PG 3-phosphoglycerate, 2PG
2-phosphoglycerate

glycolytic pathway (Fig. 1a). Subnormal CMRy, in vulner-
able brain regions of Alzheimer’s disease (AD) patients has
been firmly established by FDG-PET assays [2], and CMRy
is also reduced, but to a lesser extent, in Huntington’s and
Parkinson’s diseases [3]. However, the FDG method cannot

@ Springer

A Pathways of glucose metabolism

Glucose  [8FJFDG

HKl HKl

Measured CMR g total Glc-6-P  ['®FIFDG-6-P

Fru-6-P
PFK
Fru-1,6-P,

GAP «<—DHAP

NAD*
NADH

1,3-PG

Calculated HK + PFK =
([Ser]+[Gly]) / [GIc]

3PG —> Serine —> Glycine

Calculated PK = Z'iG
([Ser]+[Gly]+Ala]) / [Glc]
Pip
PK NADH NAD*
Alanine <—> Pyruvate %HL' Lactate
PC PDH

Measured CMRgc.oxidgized
0%
Measured CMRo, H,O

Glutamate, Aspartate,
Glutamine, GABA

B Labeling of metabolites by [U-'4C]glucose

270- “
== [U-""C]Glucose
==~ Lactate =+ Glutamate
=8~ Alanine Glutamine
2204 -# Serine == Aspartate
== Glycine GABA

1704

dpml/g tissue
N
L

~
(-3
1

Ser_  g——ig—
0 e I a———
0123456 30 60 9 120 150 180 210 240 270
Min after injection

evaluate the downstream metabolic fate of glucose, whereas
13C- and "H-magnetic resonance spectroscopy (MRS) are
used to measure metabolite levels and downstream meta-
bolic pathway fluxes in living brain. MRS approaches have
not, however, been used as widely as FDG-PET to study
neurological, psychiatric, and neurodegenerative diseases,
and substantial knowledge gaps remain. Measurements
of metabolite concentrations can help identify pathways
affected by diseases, but they do not report fluxes that must
be assayed with labeled substrates metabolized by pathways
of interest [4] (Fig. 1a).

Postmortem human brain is a valuable resource to
evaluate regional anatomical and pathological changes,
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and metabolomic, transcriptomic, lipidomic, proteomic,
and genomic characteristics of psychiatric and neurode-
generative diseases because animal models do not fully
represent all aspects of the diseases (e.g., [37-42]). Post-
mortem brain does, however, have well-known limitations,
including tissue harvest at end-stage of disease, end-of-
life agonal states (e.g., cardiovascular or respiratory disor-
ders, fever, low blood flow, hypoxia/ischemia, coma) that
can influence tissue integrity and metabolite levels, and
autolytic changes during the postmortem interval between
death and tissue freezing. Investigators have, therefore,
made strong efforts to match age, gender, and postmortem
interval for control and disease samples. Relatively short
postmortem intervals (median of 3.0 h) are obtained by
the Arizona Study of Aging and Neurodegenerative Dis-
orders [43], and characterization of brain RNA integrity
and yield from cerebellar cortex revealed negative correla-
tions with postmortem intervals over the range 1.5-45 h,
with the best RNA isolates obtained with postmortem
intervals < 5 h [44]. Stabilities of proteins are also impor-
tant and must be established for each protein or enzyme
of interest. For example, the in vitro activities of specific
glycolytic enzymes are altered in AD [45], and the exact
homogenization buffer composition and optimized assay
conditions are critical [46]. Fresh surgical brain samples
have the highest in vitro activities of phosphofructokinase
(PFK), with lower values obtained in frozen-homogenized
postmortem tissue, but the specific activity (umol/min/
mg protein) of PFK is stable with respect to postmortem
interval prior to freezing, and AD brains have higher PFK
activity than matched controls [46]. Determination of post-
mortem stabilities of compounds of interest in control and
diseased tissue is essential to establish the validity of meas-
ured values and their interpretation.

In sharp contrast to the relative stability of RNA and
protein, energy metabolites (e.g., glucose, glycogen, ATP,
phosphocreatine (PCr), and glycolytic and tricarboxylic
acid (TCA) cycle intermediates) are extremely labile,
being depleted within minutes after death due to ischemia
(Box 1). This critically-important issue has been recog-
nized since the 1930s when Kerr et al. carried out a series
of pioneering studies establishing that brain glycolytic
rate rapidly rises after death, freezing brain in situ with
liquid air was required to preserve the actual resting lev-
els of PCr, glucose, glycogen, and lactate, and rapid dis-
section followed by immediate freezing was inadequate
and resulted in substantially lower metabolite levels
[33, 47-49]. It is widely recognized in the brain energy
metabolism field that special precautions are required to
preserve labile metabolites, and rapid freezing or micro-
wave fixation techniques to immediately inactivate brain
enzymes, along with rigorous procedures for thawing and
extracting the tissue, are routinely used for this purpose

[50]. The concentrations of metabolites of interest can
then be accurately measured in tissue extracts by various
analytical methods.

Box 1. Brain Glucose Concentration
and Metabolism in Health and Disease

Living brain glucose transport and metabolism

Glucose plasma <> Glucose brain interstitial fluid <> Glucose brain cells
transporters transporters

—Glc-6-P — — — Pyruvate — TCA cycle
glycolysis ) oxidation
Lactate <> blood

e Glucose transport is equilibrative, driven by concen-
tration gradients

e Normal human brain [glucose] =~ 1-2 pmol/g, depend-
ing on plasma glucose level

¢ [Glucosey,,;,l/[Glucose,j,m,] ~#0.2-0.3
Brain: plasma glucose equilibration occurs within
1-2h

e Maximal transport of glucose across the blood—brain
barrier ~ 2CMR;.

e Neurological-neurodegenerative diseases can alter
transport and metabolism at many sites

Postmortem brain glucose concentration and metabo-
lism in control and diseased subjects

e Agonal state just prior to death can influence brain
metabolite levels
— Hypoxia, anoxia, hypoglycemia, hypoperfusion

e Blood flow ceases at death

— Delivery of oxygen and glucose stops

— Ogxidative metabolism halts

— Ischemia immediately stimulates glycolytic rate
many fold

— Lactate accumulates to about twice [glucose + gly-
cogen]: 2 lactate per glucosyl unit

— Lactate cannot be washed out of brain

e Rapid depletion of labile energy metabolites: glucose,
glycogen, ATP, phosphocreatine

— Glucose level decreases within seconds,
approaches zero within 10-30 min
— Glycolysis stops when metabolites are depleted

@ Springer



2242

Neurochemical Research (2019) 44:2239-2260

e Key issues

— Postmortem interval between death and tissue
freezing

— Progressive autolytic changes that alter metabolite
concentrations over time

— Stabilities of different classes of metabolites must
be evaluated in control/patient tissue

e Guidelines to avoid pitfalls: quick qualitative checks
to detect unreasonable data

— Absolute metabolite concentrations (not ratios to
controls) versus living brain

— Postmortem brain glucose level versus ante mor-
tem plasma glucose concentration

— Brain/plasma ratio for glucose versus living brain

— Calculated metabolic rate or enzyme activities ver-
sus living brain

Unfortunately, the rapid postmortem consumption of
labile energy metabolites is not appropriately appreciated
by scientists and clinicians in other neuroscience disciplines.
In fact, altered levels of glucose and other labile compounds
determined in cadaver samples with postmortem intervals
exceeding 1.5 h have been interpreted in terms of ante mor-
tem hyperglycemia and dysregulation of glucose metabolic
pathways prior to death. Studies in postmortem tissue can
help guide future research by systems analysis and regional
pathophysiology, but longitudinal in vivo brain imaging,
MRS, and functional magnetic resonance imaging (fMRI)
studies are better suited to quantify metabolite levels, meta-
bolic rates, and metabolic disturbances in neurological
disorders.

This article examines the reliability of extrapolation to
living brain of energy metabolite concentrations, mainly glu-
cose and lactate, obtained in postmortem human brain sam-
ples by reviewing selected studies of neurological diseases.
The analysis reveals that published levels of glucose and
lactate in postmortem brain determined by capillary elec-
trophoresis-mass spectrometry, gas chromatography—mass
spectrometry, or enzymatic assays vary substantially, and
most values differ considerably from those in living brain
determined by MRS. This discrepancy is not due to meth-
odology per se. Rather, it is due to rapid ischemic changes
within seconds due to cessation of blood flow upon death,
followed by autolytic processes over longer times prior to
tissue freezing and subsequent extraction (Box 1). Calcu-
lated enzyme activities based on postmortem levels of glu-
cose and amino acids are proposed to indirectly represent
glycolytic enzyme activities, but this approach is also com-
promised by postmortem changes. Trajectories of plasma
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glucose levels determined years prior to death were pro-
posed to be predictive of brain glucose level, but correlative
forecasts are unlikely to be useful because equilibration of
brain and plasma glucose levels can occur within ~1 h and
postmortem brain levels would be strongly influenced by the
agonal state just prior to death.

This review stresses the importance of characteriza-
tion of energy metabolism in living, not postmortem, brain
from three points of view: (i) comparison of in vivo con-
centrations of labile metabolites in normal subjects and
patients with AD to the levels obtained in postmortem brain
(Tables 1, 2), (ii) the rapid postmortem decreases in glucose
concentration and the slower, progressive increases in levels
of glucose and amino acids (Table 3), and (iii) comparison of
calculated glycolytic rates with calculated glycolytic enzyme
activities (Table 4). Analysis of these data sets reveals avoid-
able pitfalls in use of brain-bank tissue, and easy ways to
evaluate qualitatively the validity of measured brain glucose
levels and calculated metabolic rates are provided (Box 1)
and discussed. Emphasis is placed on the need for future
studies using in vivo studies of brain energetics, pathway
fluxes, and labile metabolites.

