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Abstract

Alzheimer’s disease (AD) is the most common neurodegenerative disease associated with progressive loss of cognitive
function, personality, and behavior. The present study evaluates neuronal and astroglial metabolic activity, and neuro-
transmitter cycle fluxes in ABPP-PS| mouse model of AD by using 'H-['*CJ-nuclear magnetic resonance (NMR) spec-
troscopy together with an infusion of either [1,6-'3Cy]glucose or [2-'3CJacetate. The levels of N-acetyl-aspartate (NAA)
and glutamate were found to be decreased in the cerebral cortex and hippocampus in ABPP-PS| mice, when compared
with wild type controls. The cerebral metabolic rate of acetate oxidation was increased in the hippocampus and cerebral
cortex of ABPP-PSI mice suggesting enhanced astroglial activity in AD. ABPP-PS| mice exhibit severe reduction in
glutamatergic and gamma-amino butyric acid (GABA)ergic neuronal metabolic activity and neurotransmitter cycling
fluxes in the hippocampus, cerebral cortex, and striatum as compared with controls. These data suggest that metabolic

activity of excitatory and inhibitory neurons is compromised across brain in ABPP-PS| mouse model of AD.
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Introduction

Alzheimer’s disease (AD) is the most common neuro-
degenerative disorder associated with gradual deterior-
ation of cognitive functions, personality and memory.'
The cause and pathogenesis of the disease remains com-
plex but has been shown to be associated with gray
matter atrophy, disruption of neuronal function, and
formation of neurofibrillary tangles and neuritic
plaques in the medial temporal limbic regions and iso-
cortex.> The degradation of amyloid precursor protein
(ABPP) is central to the pathological cascade that
eventually leads to AD.? Deficits in numerous neuro-
transmitters are suggested to build up with progression
of the disease.”

Quantitative analyses have suggested loss of 25-35%
synapses in the postmortem cortical tissue of AD
patients.* Several positron emission tomography

studies have shown glucose hypo-metabolism across
brain under mild cognitive impairment and in late
onset AD patients.” The reduced rates of neuronal
glucose oxidation was also shown at an early age in
APBPP-presenilin  (PS1) mouse model of AD.°
Glutamate and gamma-amino butyric acid (GABA)
are the major excitatory and inhibitory neurotransmit-
ters, respectively, in the mature central nervous
system.” Majority of brain energy is utilized to sustain
the processes associated with these neurotransmitters,
which are involved in behavior, cognition, emotion and
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memory.® Neurons and astroglia work in coordination
for the trafficking of neurotransmitters, commonly
known as glutamate-glutamine and GABA-glutamine
neurotransmitter cycling, to maintain normal function-
ing of brain. It has been established that rates of neuro-
transmitter cycling and neuronal glucose oxidation are
stochiometrically coupled.”'® Moreover, the oxidative
glucose metabolism and neurotransmitter cycle rates
are shown to increase with brain activity. In vivo *C
nuclear magnetic resonance (NMR) spectroscopy and
functional magnetic resonance imaging measurements
have established relationships between neurometabo-
lism and neuronal activity that provide novel insights
into the nature of brain function.!! Therefore, neuronal
glucose oxidation and neurotransmitter cycling are of
prime importance for understanding brain activity and
cognitive function. The perturbation in neuronal activ-
ity in AD is expected to affect neurotransmitter cycling
and metabolic activity of neurons. Hence, a compre-
hensive understanding of neuronal and astroglial meta-
bolic activities in AD condition is expected to provide
better insight about the AD pathology.

APBPP-PS1 mice have been developed by inserting
mutants of APP and presenilin at a single locus
under the control of mouse prion promoter.'”
These mice exhibit memory impairment and severe
amyloid plaque loading, a hall mark of AD, in the
cerebral cortex and hippocampus at the age of 12
months. The present study assessed the neuronal and
astroglial metabolic activity, and neurotransmitter
cycling in ABPP-PS1 mice at the age of 12 months
by using 'H-["*C]-NMR spectroscopy in conjunction
with infusion of [1,6-'*C,]glucose or [2-'*Clacetate.
Our results indicate compromised neuronal meta-
bolic activity, and enhanced astroglial activity in
AD condition.

Materials and methods

All the experimental procedures with mice were
approved by the Institutional Animals Ethics
Committee of Centre for Cellular and Molecular
Biology (CCMB), Hyderabad, India, and were con-
ducted in accordance with the guidelines established
by Committee for the Purpose of Control and
Supervision on Experiments on Animals, Ministry of
Environment and Forests, Government of India.
ARRIVE guidelines were followed in the preparation
of the manuscript. In order to get rid of the complica-
tion of hormonal cycling on the neurometabolism, only
male mice has been used. Male ABPP-PS1 (n=23)
mice and wild-type littermates (n=24) of age
12 months as confirmed by genotyping for the presence
and absence of mutant ABPP and PS1 genes were used
for the study.

Assessment of learning and memory
in ABPP-PS| mouse

Learning and memory of mice were evaluated using
Morris Water Maze (MWM) test.'> MWM consists of
a circular tank with height and diameter, 50 and
150 cm, respectively, and virtually divided into four
equal quadrants with different clues provided on the
wall for spatial map of the pool. The pool was filled
with water to a depth of 30 cm, and an escape platform
(10cm in diameter) was submerged 0.5 cm under water
level in the fourth quadrant. During the training
period, mice were left in each quadrant for 90 s to
explore the maize. The movement path of mice was
video recorded and analyzed by the Ethovision soft-
ware. Following this period, animals were guided
towards the hidden platform that was placed in the
fourth quadrant. The training was continued for four
days from each quadrants. The memory was assessed
on 7 and 8 day with and without the platform. The
escape latency to reach the platform, and frequency
of crossing over the platform zone were measured.

Infusion of [1,6-"3 C;]glucose and [2-'3CJacetate

Metabolic study was carried out in overnight
fasted mice. Animals were anesthetized with urethane
(1.5g/kg, 1.p.), and the lateral tail vein was cannulated
for administration of '*C labeled substrates. Urethane
produces a long-lasting steady level of anesthesia with
physiologic and pharmacologic behaviors similar to
those observed in unanesthetized condition. The body
temperature of animals was maintained at 37°C.
[1,6-"*C,]Glucose was administered for 10, 30, 60 and
90 min in mice using bolus variable infusion rate proto-
col.'" A bolus of 590 umol/kg of labeled glucose
(0.225mol/L, dissolved in water) was administered
in 15 s, there after the infusion rate was stepped
down exponentially by decreasing the rate every 30s.
The infusion rate of [1,6-'°C,]glucose at steady state
(>8.25min) was 15umol/kg/min. At least four mice
were used for each time point. In addition, mice
were also infused with [2-'*CJacetate + glucose for
15min (WT, n=6; APPP-PSI, n=5) and 90min
(WT, n=4; ABPP-PSI1, n=4) to evaluate the astroglial
metabolic activity and Veye/Vicam), respectively. The
[2-'*Clacetate (1 mol/L) was dissolved in water and
pH adjusted to 7.0 using HCL. Initially, [2-'*Clacetate
was administered a bolus of 1.25mmol/kg in 15 s. The
acetate infusion rate was stepped down every 4 min,
and the infusion rate at steady state (=8 min) was main-
tained to 0.2 mmol/kg/min.'> Blood was collected from
the retro-orbital sinus artery during the last minute of
the experiment, and centrifuged to separate plasma.
Blood plasma was stored at —80°C for further analysis.
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At the end of the experiment, animal head was frozen in
situ using liquid nitrogen.