Concentrations of Glucose and Other Labile
Metabolites in Living Human Brain

'H- and '3C-MRS assays and microdialysis techniques ena-
ble measurement of selected metabolites in brain tissue and
extracellular fluid, respectively, in living brain of normal
subjects and in patients with neurological diseases and brain
injury.

Take-Home Message

Limited data sets with small AD cohorts suggest that brain
glucose levels and brain/plasma ratios for glucose in vivo are
elevated above control values, but the increase is modest and
not within the hyperglycemic/diabetic range of ~4—6 umol/g.

Ranges of Levels in Normal Brain In Vivo

Extracellular and total glucose concentrations in cerebral
cortex of normal awake, non-stimulated, young, middle-
aged, and elderly human subjects determined by microdi-
alysis and MRS, respectively, are generally between 1 and
2 umol/g, with similar levels in cortical gray and white mat-
ter and in cerebellum (Table 1). Brain glucose levels vary
with arterial plasma glucose concentration due to equili-
brative transport, and the brain-to-plasma ratio for glucose
is ~0.2-0.3 over the range ~5-30 mmol/l in plasma when
measured by 'H or '3C MRS in living human brain [13,
51, 52]. CMR, in normal rat brain is about twice that in
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Table 1 Concentrations of glucose, lactate, and pyruvate in normal brain of unstimulated, awake human adults in vivo

Mental status Age (years) Method/brain Glucose Lactate Pyruvate Ratio of References
mean+SD or  region (umol/g or ml) (umol/g or  (pmol/ml) [Lactate]/
range ml) [pyruvate]
Normal: under- 23-67 Microdialysis to 1.7 (2.4) 29 @4.1) 0.17 (0.24) 23 [97%, (Table 2)
went surgery to sample extra-
remove tumor cellular fluid in
from posterior posterior frontal
fossa cerebral Cx
Normal adult 22-55 'H-MRS (2.1 T)/ 0.5-0.7 [10, 11]
visual Cx
Normal teenagers 13-16 BC-MRS 2.1 T)/ 1 [12], (Fig. 3)
occipitoparietal
Cx
Normal middle-  41+13 'H-MRS (4 T)/ 1 [13]%, (Fig. 2B)
aged adult occipital lobe
Normal young 19-26 'H-MRS (7 T)/ 1.4 0.9-1 [14], (Fig. 3)
adult visual Cx
Normal young 33+13 'H-MRS (7 T)/ 0.62 1.01 [15], (Table 1)
adult visual Cx
Normal young 24+1 13C-MRS (4.0 T)/ 0.75 [16]°, (Fig. 6B)
adult occipitoparietal
Cx
Normal young 25.5 (21-32) 'H-MRS (2.0T) [17], (Table 2)
adult Parietal cortex
White matter 1.0
Gray matter 1.1
Cerebellum 1.2
Normal young 204+1.4 'H-MRS 4 T)/ 0.96 [18]4, (Table 1)
adult occipital lobe
Normal elderly 76.6+6.1 1.26%
Amnesic mild Mean 85.5 'H-MRS (3.0 T)/ 0.16-0.99 [19]°, (Table 1)
cognitive precuneus/pos-
impairment terior cingulate
Normal elderly - "H-MRS (1.5T)/ 0.5-1 [201°
occipital Cx
Probable mild-to- — 1.0-1.5
moderate AD
AD 140%*
"H-MRS (1.5 T)/ Fasting Glc/Glc [21]8, (Table 2)
right hippocam-  ingestion
pus
Normal young 21+3 1.42/0.97
adult
Normal elderly 70+£9 1.58/1.6
Probable early 75+8 1.27/2.96*
AD
'"H-MRS (3T)/ [22]", (Table 3)
precuneus/pos-
terior cingulate
Normal young 41.0+10.6 0.31" 0.17"
adult
Normal elderly ~ 70.2+6.7 0.36" 0.17"
AD 743473 0.51 ™% 0.20 M+

Data are means, means + SD, or ranges, and were taken from the indicated tables or estimated from the indicated figures in the cited references.

AD Alzheimer’s disease, Cx cortex, Glc glucose, MRS magnetic resonance spectroscopy, T Tesla (measure of strength of magnetic field)

*p <0.05. Because the brain glucose and lactate levels are influenced by metabolic rate and concentration-driven transport to/from plasma, their
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Table 1 (continued)

levels in plasma are stated in the legend if they were provided

*Extracellular concentrations determined by intracerebral microdialysis in normal awake human brain after surgery under conditions that report
about 70% of the true concentration (shown in parentheses). Pyruvate concentrations in brain are low, and are rarely determined in human brain.
For comparison, lactate and pyruvate levels and lactate/pyruvate ratios in rat brain are in the range of 1.2-1.6 pmol/g, 0.09-0.12 pmol/g, and
~ 14, respectively, in funnel-frozen [23] and freeze-blown [24] brain. In these reports, lactate levels rose and the lactate/pyruvate ratio increased
to ~50 when non-anesthetized rats were decapitated into liquid N, due to enhanced glycolytic metabolism during postmortem ischemia (i.e.,
freezing was not immediate)

Brain glucose was ~ 1 umol/g when plasma glucose was 5 umol/ml, and it was ~20% of that in plasma over the range 5-30 umol/l, in agree-
ment with data in [12]

“Brain lactate level is for a plasma level of ~ 1.0 mmol/l, and brain level is <2 for plasma levels up to 3 mmol/l

dUnits of lactate are institutional units (iu) that estimate umol/g without correction for T,

¢All 15 subjects had mild cognitive impairment, and represented a cohort at increased risk for transitioning to Alzheimer’s disease. Lactate con-
centration was inversely correlated with logical memory tests, but not non-memory tasks; the higher the lactate, the lower the memory score. No
controls were included in the study, but lactate levels are in the range obtained in normal subjects

fCharacterization of probable AD was based on mini-mental state examination scores; ages of the patients were not reported

£Probable AD was based on low cognitive test scores that contrasted the range for normal young and elderly subjects. Metabolite levels were
measured after an 8 h fast and 15 min after ingestion of 8 oz beverage containing 75 g glucose (Glc ingestion). Fasting brain glucose levels did
not differ among the three groups, but the post-glucose ingestion values were significantly elevated in the probable AD group. Fasting blood
glucose levels in young, elderly, and probable AD subjects were 4.2, 4.6, and 5 (*statistically significant AD vs. young and elderly), respectively,
and respective post-glucose ingestion values were 6.4 (*young vs. elderly and AD), 8.8, and 7.7 umol/l. The authors considered the reliability of

brain glucose measurement poor on their 1.5 T MRS system, but values are in the range of those obtained at higher magnetic fields

"Values are relative to creatine

humans, but both species have similar brain/plasma ratios
over the normo- to hyperglycemic range [53]. Cerebral corti-
cal tissue and extracellular lactate levels in normal resting,
awake subjects are within the range of ~0.5-3 umol/g or ml,
and the lactate/pyruvate ratio in human brain extracellular
fluid is 23, similar to rat brain tissue (see Table 1 Footnote).

Levels in AD Brain In Vivo

Reduced CMR,,, in AD subjects is anticipated to cause
brain glucose level to rise if glucose transport is not altered,
and one study in probable AD patients reported a 40% rise
in brain glucose level in occipital cortex [20] (Table 1).
However, another study [21] found no difference in fast-
ing brain glucose level in hippocampus of AD versus con-
trols, whereas after glucose ingestion, brain glucose rose
to a higher level in subjects with cognitive deficiency. The
brain/plasma ratios for the fasted and Glc ingestion condi-
tions, respectively, were as follows: young, 0.34 and 0.15;
elderly, 0.34 and 0.18; AD, 0.25 and 0.38. The ratio in AD
patients after glucose ingestion was twice that of young and
elderly controls, suggesting disruption of normal homeo-
stasis and response to a glucose challenge. A third study
[22] reported that glucose levels relative to creatine in the
precuneus/posterior cingulate of AD patients were ~40%
and 65% higher than elderly and younger controls, respec-
tively, whereas lactate/creatine increased by ~18% in AD.
To estimate absolute concentrations, these ratios were multi-
plied by the creatine level reported for visual cortex in [15],
4.22 ymol/g. The respective values for glucose for young
controls, old controls, and AD are 1.5, 1.5, and 2.2 umol/g
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and for lactate 0.72, 0.72, and 0.84 pmol/g. The mean fast-
ing plasma glucose level in the AD subjects was 5.0 mmol/l,
so their brain/plasma ratio is ~0.44, about 50% higher than
normal subjects. Patients with mild cognitive impairment
had precuneus/posterior cingulate lactate levels in the nor-
mal range, but lactate level was inversely correlated with
cognitive test score ([19]).

Summary

Brain glucose levels and brain-to-plasma glucose concentra-
tion ratios are relatively stable across age in normal adults
and are elevated by up to about 50% in AD patients.