Preparation of brain extracts

Frozen brain was chiseled out and dissected in a cryo-
stat maintained at —20°C to isolate the cerebral cortex,
hippocampus, and striatum based on mouse brain
atlas. The cortical region was separated as the outer-
most layer after removing the skull, and striatal region
was identified as the sub-cortical structure posterior
to the prefrontal region. Hippocampus appears as a
wing-like structure, with completely different tissue
contrast than neighboring tissues, is well distinguished,
and easily dissected. Metabolites were extracted
from frozen tissue as described previously.'® The
frozen weighed tissues were ground with 0.1 N HCI in
methanol (1:2 w/v) in a dry ice/ethanol bath.
[2-'*C]Glycine was added as an internal concentration
reference. [2-'°C]Glycine has been used as a concentra-
tion reference in several studies.'*'>!'7 The tissue
powder was homogenized with ethanol, and clarified
by centrifugation at 20,000 g. The tissue extracts were
passed through Chelex column (Biorad), and pH
adjusted to 7.0. The lyophilized extracts were dissolved
in deuterium oxide containing sodium 3-trimethylsi-
1y1[2,2,3,3-D4]-propionate (TSP) as a chemical shift
reference.

Preparation and NMR analysis of
blood plasma

Blood plasma was mixed with sodium phosphate buffer,
which was prepared in deuterium oxide containing
formate, and filtered using a 10-kD cut off centrifugal
filter to remove macromolecules. The concentrations and
fractional '*C enrichments of glucose and acetate were
measured in '"H NMR spectrum of plasma using formate
as an internal reference. The percent *C labeling of glu-
cose-Cla (5.2 ppm) and acetate-C2 (1.9 ppm) was calcu-
lated by dividing the intensity of the '*C with the total
(12C 4 B30).

NMR analysis of brain extract

"H-["*C]-NMR spectra of brain tissue extracts were rec-
orded at 600 MHz NMR spectrometer (Bruker Biospin,
Germany).'® The concentrations of metabolites were
determined relative to [2-'*C]glycine. The '*C atom per-
centage enrichment of various metabolites at different
carbon positions was determined as the ratio of the
peak areas in the 'H-[">C]-NMR difference spectrum
(2 x '3C only) to the non-edited spectrum ('’C +
13C), and was corrected for the natural abundance
(1.1%).

Determination of acetate oxidation

Acetate is transported specifically into astrocytes by
monocarboxylate transporters'® and oxidized therein."
Oxidation of [2-"*Clacetate in astrocytes labels astro-
glial glutaminec,, which in turn transfers '*C label
into glutamatec4, and GABAc, via corresponding
neurotransmitter cycling.'> The cerebral metabolic
rate of acetate oxidation (CMR s 0x)) Was calculated as

CMRacoy = (1/1) x {[GIn] x (Glncy) +/Glua
x [Glu] x (Glucs)}
(1

where [GIn] and [Glu] are the concentration of glutam-
ine and glutamate, respectively, while Glngy refers the
C fractional enrichment of glutamine. Glucyg repre-
sents fractional enrichment of astroglial glutamate-C4,
and was assumed to be same as the enrichment of glu-
tamine-C4. ‘fGluy,’, represents the fraction of glutam-
ate in astroglia.'*!’

Determination of V., /V1ca from steady state
[2-'3C]acetate experiment

Steady state '’C labeling of amino acids from
[2-13CJacetate was used to determine the ratios, Veyel
Vrcam) for glutamatergic and GABAergic neurons as
described earlier in detail."*'” The ratio Veye(Glu-Giny/
VrcaGiuy was calculated as follows

ch(?(G/u—Gln) _ Gh/lC4
VrcaGy Glney — Gluey

(@)

where Glngy and Glugy are the steady state labeling of
astroglial glutamine-C4 and neuronal glutamate-C4,
respectively. The '°C labeling of Glue, and Glngy from
[1-3C]/[6-"*C]glucose that was formed from [2-'*Clacetate
was corrected by subtracting [3-'*C]lactate labeling.

The ratio chc(GABA-Gln)/ VTCA(GABA) was deter-
mined as follows

VeyaGapa-Giny _ GABAc
VrcaGasay  Glnca — GABAc

(©)

where GABA(, is the steady state '*C enrichments of
[2-3CIGABA from [2-'3Clacetate.

Determination of metabolic rates

The '*C labeling of brain amino acids from
[1,6-°Cs]glucose was used to generate '*C turnover
curve of amino acids. A three compartment metabolic
model (Figure 1) was fitted to '*C turnover curves to
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Figure I. A three compartment metabolic model depicting the '>C labeling of brain metabolites from [1,6-'>C;]glucose and

[2-"*CJacetate.'” Metabolism of [1,6-'3C,]glucose via neuronal TCA cycle labels Glucy, which is converted to GABAc, by enzyme
GAD in GABAergic neurons. Labeling of Glnc4 occurs from Gluc4 and GABA(; via glutamate—glutamine and GABA—glutamine cycle,
respectively. [2-'3C]Acetate is selectively transported and metabolized in astroglia and labels GInc4. Neuronal Glucs and GABA; are
labeled from Glnc,4 via glutamine-glutamate and glutamine-GABA cycling, respectively. o-KG: o-ketoglutarate; OAA: oxaloacetate;
Asp: aspartate; GABA: y-aminobutyric acid; Glu: glutamate; GAD: glutamate decarboxylase; Gln: glutamine; V., ccaga-ciny: GABA-
glutamine cycling flux; Vey(Giu-ciny: glutamate-glutamine cycling flux; Vg,q4: glutamate decarboxylase flux; Vy,: glutamine synthesis rate;
Vohune: flux of GABA shunt; Vi, (a): astroglial TCA cycle flux; Vecacasa)y: GABAergic TCA cycle flux; Vicaaiuy: glutamaterglc TCA cycle
flux; V,: exchange rate between a-ketoglutarate and glutamate. The filled circle represents the position of ' 3C carbon.

determine metabolic rates.'” The metabolic model is
based on series of mass and *C isotope balance equa-
tions describing '*C labeling of brain metabolites from
[1,6-*Cs]glucose into neurons and astroglia'*!'” using
a CWave software package running in Matlab.?°
The measured concentrations of aspartate, GABA,

glutamate, and glutamine in brain tissue were used
for metabolic modeling (Table S1). The glutamate
pool was divided among GABAergic neurons (2%),
astroglia (16%), and glutamatergic neurons (82%).'*
Aspartate was distributed into astroglia, GABAergic
neurons, and glutamatergic neurons in the proportion
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16:42:42. The GABA and glutamine were assumed to
be localized into GABAergic neurons and astrocytes,
respectively. The ratios, VeyeGiu-ciny/VrcaGy and
chc(GABA-Gln)/VTCA(GABA) (Table 1) obtained from
the steady state measurements from [2-'*CJacetate
were used as constraints during fitting of the model to
BC turnover curve of cerebral amino acids from
[1,6-°C,]glucose. The Runge-Kutta algorithm was
used to solve the differential equations, and the fitting
was carried out using a Levenberg-Marquardt algo-
rithm.>' The cerebral metabolic rates were determined
from the best fit of the metabolic model to the '*C
turnover curves of amino acids by using a simulated
annealing algorithm. The fitted rates included glutama-
tergic TCA cycle (Vicagiuy), GABA shunt (Vgnun),
net GABAergic TCA cycle flux (VrcaGasa)Net), astro-
glial TCA cycle (Vicaa)), and exchange rate between
a-ketoglutarate-glutamate (V) and different dilution
fluxes.

Statistics

The Data Analysis Tool package of Microsoft Excel
2007 was used for the Statistical analysis. Analysis of
variance (ANOVA) analysis was carried out to deter-
mine the significance of differences in amino acids label-
ing between ABPP-PS1 and wild-type mice within same
brain region. One-way ANOVA was carried out to find
the significance of differences in the concentrations and
metabolic rates among different groups. The post hoc
Tukey honest test was performed to identify the signifi-
cance of difference between groups.