Concentrations of Labile Metabolites
in Postmortem Human Brain

How do the levels of brain glucose, lactate, and pyruvate
levels determined in postmortem samples from control sub-
jects and patients with neurological diseases compare with
values determined in living brain? To make this comparison,
data from brain-bank samples that had postmortem intervals
ranging from ~2 to >45 h were tabulated for control middle-
aged and elderly subjects and for patients with neurological
disorders (Table 2). The results reveal substantial differences
among controls and large differences in metabolite levels
among subjects with the same neurological disorder. Unfor-
tunately, some studies reported only fold-changes relative to
controls, and absolute values are not available for compari-
son to living brain.
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Table 2 Concentrations of glucose and other labile metabolites in postmortem brain of controls and subjects with degenerative brain disorders

Diagnosis Age (years) PMI Method Brain region Glucose Lactate Pyruvate Ratio of References
mean+ SD mean+ SD (umol/g) or (umol/g) or (nmol/g) [Lactate]/
(range) (range) (hours) *fold-change *fold-change [pyruvate]
relative to relative to
control control
Schizophrenia 45+13 34+15 CE-MS Frontal Cx 1.36%* [251°, (Tables 2,
Controls 48+11 24+10 Hippocampus 1.39%* 3
Schizophrenia 4648 40-41 Enzymatic Striatum [26]°, (Fig. 2)
assays Schiz. 1.4 1100% 0.58% 1.9%10°
MRDS 46-48 42-44 MRDS 1.1 1100* 0.48 2.3%10°
nMRDS 45-47 38-39 nMRDS 1.7% 1200 0.6%* 2x10°
Controls 47-50 41-45 Cont. 1.3 900 0.4 2.3x10°
HD 65 (57-73) 11.2 (9-13) GC-MS Putamen [2719, (Table 2)
Fructose 5.2%%
Sorbitol 3.6%*
Glucose 8.4%%
Controls 67 (60-75) 10.6 (8-13) Glc-6-P 13.1%%
AD 70.3+7.1 7 (4-12) GC-MS 7 regions 0.5-7.3% but [28, 29]°
Fructose 3.9-5.7%% significant
. rise only in
Sorbitol 3.0-4.3%* hippocampus
Glucose 5.2-16.4%* (2.6%%)
Controls 70.1+£6.7 9 (5.5-13) Glc-6-P 3.8-8.5%*
AD 87.9+8.9 14.7 (3-23) Flow-injection ~MFG 785% (1.3%) 151, (Fig. 2A)
AsymAD 89.2+7.9 14.8 (2-33) MS 722% (1.2%
Control 82.6+11.0 16.9 (7-28) 611
AD ITG 853%* (1.8%)
AsymAD 611* (1.3%)
Control 476
AD Cerebellum 517 (1.4%)
AsymAD 289 (0.8%)
Control 372
AD 85.7+6.9 44.3+22.8 '"H MRS Brodmann 10.9 [30]8, (Table 4)
Controls 7794117 453269 7 region, 9.9
neocortex

Metabolite levels were determined in extracts of postmortem tissue, and values are means +SD, means (ranges), or ranges. Data from cited refer-
ences were taken from the indicated tables or estimated from the indicated figures.

AD Alzheimer’s disease, AsymAD asymptomatic AD, CB cerebellum; CE-MS capillary electrophoresis-mass spectrometry, Cx cortex, Glc-6-P
glucose-6-phosphate, GC-MS gas chromatography—mass spectrometry, HD Huntington’s disease, /7G inferior temporal gyrus, MFG middle
frontal gyrus, MRDS cortical muscarinic receptor-deficient schizophrenia, nMRDS non-muscarinic receptor-deficient schizophrenia, MRS mag-
netic resonance spectroscopy, PMI postmortem interval (time from death to tissue freezing), schiz schizophrenia

*p<0.05 versus control. Note that investigators made strong efforts to match PMI, age, and gender for controls and disease states
#Fold-change relative to control for statistically significant differences from controls
®Values are acquired peak area divided by that of internal standard and sample volume, then normalized to controls as fold-change

“Cadavers were refrigerated within 5 h after death and frozen at —70 °C within 30 min of autopsy. Demographic data varied among the subjects
used for different metabolite assays, and ranges of means for the different groups are tabulated. Metabolite levels were reported for the control
and overall schizophrenia groups and also schizophrenia subgroups with MRDS or nMRDS. Lactate/pyruvate ratios were calculated from the
mean reported levels. Note the extremely high lactate levels and lactate/pyruvate ratios and very low pyruvate levels (compare to Table 1)

YHD/control from putamen, a highly-affected brain structure in Huntington’s disease (HD). This study also reported the fold-change in abun-
dance of 63 metabolites in 11 brain regions

°Ranges of AD/control for glucose, sorbitol, and fructose in seven brain regions are from Table 3 of [28]. Glc-6-P and lactate are from Table 2 of
[29] that provided a more detailed report of the fold-changes for 55 metabolites that were altered in more than one AD brain region

Glucose levels are for three brain regions (ITG, MFG, and cerebellum) from controls, AD, and AsymAD (asymptomatic AD patients who had
significant AD neuropathology at autopsy without cognitive impairment). Tabulated fold-changes relative to control for each region indicated in
parentheses were calculated from the mean values

£Among the other metabolites measured, alanine level increased significantly from 0.65 to 0.75 umol/g in controls and AD, respectively, whereas
glycine (0.38 and 0.38 pmol/g) and serine (0.42 and 0.45 umol/g) levels did not change in the respective groups. Note that these amino acid con-
centrations at long PMIs differ somewhat from those in the epileptic focus of cerebral and cerebellar tissue in Table 3B with shorter PMIs
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Take Home Message

Postmortem brain glucose, lactate, and pyruvate levels
reported for control, Huntington’s disease, or AD subjects
do not correspond to their respective concentrations in liv-
ing brain determined by 'H-MRS or microdialysis. Discrep-
ant glucose levels were obtained in different studies in AD
brain: extremely low values probably arose from postmor-
tem ischemia, whereas unrealistically-high values are not
explained. An important issue is that fold-changes and plots
of glucose levels expressed as log,[glucose] or In[glucose]
obscure the actual concentrations and make it difficult for
readers and reviewers to assess data validity.

Schizophrenia

Postmortem glucose levels in control and schizophrenic
brain were close to the normal range in vivo (compare
Tables 1, 2), and only non-muscarinic receptor-deficient
schizophrenia (nMRDS) had levels significantly above
control. Strikingly, however, all postmortem lactate lev-
els exceeded that in normal brain by ~ 1000-fold, whereas
pyruvate levels were considerably lower and lactate/pyruvate
ratios were ~ 5 orders of magnitude higher than in normal
interstitial fluid (compare Tables 1, 2). In normal brain,
postmortem lactate levels are about twice the sum of brain
glucose plus glycogen levels at death [31, 33, 34], i.e., two
lactate are produced from each glucosyl moiety under anoxic
conditions. However, glucose + glycogen levels in normal
brain are much too low to account for the extremely high
lactate levels and the extraordinarily-elevated lactate/pyru-
vate ratios ([26], Table 2), raising the question of whether
the reported lactate levels or their units of concentration are
correct (Box 1).

Huntington’s and Alzheimer’s Diseases

Large data sets of regional fold-changes in metabolite lev-
els relative to controls were reported for Huntington’s dis-
ease brain [27] and AD [28]. An abbreviated tabulation of
these data is shown in Table 2 that lists only the ranges of
fold-increases above controls for the putamen in Hunting-
ton’s disease and for seven brain regions in AD. In both
Huntington’s disease and AD, the relative fold-increases in
levels of glucose and two metabolites in the polyol pathway,
sorbitol and fructose, ranged from ~3.6 to 16, depending
on brain region and disease. A 5—-16-fold higher range for
brain glucose concentration in Huntington’s disease and AD
subjects relative to age- and postmortem interval-matched
controls is remarkably high, and based on normal brain
glucose level (~ 1 umol/g, Table 1), the brain glucose level
would be 5-16 umol/g. Lactate level was also elevated in
all AD brain regions, but was statistically significant only

general anesthesia, samples were frozen in Freon 12 at — 150 °C within a few seconds after excision, and separate portions were anaerobically incubated under mineral oil for timed intervals at
37 °C, then frozen. Note that metabolic rates are lower under anesthesia than in the awake or unanesthetized state due to reduced neural activity and energy demand, and energy metabolites are

depleted at a slower rate [31]
values are very low (20% of initial values in [31]) because no precautions were taken to preserve labile metabolites after death and during homogenization of tissue in ice-cold PBS solution. The

low zero time value inflated the percent changes with time after death
"Concentrations of amino acids in postmortem rat and human brain were selected from more detailed data sets of 35 amino acids and related compounds. Rats were decapitated, brains quickly

removed, and frozen in liquid nitrogen within 30 s after death or at timed intervals up to 48 h thereafter. Biopsies of human brain were obtained from anesthetized patients during surgery to

to umol/g brain by multiplying by 0.555, assuming 0.1 g protein/g brain. The postmortem interval at between death and tissue homogenization for the 0 h samples was not stated, and the 0 h
remove an epileptic focus; portions of the samples were frozen in liquid nitrogen immediately or after timed intervals up to 4 h

¢Samples of normal parietal and frontal cortical gray and white matter that had to be removed to gain access to brain tumors were very carefully excised from human brain during surgery under
fAlbino mice were euthanized under ether anesthesia, left at 22 °C until organs were excised, then stored at — 50 °C until analyzed. Glucose levels reported as mg/g tissue protein were converted

£Values for amino acid concentrations in rat and human brain at intervals after death are expressed as percent of the respective zero time values as tabulated in reference [36]

Table 3 (continued)
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Table 4 Calculated estimates of glycolytic rate and indirect evalua-
tion of net glycolytic enzyme activities in postmortem human brain:

rect activities calculated from human brain glucose and amino acid
levels, (B): indirect glycolytic enzyme activities in control, asympto-

(A) postmortem glycolytic rates in human surgical samples and indi- matic AD and AD brain
References Subject Region PMI CMR,, Triose flux ~ Estimated HK-PFK  Estimated PK activity®
(umol/g/  (umol/g/ activity® [Ser+Glyl/  [Ser+Gly + Ala]/[Glc]
min) min) [Glc] (no units) (no units)
A.[34]*  Brain tumors Normal parietal ~0 min 0.26 0.52 0.23° 0.32°
excised under Cx gray
anesthesia matter
Peak ischemia  3.4-3.8° 6.8-7.6
0-5 min interval 1.3 9 2.6
1 min 0.30° 0.40°
5 min 0.62° 0.85°
30 min oo® oo®
B. [5]¢ Control ITG ~15-17h 6.0 10.3
AsymAD 3.7 7.4
AD 2.7% 4.6%*
Control MFEG 3.7 5
AsymAD 2 4
AD 2 4
Control Cerebellum 8.7 15
AsymAD 8.7 15
AD 4 8