Results
Learning and memory in ABPP-PS| mice

Learning and memory in mice were assessed using
MWM test. Wild type (WT) mice showed a good learn-
ing pattern during four days of training but ABPP-PSI
mice could not locate the platform even after four days
of intense training (Figure 2(a)). Memory tests carried
out two days after the training, revealed that WT mice
had good memory retention, and could locate the plat-
form in 47+ 11 s. In contrast, the escape latency in
APPP-PS1 mice was more than 90 s suggesting
impaired memory in AD mice (Figure 2(b)).

Level of neurochemicals in ABPP-PS|

Neurochemical profile obtained using ex vivo '"H NMR
spectroscopy in different regions of brain indicated that
the levels of neurometabolites were significantly per-
turbed in ABPP-PS1 mice when compared with age-
matched WT controls. The levels of glutamate and

Table 1. Percent '3C labeling of brain amino acids from [2-'3CJacetate in ABPP-PS| and wild-type (WT) mice.

Amino acids

Veye! Vreamy)

Infusion

CM RAc(ox)

Groups Glucy GABA(; Glney Aspcs Glucs (nmol/g/min) Glu’ergic GABAergic

time (min)

Brain region

0.051 +0.005

09+0.2
09+0.2
7.6+24
6.5+3.7

ND

23+0.2
24+0.5
6.91+0.6
74+28

ND

04+0.8

0.064 + 0.007*

0.51+0.14
0.60+0.08

0.43+0.14
0.44 £0.06

0.051 +0.003

0.056 + 0.004*

ND

ND

0.50+0.11
0.64+0.16

0.39+0.14
0.48+0.13

ND
ND
ND

ND

ND

0.051 +0.007
0.051 £0.003

ND

ND
ND
ND

ND

0.46 +0.12
0.49 +0.08

0.38+0.04
0.44 +0.06

ND

ND

32407
34409
74+1.0
77+18
24+04
22+08
68+ 1.7
6.8+0.7
22+0.1

3.84+0.2
3.940.1
83+0.8
93+22
3.9+03
3.7+04
73+1.6
7.6+0.9
42+0.1
3.5+0.7
75+1.7
87120

15 WT

Cortex

ABPP-PS|

WT

90

ABPP-PS|

WT

15

Hippocampus

ABPP-PS|

WT

90

ABPP-PS|

WT

15

Striatum

1.5+04
62+1.6
7321

ABPP-PS|

WT

90

ABPP-PS|

ND: not determined. Mice were administered [2-'3C]acetate for 15 and 90 min. The '*C labeling of amino acids was measured in brain tissue extracts using IH-['3C]-NMP\ spectroscopy. CMRac(ox) and Ve,/

Vrca(ny Were calculated using equations (1) to (3). Values represent mean 4= SEM.

*p< 0.05 when compared with respective controls.
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aspartate were significantly (p <0.05) lower in hippo-
campal and cortical regions in ABPP-PSI mice (Table
S1). Additionally, the level of N-acetyl-aspartate (NAA)
was found to be decreased in hippocampal (ABPP-PS1
6.6 £0.2 pmol/g; WT 7.6 £ 0.2 umol/g, p < 0.01) and cor-
tical (APPP-PS1 7.040.1 pmol/g; WT 7.540.2 umol/g,
p <0.01) regions in ABPP-PS1 mice. Interestingly, there
was significant increase in the level of myo-inositol in
hippocampal ~ (WT  7.34£0.2umol/g;  ABPP-PSI
8.5+ 0.2umol/g, p<0.01) and cortical (ABPP-PS1
7.8+0.2umol/g; WT 7.2 £0.2 pmol/g, p <0.01) regions
in ABPP-PS1 mice. There were no significant changes in
the levels of other metabolites in different brain regions in
ABPP-PSI mice (Supplementary Table S1).