AD Alzheimer’s disease, AsymAD asymptomatic AD, MFG middle frontal gyrus, /TG inferior temporal gyrus

aSamples of normal parietal and frontal cortical (Cx) gray and white matter that had to be removed to gain access to brain tumors were very
carefully excised from human brain during surgery under general anesthesia, samples were frozen in Freon 12 at — 150 °C within a few seconds
after excision [34]. Separate portions of these samples were anaerobically incubated under mineral oil for timed intervals at 37 °C, then frozen;
data are from Fig. 1 and Tables I, II, and III of [34]. The resting in vivo rate of glucose utilization (CMRglc) was estimated by Kirsch and Leitner
[34] according to the procedure of Lowry et al. [31]. CMR,,. denotes the rate of glucose utilization at the hexokinase step, and the rates of triose
and tricarboxylic acid cycle fluxes are twice CMR,,, because two trioses (and 2 pyruvate) are produced per glucose molecule

PEstimates of hexokinase plus phosphofructokinase (HK 4+ PFK) and pyruvate kinase (PK) activities were calculated as the ratios of concentra-
tions of amino acids to glucose (see text) using (i) the initial parietal cortex glucose level and the amount of glucose remaining at various times
shown in Table 3A, and (ii) the respective human amino acid concentrations in Table 3B, with the assumption that their levels were stable at 1
and 5 min after death, since changes at 10 min were < 10%

“The estimated peak rates during the first 30 s of ischemia in parietal cortex were calculated as either the amount of glucose plus glycogen con-
sumed or as the amount of lactate formed in the representative example in Fig. 1 of Kirsch and Leitner [34]

9The overall mean estimated CMRy,, over the 0-5 min interval was calculated from the net change in hexose concentration in Table II of Kirsch

and Leitner [34]

“Mean values for HK + PFK and PK were estimated from Figs. 2B and 2C of [5]

in hippocampus. In contrast, brain lactate levels in the Brod-
mann 7 region of neocortex did not differ in control and
AD samples that had relatively long postmortem intervals
(Table 2), and both levels were ~ 10 pmol/g (10 times nor-
mal), a reasonable value for postmortem brain. The large
relative increases in glucose, sorbitol, and fructose levels
were interpreted by the authors [27-29] as reflecting ante
mortem hyperglycemia/diabetes in Huntington’s disease
and AD, such that increased flux into the polyol pathway to
produce the sorbitol may contribute to neurodegenerative
outcomes.

How do these putative hyperglycemic brain levels in Hun-
tington’s disease and AD brain compare to the literature? A
summary of diabetes-related studies showed that the mean

@ Springer

plasma glucose in rodent animal models increased from ~9
to 27 mmol/l and mean brain glucose level rose from ~2 to
7 umol/g, whereas in diabetic humans, arterial plasma glu-
cose approximately doubled from 6 to 8 to 14 mmol/l and
brain glucose relative to creatine rose ~ 1.5-fold [54]. High
glucose levels increase its flux into the polyol pathway, cause
oxidative stress, and contribute to complications of diabetes
[55, 56], but the relative increases in postmortem Hunting-
ton’s disease and AD brain appear to exceed the levels in
human diabetics by a large margin.

Because cadaver tissue from demented diabetic patients
was not available, Xu et al. [28] measured metabolite lev-
els in streptozotocin-induced hyperglycemic rats (a model
for diabetes) and a triple-transgenic mouse model for AD.
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Absolute values were not stated, but 5.3-, 5.8-, and 4.6-fold
increases in glucose, sorbitol, and fructose, respectively,
were reported for streptozotocin-treated rats. Their AD-
model mouse brain glucose levels were below their limit of
detection (~ 1-5 pmol/kg or ~ 1-5 nmol/g). Unfortunately,
the tissue harvesting/processing procedures used by Xu et al.
[28] have technical shortcomings that caused losses of labile
metabolites and invalidated their conclusions. The rats and
mice were euthanized with isofluorane, which alters the lev-
els of many brain metabolites, including reducing glucose
and increasing lactate [57]. Rat brains were excised and snap
frozen within ~ 1 min, which is too slow to preserve all glu-
cose (see below, Table 3), although the residual glucose in
hyperglycemic streptozotocin-treated rats may still exceed
control. Euthanized mice were transcardially perfused with
0.9% NaCl, brains removed, and snap frozen. Glucose would
be consumed before and during the perfusion, explaining
its undetectable levels. These animal studies do not support
results in Huntington’s disease and AD brain, and, in fact,
they are consistent with the rapid postmortem metabolism
of glucose that would eliminate glucose from brain-bank
samples.

Two critical questions remain (Box 1): What are the abso-
lute values for the controls and AD patients? How do they
compare to in vivo MRS measurements? Two sets of data
included in Table 2 reported increased glucose levels in AD
brain, but closer examination of the data and conversion
from reported units that were expressed as logarithms of
the concentrations to standard units of concentration, pmol/g
reveals discrepant findings.

Extremely Low Glucose Levels in Postmortem AD,
Huntington’s and Control Brains

Actual concentrations, not fold-changes, are required to
determine whether hyperglycemia exists in Huntington’s
disease and AD brain. Figure 1 of Xu et al. [28] did report
regional glucose levels that were expressed as log,[glucose],
but the authors did not state the units of concentration in
their table/figure legends or Methods. Almost all of their
log,[glucose] for controls were less than — 6, the antilog of
which is <0.015. Most log,[glucose] values for AD subjects
ranged from — 6 to — 2, equivalent to a range of 0.015-0.25.
The fasting plasma glucose levels for AD and controls
were stated to be essentially the same, 5.0 and 5.1 mmol/l,
respectively (Suppl. Table S2 in [28]). If the brain/plasma
ratio for the AD subjects were assumed to be elevated to
0.5 (higher than values in the living brain, see discussion
of data in Table 1, above), the brain glucose level may be
approximately 2.5 umol/g for Huntington’s disease and AD
brain, compared to brain/plasma ratio of 0.3 for controls and
an estimated 1.5 umol/g brain glucose. These values yield
a 67% rise in brain glucose level in AD, not a 5-16-fold

increases as inferred from fold-changes in Huntington’s dis-
ease and AD patients [27-29].

A useful approach to quickly identify unrealistic meas-
ured brain levels is to (i) compare the concentrations to those
in living brain, preferably determined by a different method,
and (ii) multiply the arterial plasma concentration by the
brain/plasma distribution ratio for normal and diseased brain
to obtain an estimate of the anticipated brain glucose con-
centration (Box 1). Outliers can be then quickly recognized
and re-evaluated to establish or rule out validity.

Regardless of glucose concentration units (e.g., pmol/g,
mg/g tissue, or mg/mg protein), these values are about
1/10th to 1/100th of in vivo values (see Table 1), as expected
for glucose-depleted postmortem tissue. These data may
represent residual glucose remaining after postischemic
energy failure, differences in Huntington’s disease and
AD brain composition (e.g., glycolipid or glycoprotein),
and/or (regional) variations in autolytic activity that may
be relevant to neurodegenerative diseases. Given the long
postmortem intervals for both matched controls and AD
subjects (4—13 h) and extremely low postmortem glucose
levels, severe hyperglycemia/diabetes in brain of living AD
and Huntington’s disease subjects was not established and
is considered to be very unlikely.

The companion paper by Xu et al. [29] provided a more
detailed report of the fold-changes for 55 metabolites that
were altered in more than one AD brain region, including
glucose-6-phosphate (Glc-6-P) and lactate. However, these
values are also suspect because Glc-6-P is depleted and
lactate levels rise when postmortem tissue freezing is not
immediate, as has been shown for rats that were decapitated
into liquid nitrogen [23, 24]. Based on group/subject descrip-
tions in Tables 1 and 2 and Supplementary Table 1 in [28,
29], the same patient population was used. However, both
the ranges and fold-changes reported for glucose, fructose,
and sorbitol in the seven brain regions in Table 3 of [28] are
not the same as in Table 2 of [29], raising uncertainty of
the actual fold-changes. Unfortunately, absolute values for
the additional metabolites reported (besides glucose) were
not provided by Xu et al [29]. The impact of postmortem
autolytic changes cannot, therefore, be evaluated to validate
potential disturbances in respective metabolic pathways to
be targeted in future studies.

Extremely High Glucose Levels in Postmortem AD
and Control Brain

In contrast to the extremely low glucose levels discussed
above, another study using postmortem AD brain reported
impossibly-high glucose concentrations in three regions of
control and AD brain. Why weren’t these data recognized as
unreasonable by the authors, reviewers, and editors? One pos-
sibility is that numerical data were ambiguous because they
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were expressed as logarithmic values and ‘quick checks’ to
evaluate the validity of the data (Box 1) were not carried out.

The featured article by An et al. [5] that was highlighted
[58] reported postmortem (postmortem interval range:
2-33 h) glucose levels in three brain regions from controls,
AD, and asymptomatic AD (AD patients who had signifi-
cant AD neuropathology at autopsy but no cognitive impair-
ment). The middle frontal gyrus and inferior temporal gyrus
were stated to be vulnerable to amyloid and tau deposition,
respectively, whereas cerebellum is resistant to classical AD
pathology. Brain glucose levels were higher than control in
the middle frontal gyrus and inferior temporal gyrus in AD
and asymptomatic AD tissue, but not in cerebellum, linking
changes to regions vulnerable to AD (Table 2). Note that the
AD/control fold-changes (1.2—1.8) were much smaller than
those of Xu et al. [28, 29] (Table 2).