Astroglial activity in ABPP-PS| mice

The astroglial metabolic activity was measured by
following the '*C labeling of cerebral amino acids
from a 15-min infusion of [2-'*Clacetate in mice
(Figure 3(a)). The concentration of Glncg was found
to be increased in the hippocampal (0.6540.06 vs.
0.574+0.03 umol/g, p <0.01) and cortical (0.71 £0.08
vs. 0.54£0.05 umol/g, p <0.01) regions in ABPP-PS1
mice when compared with WT controls. The striatal
region did not exhibit significant change in the Glncy
labeling from [2-'*CJacetate (0.57 £0.04 vs. 0.55 £ 0.08,
p>0.05). The increased '*C labeling of Glncg from
[2-"*Clacetate indicates enhanced astroglial metabolic
activity in the hippocampus and cerebral cortex of
ABPP-PS1 mice (Figure 3(b), Table 1).

Ratio Vyc/Vycq in ABPP-PSI mice

For the measurement of ratio of neurotransmitter cycle
to TCA cycle flux, an infusion of [2-'’Clacetate was

carried out in mice for 90 min so that '3C labeling of
brain amino acids have attained an isotopic steady
state. No significant change (p>0.1) in the steady
state labeling of Glngy, Glucy and GABAc, from
[2-13Clacetate was observed between ABPP-PSI and
control mice (Table 1). The ratio of neurotransmitter
cycle flux to corresponding TCA cycle of different
neurons was calculated using equations (2) and (3),
respectively. The ratios, chc(Glu-Gln)/VTCA(Glu) and
VeyeGaBa-Gin/ VrcaGasa), in ABPP-PS1 mice were
not significantly (p > 0.16) different when compared
with controls (Table 1).

Labeling of brain amino acids from [1 ,6-13 C,]glucose

To derive the '*C turnover of brain amino acids,
[1,6-"3Cs]glucose was infused for different time points
ranging from 10 to 90 min, and percent '*C enrichment
of brain amino acids was measured in tissue extracts
using 'H-["*C]-NMR spectroscopy. The "H-['*C]-NMR
spectral time course depicting the '*C labeling of hippo-
campal metabolites in control mice is presented in
Figure 4(a). The °C labeled Gluc, and GABA(; could
be seen at the early infusion time (10 min). Additionally,
resonances from Glucs, Aspcs, GABA3, and GABAy
which are labeled in the second turn of TCA cycle could
be seen in the spectra recorded at 30min onward.
A similar pattern was seen for the ABPP-PSI mice
(Figure 4(b)). However, the intensity of '*C labeled
signal at earlier time points (10 and 30 min) is lower in
ABPP-PS1 mice when compared with controls, suggest-
ing a slower turnover of metabolites in transgenic mice
(Figure 4). The '*C turnover curves of amino acids from
[1,6-°C,]glucose were created by plotting the percent
13C labeling of amino acids with time (Figure 5), and
were used for metabolic flux analysis.

(a) Learning (b) Memory
100 100 - p=0.004
® —
ot — 3
;] N ~ 80 4
~ 751 ~ >
= ™~ Q
1) S c
g ! g o
E 50 R L = I
g- s *ﬁ - 8. 40 4
8 25+ - WT S
@ —e—ABPP-PS1 8 207
0 T T 3 0
1 2 Days 3 4 WT ABPP-PS1

Figure 2. Learning and memory in ABPP-PS| and control mice. Learning and memory were evaluated using Morris Water Maze test.
(a) Learning curve of ABPP-PS| and wild type mice during training period. (b) The memory of ABPP-PSI| and control mice: The escape
latency of mice to reach the platform was evaluated on the seventh day.
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Glutamatergic and GABAergic fluxes in ABPP-PS|
mice brain

The metabolic fluxes associated with glutamatergic and
GABAergic neurons were obtained by analysis of '*C
labeling of amino acids from [1,6-'°C,]glucose. The best
fit of the metabolic model to the hippocampus data is
depicted in Figure 5. The rates of neuronal glucose oxi-
dation (CMRgic0x)) and neurotransmitter cycle (Veyc)

thus obtained in different brain regions in ABPP-PS1
and age-matched controls are presented in Figure 6.