The glucose levels reported by An et al. [5] in their
Fig. 2A were expressed as the natural logarithm of [glucose],
with units of nmol/mg tissue. For their tabulation in Table 2,
estimates of the mean values were converted to umol/g by
taking the antilogs of In[glucose]. The ‘glucose’ determined
by flow injection-mass spectrometry was stated to include all
hexoses in brain extracts, and hexose was assigned to glucose
based on its high concentration in blood and brain compared
with other hexoses. However, all of the ‘glucose’ levels were
extraordinarily high, ranging from about 370-850 umol/g,
exceeding those in normal living brain by ~300-800-fold.
These values cannot represent the small metabolic pool that
is consumed shortly after death.

Three easy checks could have identified potential prob-
lems with these data (Box 1). First, compare the concentra-
tions to in vivo MRS data. Second, calculate the anticipated
brain glucose level from that in plasma, as discussed above.
The average plasma glucose levels in all groups during
follow-up and measured during the 2.7-8.8 years prior to
death was about 5.5 mmol/I (Table 4 of [5]). The anticipated
estimates of brain glucose concentrations calculated with
brain/plasma distribution ratios of 0.3 for control and 0.5
for AD subjects are 1.7 and 2.8 umol/g, respectively. These
estimates are well below the reported values (Table 2).
Third, influx of glucose and ['F]FDG from blood to brain
is equilibrative, and these high brain levels, if true and apply
to all AD patients, would cause glucose efflux down its con-
centration gradient from brain to blood. This implies active
transport to get such high levels of glucose into the AD and
control brain, which has never been demonstrated. High
brain glucose levels would compete with tracer levels of
['8F]FDG for its uptake and phosphorylation in PET assays
to cause very low apparent CMR,,. in all brain regions of
AD and control cohorts. However, low CMR,, in AD brain
is selective to vulnerable regions, arguing against extremely
high glucose levels throughout AD (and control) brain.
Thus, simple, straight-forward tests of data validity (Box 1)

@ Springer

could have raised a red flag and stimulated re-analysis of the
questionable data.

Summary

The methods used to assay metabolite levels in human brain
are limited. Brain microdialysis has been very important for
real-time bedside monitoring of brain status to guide neuro-
critical care during and after surgical intervention [59]. MRS
can be used in control subjects and patients with neurological
disease who can tolerate being in the scanner. MRS has many
technological advantages, but the equipment is expensive and
requires technical support and a critical mass of scientists.
Surgical samples of human brain have been obtained and used
to determine levels of amino acid and glycolytic metabolites,
with the requirement for immediate freezing to stop metabo-
lism [34, 36, 60-62] (see below, Tables 3, 4). The studies in
postmortem brain utilized rigorous analytical procedures, but
they were compromised by rapid metabolism of glucose and
other labile metabolites upon death. Quick check procedures
(Box 1) can help identify unreasonable data and outliers.

Rates and Magnitudes of Postmortem
Changes in Glucose and Amino Acid Levels

Blood flow to the brain ceases at death, stopping delivery of
glucose and oxygen (i.e., ischemia) and removal of lactate,
so glucose and glycogen are depleted, and lactate level rises
(Box 1). The preceding discussion alluded to loss of labile
metabolites in postmortem brain, but did not provide informa-
tion about how fast this occurs or the magnitude of change.

Take-Home Message

Depletion of PCr, ATP, glucose, and glycogen by ischemia
halts glycolytic metabolism. Glucose levels detected at post-
mortem intervals > 30 min are inflated, presumably by autoly-
sis. Postmortem concentration changes for most amino acids
are slower than those of labile energy metabolites, and most
progressively rise with time. Each compound of interest has
its own trajectory of concentration change after death, and
temporal profiles must be established in brain regions and
diseases of interest in tissue from controls and patients to
properly interpret findings in postmortem tissue (Box 1).

Rapid Glycolytic Upregulation Consumes Labile
Metabolites

Comprehensive analysis of the time courses of postmortem
changes in energy metabolite levels in adult mice in the classic
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study by Lowry et al. [31] revealed a peak sevenfold initial
increase in glycolytic rate immediately after death. Half of the
baseline glucose was gone within 10 s, 90% was consumed
at 2 min (Table 3A), and it was virtually gone by 10 min. In
rats with forebrain ischemia, 95% of the glucose was metabo-
lized within 30 min. Anesthesia reduces neural activity, energy
demand, and metabolic rates, and it slowed glucose clearance
from anesthetized dog brain, but it was still gone by 5 min.
Similarly, when surgical explants of normal anesthetized human
brain were frozen immediately and at timed intervals after
anaerobic incubation at 37 °C, some glucose could be detected
in gray matter at 10 min, but it was depleted by 30 min. White
matter has a lower CMR,,. [63], and glucose clearance was
also slower than in gray matter. PCr and ATP were quickly
consumed in human ischemic gray and white matter and in
glioblastoma samples [34, 61], as occurs in mice [31]. Together,
these findings in four species demonstrate that the metabolic
pool of glucose and the energy reserves in glycogen, ATP, and
PCr are depleted within a few minutes of ischemia and are
essentially completely consumed by 30 min after death.

Progressive Postmortem Increases in Brain Glucose
Level

A study with mice that did not use precautions to prevent
postmortem loss of labile metabolites ([35], Table 3A) had
a very low initial brain glucose concentration (0.28 umol/g)
that progressively increased by 2.6-fold (0.71 umol/g) at
12 h and by 23-fold (6.4 umol/g) at 60 h in cadavers stored
at 22 °C. The progressive increase in glucose concentration
in postmortem tissue presumably arose from autolysis of
endogenous glucose-containing compounds (e.g., glycolip-
ids and glycoproteins) because the above studies show that
glucose is reduced by >90% within 30 min of ischemia.
(Note that the values in Table 3 are expressed as percent
of the zero time value, whereas fold-change represents the
ratio of concentration at time =t divided by that at time =0).

Postmortem Changes in Amino Acid Levels

Levels of 35 amino acids and related compounds also change
heterogeneously and substantially with time after death in
both rat and human brain, but most alterations are slower
than for energy metabolites [36]. However, two exceptions
are alanine and GABA. Alanine level falls within seconds
after decapitation, and after a lag of about 1 min, the con-
centrations of alanine and GABA rise rapidly for a few min,
followed by slower, steady increases during the ensuing
30 min [8]. Some amino acid levels are unchanged for long
periods of time, whereas many others progressively increase
by two—seven-fold at 4 h in human brain, with some ris-
ing by 11-50 fold at 48 h in rat brain (not shown, see [36]),

presumably due to postmortem hydrolysis of proteins and
peptides.

Attention is directed to 1.7-4-fold increases in the levels
of serine (Ser), glycine (Gly), and alanine (Ala) in human
brain at 4 h after death, and similar increases in rat brain up
to 48 h (Table 3B). The levels of these amino acids were
used by An et al. [5] in a novel approach to evaluate glyco-
Iytic activity in postmortem human brain (see below).

Summary

Labile energy metabolites in the glycogen, glycolytic, and
oxidative pathways are quickly depleted when blood flow
to the brain ceases. Most amino acid concentrations are not
stable after death and they change more slowly than energy
metabolites. Each compound has its own trajectory of post-
mortem change, and percent changes are highest for com-
pounds with the lowest initial concentration.

In Vitro Metabolic Assays in Freshly-Excised
and Postmortem Human AD Brain Tissue

If availability of energy metabolites is exhausted within min-
utes after death, are there other approaches to use postmor-
tem tissue to extract information about metabolic capability
in diseased compared with control brain tissue? One possi-
bility is to use brain slices or homogenates if the postmortem
interval is short and enzymes activities are stable. Rodent
brain slices are commonly used for many studies, ranging
from metabolism to electrophysiology.

Take-Home Message

Postmortem tissue is suboptimal for metabolic assays
compared with freshly-excised tissue. Reduced glucose
utilization in vivo is not reflected by altered conversion of
[U-'*C]glucose to '*CO, in fresh tissue samples in vitro.
In fact, glucose oxidation in AD brain tissue prisms was
higher than control, whereas it was subnormal in homoge-
nates of frozen, postmortem tissue. In vitro rates are sub-
stantially less than glucose oxidation rate in vivo.

Brain Tissue Slices

A series of studies by Sims et al. [64—67] used samples of fron-
tal and temporal lobe cortical gray matter that was excised by
diagnostic craniotomy to confirm Alzheimer’s disease or taken
from apparently-normal control cortex of patients to allow
surgical removal of tumors. AD was confirmed by histopathol-
ogy of adjacent tissue samples that revealed senile plaques
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and neurofibrillary degeneration. Tissue was cut into prisms
within 2 min after excision and incubated with [U-'“C] glucose
and assayed for '#CO, production, ["*CJacetylcholine synthe-
sis, incorporation of 14C into amino acids, and ATP concentra-
tions. Even with a 30 min postmortem interval at 37 °C, syn-
thesis of ['*CJacetylcholine in the presence of 31 mmol/l K*
to depolarize the cells was substantially reduced. In contrast,
at 5 mmol/L K*, a longer duration (up to 2 h) was required
to impair '*CO, production and [*CJacetylcholine synthesis.
Notably, there was no correlation of rates of '“CO, production
and ['*C]acetylcholine synthesis in fresh tissue samples across
age from about 15 to 68 years. ['*C]Acetylcholine synthesis in
AD brain was reduced to 47% of control, presumably reflect-
ing loss of cholinergic nerve endings. 14CO2 production in
samples of temporal and frontal cortex from AD patients was
elevated above control by about 25-40%. Calculated rates of
14C0, production (after conversion from reported values of
dpm/mg protein/min, assuming 100 mg protein/g brain) for
all samples in 5 and 31 mmol/l K*, respectively, were 0.39
and 1.05 nmol/g/min for controls and 0.55 and 1.35 nmol/g/
min for AD brain prisms. For comparison, resting CMR,; in
normal human adult brain in vivo is ~0.3 pmol/g/min [68],
equivalent to 1.8 umol CO,/g/min when all glucose is oxidized
(60, + lglucose — 6CO,+6H,0). Incorporation of *C into
the total amino acid pool (dpm/nmol) was not altered in AD,
although there was a small decrease in total amino acid con-
centration. ATP and AMP but not ADP concentrations were
reduced 20-30% in samples from AD patients.