Hippocampus. The cerebral metabolic rates of neuronal
glucose oxidation (CMRg,.) and neurotransmitter cycle
was significantly lower (p < 0.01) in the hippocampus of
ABPP-PSI  mice when compared with WT
controls (Figure 6). The rate of glucose oxidation by
glutamatergic neurons (CMRgjGiy)) Was found to be

(a).l. TH-{"2C+'3C}
g = Traa
Lac
Glu
GABA
Gln
J ' Ala
M
Ace,
II."H-{8x"C}
Ging,
Glug, "
GABA., | GI aCcy
_LL Jis Mu I\
I ’ I ! I ! I ! I T I ! T ' I ! I '
3.0 2.8 2.6 24 2.2 2.0 1.8 1.6 ppm
(b) Acetate Oxidation
T OwT
—= 0.06 1 * & ABPP-PS1
£ ] 1 5 I
5 ]
g 0.04 4
i 1
o5 0.02 1
= |
0 E
0.00
Cerebral Cortex Hippocampus Striatum

Figure 3. (a) 'H-['*C]-NMR spectrum depicting '*C labeling of hippocampal amino acids from [2-'>CJacetate in APPP-PSI mice.

Mice were infused with [2-'3CJacetate for 15 min. Metabolites were extracted from frozen hippocampal tissue. 'H-['3C]-NMR spectra
were recorded in hippocampal extracts. (b) The cerebral metabolic rate of acetate oxidation (CMRac(ox)) in APPP-PSI and control
mice. The '3*C labeling of brain amino acids were measured using IH-['3C]-NMR spectroscopy in tissue extracts. The CMRa (o) Was

calculated using equation (I).
*p < 0.5 when compared with the respective controls.
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(a) Wild Type
IH_{1ZC+13C]

'H-[4 x"°C]

10 LJ&_}\‘,L "

(b) ApPP-PS1

Cre

Glug,

GABA, Atz

min T T | | T T T

|
3.0 28 2.6 24 22 20 1.8 ppm

T | [ I | | [ [
3.0 28 2.6 24 22 20 1.8 ppm

Figure 4. Representative 'H-['>C]-NMR spectra of hippocampal tissue extracts in (a) Wild type, and (b) ABPP-PSI mice.

[1 ,6-'3C2]Glucose was administered in mice for pre-defined time, and IH-['3C]-NMR spectra were recorded from hippocampal tissue
extracts. The top spectrum was used for the quantification of concentrations of metabolites, while lower spectra ('H-[4x'3C]) were
used to determine the '3C turnover of brain amino acids. Peaks labeling are: Alacs, alanine-C3; Aspcs, asparate-C3; GABA,, GABA-

C2; Glncy, glutamine-C4; Glucy, glutamate-C4.

reduced significantly (p <0.001) in hippocampus
(0.148 £0.003 umol/g/min) of APBPP-PS1 mice when
compared with controls (0.255=+0.005 pmol/g/min)
(Figure 6(a)ll). Likewise, the glutamate—glutamine
neurotransmitter cycling flux was found to be reduced
in ABPP-PS1 mice (control: 0.245£0.005; ABPP-PSI:
0.118 £0.002 pmol/g/min, p <0.001) (Figure 6(b)II).
The rate of glucose oxidation by GABAergic neurons
(CMRgiccaBa)y) was found to be reduced by 17%
(0.086+0.002 vs. 0.106 £ 0.002 pmol/g/min, p < 0.001)
(Figure 6(a)IIl). Similar to glutamatergic neurotrans-
mission, the GABA-glutamine neurotransmitter cycle
flux was found to be decreased in ABPP-PS1 mice
(0.090 £0.002 vs. 0.135+0.003 mol/g/min, p <0.001)
(Figure 6(b)III).