Brain Homogenates

As a follow up to earlier FDG-PET reports of reduced
CMRglC in AD patients, Swerdlow et al. [69] evaluated
glucose oxidation in postmortem temporal cortex from
age-matched controls and AD subjects (postmortem inter-
val=12-18 h at which time samples were frozen at —70 °C).
14CO2 production by homogenates incubated with [U-'4C]
glucose was highest, ~6 pmol CO,/g/min, in young controls
(mean age, 31.8 years) and declined with age: the rate in
normal elderly was 53% of that in young adults (73.8 years),
and it was even lower, only 13%, in AD patients (73.2 years).

Summary

These contrasting data sets in fresh tissue prisms and
homogenates reveal limitations of metabolic assays in fresh
versus frozen postmortem tissue compared with living brain.
Glucose oxidation rates in tissue prisms with intact cellular
structure were about three orders of magnitude higher than
in homogenates (due, in part, to cellular destruction and
elimination of ionic gradients) and three orders of magni-
tude lower than in vivo (due to deafferentation, postischemic
recovery, and other factors).
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Indirect Evaluation of Hexokinase (HK)-
Phosphofructokinase (PFK) and Pyruvate
Kinase (PK) Activities

The postmortem concentrations of glucose and three
amino acids derived from trioses in the glycolytic path-
way (see Fig. la: serine, Ser; glycine, Gly; and alanine,
Ala) were used to calculate activities of key glycolytic
enzymes as follows: HK + PFK = ([Ser] + [Gly])/[GIc]
and PK = ([Ser] + [Gly] + [Ala])/[Glc]. These ratios were
stated by An et al. [5] to represent the net hexose activi-
ties of HK + PFK and net triose activity of PK. These ratios
are dimensionless because concentration units cancel out,
and they are not metabolic rates or enzyme activities (i.e.,
pmol/min/g tissue or mg protein). All three amino acids are
derived from trioses downstream of the aldolase reaction
that converts fructose-1,6-P, to two trioses (Fig. 1a), and the
calculations infer that amino acid concentrations are related
to the upstream enzyme activities. However, the true rates
for triose flux would be twice those of HK-PFK flux, since
two trioses are formed from each hexose. It is not clear that
inclusion of alanine concentration in the PK calculation can
register a twofold increase above HK + PFK since the sum
of alanine + serine + glycine concentrations is only 22-37%
higher than the sum of serine + glycine concentrations in rat
and human brain (Table 3B).

Take Home Message

An alternative approach to evaluate glucose utilization is to
calculate pathway fluxes based on measured concentrations
of their components. An et al. [5] devised a novel, indirect
approach to calculate glycolytic activity from metabolite
levels determined in postmortem AD brain, but they did
not test and validate their method to prove that their calcu-
lated values and the actual enzyme activities are equivalent.
Two initial checks of their method reveal that postmortem
ischemia and autolytic changes drive the calculated enzyme
activities that do not represent the vivo fluxes of labeled
glucose into metabolites.

Influence of Postmortem Metabolite Concentration
Changes

An obvious initial concern is that the levels of glucose, ser-
ine, glycine, and alanine are not stable in postmortem brain
(Table 3), and their use to estimate glycolytic enzyme activi-
ties may give misleading results that vary with postmortem
interval. Postmortem increases in [Ala] were most rapid in
both rat and human brain, followed by slower and smaller
increases in [Gly], with a longer lag for [Ser]; all three
increased ~ 1.7-4-fold at 4 h in human brain (Table 3B).
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Due to rapid postmortem elimination of glucose (Table 3A),
glycogen, PCr, and ATP metabolic pools, net glycolytic flux
is near zero by 30 min after death. These findings indicate
that calculated postmortem activities of glycolytic enzymes
using the above equations of An et al. [5] will be initially
and briefly driven upward by rapid decreases in glucose con-
centration, accompanied shortly later by the rise in [Ala],
and more slowly by shifts in [Ser] and [Gly], presumably
due to metabolic responses to ischemia, then autolytic and
proteolytic activity (Box 1).

Labeling of Lactate and Amino Acids by Glucose

If calculated HK + PFK and PK activities represent the
respective hexose and triose fluxes, labeling of the amino
acids used in the calculations might be anticipated to reflect
the flow of glucose carbon through the glycolytic pathway.
This possibility was assessed by metabolic labeling of lac-
tate and amino acids by [U-1C] glucose in rat brain [8]. [**C)
Glucose quickly entered the brain after the pulse intrave-
nous injection, its concentration peaked within 1 min, and
it was rapidly metabolized, causing its concentration to fall
with time (Fig. 1b). Of the identified metabolites, the initial
rate and magnitude of labeling of lactate was highest, fol-
lowed by glutamate (Fig. 1b) that is labeled via the TCA
cycle (Fig. 1a). Glutamate continued to accumulate label
for 15 min due to dilution of the '“C in the large, unlabeled
glutamate pool. After an initial lag, labeling of other TCA
cycle-derived amino acids (glutamine, aspartate, GABA)
exceeded that of alanine and was much greater than those of
serine and glycine; glycine labeling was delayed by > 30 min
and was very low thereafter. Of note, alanine and lactate are
both derived from pyruvate (Fig. 1a), yet their labeling dif-
fered considerably (Fig. 1b). This means that the flow of 1*C
tracer label from glucose traverses the glycolytic pathway
to pyruvate/lactate without equivalent labeling of alanine,
serine, and glycine (Fig. 1a). From pyruvate, label quickly
enters the TCA cycle and is incorporated into glutamate
and other amino acids faster than into serine, glycine, and
alanine. Thus, glucose-derived *C flux from pyruvate to
lactate greatly surpassed the rates of lateral label incorpora-
tion into alanine and the upstream label incorporation from
3-phosphoglycerate into serine and of label from serine into
glycine (Fig. 1a, b). Dynamic labeling of the amino acids
derived from glycolysis does not report glycolytic flux, and
it is unlikely that their concentrations relative to glucose are
relevant to or predictive of rate-limiting enzyme activities.
This is a concern because animal studies of brain activa-
tion reveal that brain glucose concentration can be constant
even as glucose utilization increases because glucose sup-
ply matches demand; glucose concentration per se does not
report metabolic rate [70].

Summary

There are two reasons to question the validity of the calcula-
tions to estimate activities of HK +PFK and PK [5]: (i) the
calculated values are governed by time-dependent postmor-
tem changes in concentrations of glucose and amino acids.
(i1) Flux of label from glucose into lactate and the TCA cycle
is not reflected by labeling of serine, glycine, and alanine.

Tests of the Indirect Method to Evaluate
In Vivo Glycolytic Enzyme Activities

To my knowledge, there are no complete data sets with
measurements of glycolytic rate and amino acid concen-
trations to test directly the validity of the calculated gly-
colytic enzyme activities. Three alternative approaches
were, therefore, used to evaluate the method: (i) compare
glycolytic rates during very short ischemic intervals with
those based on glucose and amino acid concentrations. (ii)
Compare amino acid levels calculated from reported glu-
cose levels and calculated indirect enzyme activities with
postmortem levels in human brain. (iii) Compare indirect
calculated activities with HK, PFK, and PK activities meas-
ured in vitro.

Take-Home Message

The theoretical calculations to estimate glycolytic enzyme
activities do not agree with values determined from changes
in metabolite concentrations measured during the immediate
postischemic interval, the amino acid levels calculated from
reported postmortem glucose levels and enzyme activities
are unrealistically high, and calculated enzyme activities do
not correspond to measured activities in vitro. The method
is not validated.

Glycolytic Rates in Surgical Samples from Human
Brain Versus Indirect Calculated Rates

To evaluate the use of [amino acid]/[glucose] ratios to indi-
rectly evaluate glycolysis in human brain, calculated ratios
representing HK +PFK and PK activities were compared
to rates determined in quickly-excised surgical samples of
anesthetized human brain that were flash frozen immedi-
ately after removal. Estimated resting in vivo CMRy, based
on rates of postmortem metabolite changes in extracts of
excised tissue was 0.26 umol/g/min (Table 4A), similar to
that in normal resting adult brain in vivo determined by
FDG-PET [68], demonstrating that the in vitro technique
was accurate.

The estimated peak glycolytic rate during ischemia (based
on disappearance of [glucose + glycogen] and also from the
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increase in [lactate] during the first 30 s), rose > 13-fold to
3.4-3.8 umol/g/min, with an ~ fivefold mean overall increase
during the first 5 min. The respective triose flux rates are
twice these values (i.e., 2 triose are formed per hexose;
Table 4A). In mouse brain, the peak ischemic rise in glyco-
lytic rate was at least 7.4-fold [31], demonstrating that high
rates of glucose utilization occur within the first seconds of
ischemia in rodent and human brain.

Indirect glycolytic enzyme activities based on meas-
ured glucose concentrations in surgically-excised, flash-
frozen human brain [34] (Table 3A) and human amino acid
levels at zero time (Table 3B) gave dimensionless values
for HK-PFK at zero time that are numerically similar
to CMRglc, whereas PK was 40% higher; both were less
than actual triose flux (Table 4A). Both indirect activities
rose ~25-30% at 1 min, contrasting the estimated ~ 13-fold
peak rate increase immediately after death and the over-
all fivefold increase during the 0-5 min interval based
on measured changes in labile metabolite levels. Indirect
activities doubled from 1 to 5 min (Table 4A) when tissue
glucose level was ~ 1/3 of the initial value (Table 3A), but
both the relative changes and absolute indirect activities at 1
and 5 min were much less than ischemic rate estimates, and
indirect values were infinite at 30 min when brain glucose
level was zero (Table 4A).

Indirect activities reported by An et al. [5] for HK + PFK
and PK (mean group postmortem intervals, 15-17 h; overall
range 2-33 h) showed lower values in AD brain for the inferior
temporal gyrus, and most PK activities were approximately
double HK-PFK (Table 4B). However, these numerical values
are much larger than the estimated glucose utilization rates
and the corresponding indirect calculated ratios determined
at short postmortem times in brain from surgical explants
(Table 4A). Serious concerns arise because all brain glucose
would be gone within ~30 min, yet all postmortem brain glu-
cose levels in the An et al. study are impossibly high (Table 2).

The above comparisons are considered to be only approxi-
mate, since indirect ratios are not based on amino acid levels
determined in the same tissue samples as glucose concentra-
tion. However, the very large differences between indirect
estimates of glycolytic activities and rates calculated from
changes in metabolite levels within minutes after death reveal
the dominant impact of falling glucose concentration and small
effect of increases in amino acid levels.

Postmortem Amino Acid Levels Calculated

from Reported Glucose Levels and Indirect
Glycolytic Enzyme Activities in Control and AD Brain
are not Reasonable

Because actual amino acid levels were not reported by An
et al. [5], they were estimated by back-calculation from
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reported HK-PFK activity = ([Ser] + [Gly])/[Glc]. These
ratios in inferior temporal gyrus for control and AD are ~6.0
and 2.7 (Table 4B) and the respective glucose levels are
476 and 853 umol/g (Table 2). The corresponding sums of
[Ser]+ [Gly] are 2856 and 2303 pmol/g for control and AD
groups, respectively. Amino acid data are not available for
long postmortem intervals in human brain, but at postmor-
tem interval =4 h, the estimated [Ser] + [Gly] is 2.6 pmol/g
(Table 3B). Even if the sum of these amino acids rose by
10-fold at 15-17 h, it would be only 26 pmol/g, ~ 100-fold
lower than the derived [Ser]+ [Gly] levels. The data cannot
be correct.

To sum up, the concentrations of Ser, Gly, and Ala do
not reflect their in vivo relative labeling by ["*C]glucose
(Fig. 1b). Furthermore, calculated indirect ratios relative
to glucose level (Table 4A, B) do not correspond to the
true net activities of the enzymes, which must be zero at
the 15-17 h postmortem intervals for brain harvest due to
substrate depletion. Comparison of the measured amino acid
and glucose levels in AD brain to those for controls and
other diseases reported in the literature should have raised
ared flag (Box 1).

Indirect Calculated Enzyme Activities in Postmortem
Tissue Compared with Measured Postmortem
Enzyme Activities Assayed In Vitro

HK, PFK, and PK activities in living brain are regulated by
various effectors, but perhaps the indirect ratio activities may
be related to enzyme amount that is proportional to maximal
activity in vitro. With the caveat that literature reports of activ-
ities of glycolytic enzymes in postmortem AD brain in vitro
have been inconsistent, rigorous assays of HK, PFK, and PK
specific activities in brain extracts (umol/min/mg protein)
revealed increases for PFK and PK activities and no change
for HK in frontal and temporal cortex of postmortem AD brain
compared with age- and premortem severity index-matched
controls ([45, 46]; also see the discussion of the cited refer-
ences in these reports).

Of interest, the sums of the specific activities of HK+PFK
for controls and AD brain measured in vitro were ~0.26 and
0.31 umol/min/mg protein, respectively, whereas those for PK
were ~8.2 and 10.8 umol/min/mg protein, > 30 times higher
than the sum of HK +PFK [45, 46]. In contrast, indirect cal-
culated activities for HK + PFK versus PK based on [amino
acid]/[glucose] ratios differed by a factor of <2 (Table 4).
Thus, the ratios calculated as [amino acid]/[glucose] decrease
in the vulnerable regions of AD brain (inferior temporal gyrus
and middle frontal gyrus, Table 4), whereas they increase or
are stable when the relative maximal activities of HK+PFK
versus PK in postmortem tissue were assayed under optimal
conditions in vitro.
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Summary

The use of [amino acid]/[glucose] ratios to evaluate indirectly
glycolytic activities in AD and asymptomatic AD subjects
was not validated by An et al. [5]. Three different approaches
to evaluate the indirect method reveal serious interpretive
confounds that arise from the following issues (Box 1): (i)
rapid ischemic depletion of the glucose, glycogen, ATP, and
PCr metabolic pools; (ii) negligible HK-PFK activities after
[PCr] and [ATP] fall to zero, independent of changes in Ser,
Gly, and Ala levels; (iii) postmortem autolytic generation of
glucose by hydrolysis of carbohydrate moieties of glycolipids
and glycoproteins to cause a time-dependent artifactual rise
in tissue glucose level; and (iv) catabolism of proteins and
peptides to progressively increase amino acid levels with time
after death. Beyond 30 min after death, the ratios are driven
by postmortem changes, not in vivo regulation of HK, PFK,
and PK by various effectors, normal glucose homeostasis, or
metabolic dysregulation. Thus, there is no compelling proof
that the [amino acid]/[glucose] ratios correctly reflect glyco-
lytic enzyme activities in vitro or fluxes in vivo.

Brain-to-Plasma Glucose Relationships
in Normal and AD Brain

It is well known that transport of glucose into brain from
blood and into brain cells from extracellular fluid is equili-
brative and driven by concentration gradients [71]. Higher
concentrations of fasting plasma glucose and greater
increases over time were correlated with higher AD brain
glucose [5, 58], but the meaning of this association in terms
of glucose dysregulation at early stages of AD is not clear. A
reason for this uncertainty is the 0.5-17.8 year span between
determination of the last plasma glucose concentration and
death. This time interval is so long that it raises some key
issues related to interpretation of these findings: the health
status of the patients, the time required for brain-plasma
glucose equilibration, glucose distribution within brain, the
brain:plasma glucose concentration relationship, and neu-
ronal glucose transport.

Take-Home Message

Fundamental properties of brain glucose homeostasis pro-
vide an essential perspective for interpretation of levels and
correlative associations of plasma and brain glucose con-
centrations in AD brain. Brain glucose level equilibrates
with that in arterial plasma within about an hour, and long-
term relationships between plasma and postmortem brain
glucose levels are unlikely to be predictive of that in ante
mortem diseased brain. Brain glucose levels are relatively
homogeneous, and large regional differences in postmortem

control brains suggest analytical errors or regional autol-
ytic differences. Extremely high brain glucose levels that
exceed plasma levels suggest accumulation of glucose in
brain against a concentration gradient, which is impossible
because glucose transport is equilibrative.

Equilibration Within~1h

Brain glucose concentration is the net balance between glu-
cose influx from blood, glucose efflux back to blood, and
glucose metabolism in brain. The maximal capacity for glu-
cose transport from plasma to normal human brain exceeds
CMR,,. by ~2.3-fold over a wide range of glucose concen-
trations and metabolic rates [13, 51, 52, 72], and metabolic
modeling predicts (i) neuronal glucose import matches utili-
zation, and (ii) neuronal glucose concentration equals brain
glucose level [71].

In rat brain, the half life for glucose is ~ 1.5 min [73], the
metabolic glucose pool turns over completely within ~ 10
half lives, and brain glucose equilibrates with plasma glu-
cose within ~45-60 min under hypo-, normo- and hyper-
glycemic conditions in awake and anesthetized rats [74-76].
Glucose turnover in human brain must also be fast, because
the brain-plasma equilibration occurs within about an
hour under various conditions. For example, when normal
humans were given a glucose infusion to raise the plasma
level, brain glucose reached a new steady state level within
~30-45 min [51, 72]. When Type 1 diabetic patients with
hypoglycemic unawareness were subjected to a 30 min hypo-
glycemic clamp (plasma glucose 2.4 mmol/l) followed by
glucose infusion to achieve hyperglycemic-diabetic levels
(plasma glucose 16.7 mmol/l), brain levels were modestly
but significantly higher in diabetics than in controls, i.e., 5.5
versus 4.7 pmol/g, respectively [77] (compare these values
to brain glucose levels in control subjects and AD patients in
Table 1). In contrast, normal subjects subjected to three ante-
cedent hypoglycemic episodes within 24 h had similar brain
glucose levels during subsequent hyperglycemic infusions as
those without preceding hypoglycemia, 5.1 and 4.5 pmol/g,
respectively [78]. In both studies, the brain:plasma ratios
for glucose were 0.28-0.33 during hyperglycemia. Time
course assays during glucose infusion into lean, obese, and
Type-2 diabetic subjects showed equilibration to the same
elevated plasma level within 60—120 min, but there were
small (<~ 1 mmol/l) but significant differences in the new
brain levels among the three groups [79]. Also, the hypo-
thalamic glucose + taurine levels approximately equilibrated
with plasma within ~70 min at different glucose concentra-
tions (~ 11, 17, and 22 mmol/1) [80].

Thus, normal human and rat brain glucose levels are
determined predominantly by plasma glucose levels during
the preceding 1-2 h over a wide range of concentrations.
Plasma levels are predictive of glucose level in postmortem
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brain as long as appropriate procedures are used to obtain the
brain tissue, e.g., immediate freezing or microwave fixation
to instantly inactivate brain enzymes and stop metabolism.
When plasma levels are stable over time, they may be pre-
dictive of that in living brain when measured non-invasively
by MRS, but plasma levels determined > 0.5 years earlier
are unlikely to forecast postmortem brain glucose level. The
relationship between ante mortem arterial plasma glucose
level and postmortem brain glucose level is very complex,
and it is strongly influenced by the agonal stages just prior to
death and postmortem ischemia (Box 1). Since the glucose
metabolic pool in brain is depleted within 30 min, relation-
ships between antecedent plasma glucose level 6 months ear-
lier and brain glucose at 15-17 h after death are not useful
in understanding the pathogenesis of AD.

Regional Brain Glucose Levels

A puzzling finding reported by An et al. [5] is the large range
of control postmortem glucose levels in the middle frontal
gyrus, inferior temporal gyrus, and cerebellum (Table 2). The
reported hexose concentrations determined by mass spec-
trometry were assigned to be glucose by An et al. [5], but
perhaps autolysis differentially generated hexoses in various
brain regions. Based on studies with 3-O-methylglucose, glu-
cose is distributed relatively uniformly throughout normal
living brain. Methylglucose is a non-metabolizable glucose
analog that distributes in brain according to local glucose
concentration, and it reveals the homogeneous concentrations
of glucose throughout resting rat [63, 81, 82] and human
[83] brain. '"H-MRS studies also provide direct evidence that
glucose is evenly distributed throughout brain water, with
the largest fraction in intracellular space in rat and human
brain [72, 84]. There can, of course, be regional differences
in glucose concentration in disease states, but the excursions
from normal values are quite unlikely to be as large as in the
control postmortem brain versus living brain (Tables 1, 2).

Brain: Plasma Glucose Distribution Ratios

The mean fasting plasma glucose levels over a 19 year period
in the longitudinal study involving control, asymptomatic
AD, and AD subjects (the last sample was an overall mean
of 5 years prior to death, ranging from 0.5 to 17.8 years)
were 5.4, 5.9, and 5.2 mmol/l, respectively (Table 4 of [5]).
If these plasma levels were stable until death and using
brain levels in Table 2, the respective brain: plasma levels
for controls are 113, 88, and 69, and brain/plasma ratios for
the AD and asymptomatic AD subjects range from 49 to
164. These extraordinarily high ratios imply that glucose
is concentrated in brain well above the plasma level. This
would require active transport of glucose into brain against
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its concentration gradient, which is contradicted by a large
body of literature cited by Simpson et al. in their review
[71]. Values in normo- and hyperglycemic rat and human
brain are ~0.2—-0.3, with an estimate of 0.44 for AD brain.
Even if CMR,, were zero, the brain level would passively
equilibrate with that in plasma, not accumulate to concentra-
tions 50-160-fold above that in plasma. The unrealistically-
high brain glucose levels and improbable brain/plasma ratios
are two lines of evidence (Box 1) that the brain glucose lev-
els reported by An et al. [S] cannot be correct.

Glucose Transport

Protein concentrations of glucose transporters are propor-
tional to maximal transport capacity (T,,,,) and do not neces-
sarily reflect actual transport rates. Since glucose transport
capacity exceeds CMR,,, small changes in transport capacity
are unlikely to alter glucose availability to brain cells. An et al.
[5] reported that the protein levels of GLUT1 (the endothe-
lial and astrocytic glucose transporter) in postmortem tissue
were not different in the middle frontal gyrus of control, AD,
and asymptomatic AD subjects (their Fig. 3), indicating that
capacity for glucose transport across the blood—brain barrier is
not altered by the disease. The neuronal GLUT3 protein level
was reduced by ~10% in the middle frontal gyrus in AD and
asymptomatic AD brain, but this small decrement was not
proven to actually reduce neuronal glucose transport.
Recent studies showed that neuronal GLUT4 is mobi-
lized from internal stores to the synaptic plasma membrane
during activation to increase glucose transport capacity at
the synapse and provide glycolytic ATP for synaptic vesicle
recycling [85, 86]. GLUT4 mobilization is also necessary for
hippocampal spatial working memory, and amyloidp(1-42)
oligomers impaired insulin signaling, reduced GLUT4
translocation, and caused cognitive impairment [87-89]. If
GLUTH4 localization is stable at long postmortem intervals,
it would be important to evaluate neuronal total and plasma
membrane-bound GLUT4 in AD versus controls.

Summary

Long-term associations between plasma and brain glucose
levels are of interest and important because they may reflect
interactions between peripheral and central glucose homeosta-
sis. However, it is unlikely that this relationship can explain
regional differences in brain glucose level in the controls and
the extremely high brain glucose levels and tremendously high
brain/plasma ratios in all cohorts reported by An et al. [5]. Glu-
cose transport capacity normally exceeds metabolism by a wide
margin, it remains to be proven that a 10% decrease in GLUT3
protein would impair neuronal glucose transport. Abnormal
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GLUT4 mobilization and levels may contribute to functional
and cognitive defects in AD and needs to be evaluated. Indirect
calculated glycolytic enzyme activities are very unlikely to be
correct, and there is no compelling evidence that “neurons are
unable to break down glucose through glycolysis™ [58].

Concluding Comments

FDG-PET studies have repeatedly confirmed that reduced
CMR,,. precedes cognitive decline in AD patients, and in vivo
MRS studies indicate that glucose level in AD brain is modestly
increased by ~40%, as expected from lower glucose utilization
rates. A recent study showed reduced CMR,, in vulnerable
regions in subjects with probable AD [90], consistent with
mitochondrial abnormalities [69, 91, 92] that include reductions
in the o-ketoglutarate dehydrogenase complex in AD and com-
plications arising from mild inhibition of this enzyme (e.g., [93,
94] and cited references). Both glycolytic and oxidative path-
way fluxes are affected in AD, but discussion of these issues is
beyond the scope of the present review. Because lactate levels
in one study ([22], Table 1) are only slightly elevated in AD
patients, upregulation of glycolysis does not appear to greatly
outstrip oxidative metabolism (with the caveat that lactate efflux
to blood was not evaluated), and both pathways may be reduced
proportionately. This possibility could be examined by assess-
ment of CMR,,/CMR ratios in future PET or MRS studies.
The normal resting ratio is close to 6 (60, are consumed per
glucose oxidized), and it falls when glycolysis is preferentially
upregulated with increased lactate production and release. The
contributions of specific metabolic steps and of altered cellu-
lar functions that, in turn, reduce energy demand, on overall
decreases in glucose utilization remain to be established.

This review focuses on the postmortem levels of labile
energy metabolites, particularly glucose, in brain of controls
and subjects with psychiatric or neurodegenerative disease.
Time courses of concentration changes immediately after death
have been used to calculate basal and peak ischemic rates of
glucose utilization, but, after glucose is rapidly depleted, the
ensuing increases in glucose level probably arise from autolytic
reactions. Slower, time-varying catabolic activities also alter
the concentrations of brain amino acids, and these processes
are likely to differ among classes of compounds, disease, and
affected brain regions (Box 1). Use of age-, gender-, and post-
mortem interval-matched samples is essential and critically
important, but cannot compensate for the rapid disappearance
of brain glucose and other labile energy metabolites within
minutes after death. Studies of postmortem human tissue have
made major contributions to understanding complex aspects of
neurological, psychiatric, and neurodegenerative diseases, but
they are not appropriate for study of labile metabolites because
postmortem intervals are too long.

Many issues can invalidate extrapolation of postmortem
glucose levels to dysregulation of its metabolism in liv-
ing brain. Some pitfalls can be avoided (Box 1) by report-
ing absolute levels, not fold-changes or log,-transformed
data. With absolute levels and calculation of brain/plasma
ratios, it is readily apparent that the data do not support the
conclusion that AD and Huntington’s disease patients may
be hyperglycemic (postmortem levels are way too low),
that brain glucose levels are greatly elevated in association
with plasma glucose over the previous decade (levels are
much too high), or that there is dysregulation of glycolysis
in ante mortem tissue based on ratios of amino acid-to-
glucose concentrations (indirect activities cannot be cor-
rect because amino acid and glucose levels greatly exceed
usual ranges and the indirect enzyme activities reflect post-
mortem autolysis, not in vivo enzyme activities). When
CMR,,, and/or glucose transport are affected by disease,
it is best to avoid the term ‘glucose uptake’ that is often
used as synonymous with metabolism or utilization. Uptake
does not distinguish between glucose transport and glucose
phosphorylation, and it does not provide sufficient clarity
for readers who must interpret the context of usage.

Future Directions

Many studies with FDG-PET have identified locally-altered
CMR,,. in AD and other brain disorders, and this method
can be used in conjunction with other metabolic assays to
evaluate disease progression in living brain. Multi-modal
brain PET imaging, 'H-, 24-, 0, 3'P, and *C-MRS, and
calibrated fMRI technologies can be used non-invasively and
longitudinally in vivo to measure metabolite concentrations
and metabolic pathway fluxes with variously-labeled sub-
strates, e.g., glucose, ketone bodies, amino acids, or short-
chain carboxylic acids [4, 95-98]. In addition, high-field
MRS enables in vivo quantification of many brain metab-
olites [99, 100], and has been used (i) in brain activation
studies [15] and (ii) in schizophrenic brain to measure glu-
tamate, GABA, glutamine, and other compounds [101, 102],
as well as dysfunction of metabolism and glutamatergic
neurotransmission [103]. Calibrated fMRI in AD subjects
revealed hypoperfusion and reduced CMR, in vulnerable
brain regions [90], and if this approach were combined with
FDG-PET assays of total glucose utilization and ["*C]glu-
cose assays of different pathway fluxes in the same subjects,
the data may help dissect out altered metabolic steps in dis-
eased brain. Also, resting-state fMRI revealed disruption of
the semantic network in patients with mild AD [104]. Thus,
rates of oxygen consumption, glucose oxidation, ATP turno-
ver, and excitatory and inhibitory neurotransmitter cycling
between astrocytes and neurons can be determined in living
brain using these MRS and fMRI techniques, and they can
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be applied to patients with neurological diseases who can
tolerate the imaging procedures.
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