Cerebral cortex. The CMRgigGy Wwas found to
be reduced by 36% (control: 0.346£0.007; ABPP-
PS1:  0.2234+0.002 umol/g/min, p <0.001), while
CMRGgiccaBa) exhibited a reduction of only 18% (con-
trol 0.110£0.002; ABPP-PS1 0.090 £ 0.002 pmol/g/
min, p <0.01). Additionally, the rates of glutamate—
glutamine (0.191£0.002 vs. 0.305 £ 0.003 umol/g/min)
and GABA-glutamine (0.097+0.001 vs. 0.132+
0.002 umol/g/min) were reduced significantly in ABPP-
PS1 mice when compared with WT controls
(Figure 6(b)II/III).

Striatum. Similar to the hippocampus and cerebral
cortex, the CMRgjeox) Of glutamatergic neurons was
found to be decreased in the striatum of ABPP-PSI
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mice for pre-defined time. '*C concentrations of amino acids were

measured in hippocampal extracts in 'H-['*C]-NMR spectra. Symbols depict to the measured labeling, while lines represent the best

fit of the metabolic model to the measured values.

mice (0.173+£0.002, p <0.01, —23%) when compared
with  WT controls (0.224 +0.006 pmol/g/min). The
glutamate—glutamine neurotransmitter cycle rate was
also found to be reduced (—33%) in ABPP-PS1 mice
(0.132£0.002 vs. 0.197 £ 0.004 umol/g/min). Similarly,
CMRGIC(GABA) was reduced (— 36%) in ABPP-PSI
(0.0634+0.001  vs.  0.099£0.002 pmol/g/min)  as

compared with controls (Figure 6(a)lll). Moreover,
GABA-glutamine neurotransmitter cycle flux was
reduced (—33%) in ABPP-PSI (0.06540.001 pmol/g/
min) mice when compared with age matched controls
(0.097 £ 0.002 pmol/g/min) (Figure 6(b)III).

These data indicate that ABPP-PS1 mice exhibit
decreased excitatory and inhibitory neurotransmission
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Figure 6. Metabolic rates in ABPP-PSI and WT mice. (a.l) Cerebral metabolic rate of glucose oxidation; (a.ll) Rate of glucose
oxidation in glutamatergic neurons; (a.lll) rate of glucose oxidation in GABAergic TCA cycle; (b.l) neurotransmitter cycle; (b.ll)
glutamate-glutamine cycle; (b.lll) GABA-glutamine cycle. Metabolic rates were determined by fitting a three compartment model to
the measured '>C turnover of amino acids from [1,6-'>C;]glucose. Values represent mean + SEM. *p < 0.001.

across brain. It is noteworthy that reduction in gluta-
matergic fluxes was higher than GABAergic rates.

Discussion

The quantitative significance of brain energy metabol-
ism in AD has not been explored. Present study evalu-
ates for the first time, the excitatory and inhibitory
neurotransmitter cycling flux, and energy demand of
different neural cell types (neurons and astroglia) by
using a three compartment metabolic model across
brain at the stage of high plaque loading in ABPP-
PS1 mice. Our analysis indicates that astroglial activity
is increased while neuronal function is decreased in
AD mice.

The current study involved the use of ABPP-PS1
mice for investigation of neuronal and astroglial meta-
bolic rates in AD. The plaque pathology, memory and
neurotransmission have been studied in details in these
mice. There was no detectable plaque pathology
observed in hippocampus at five months of age.”
There was no impairment in conditional learning in
these mice at the age of five months. The electrophysio-
logical studies have suggested impaired neuronal

activity in these mice. The whole-cell patch clamp rec-
ording of CA3 neurons in ABPP-PS1 mice at the age of
six months indicated reduction in the amplitude
of excitatory post synaptic currents associated with
glutamatergic neurons.”> Moreover, the long-term
potentiation of excitatory post synaptic currents of
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor was absent in ABPP-PS1 mice, fur-
ther suggesting impairment of neurotransmission in
these mice. The amyloid deposition was clearly visible
in ABPP-PS1 mice during the age 6-9 months,** and
increased severely beyond 12 months. Moreover, our
immunohistological examination using Af-antibody
has suggested huge burden of plaques in the cerebral
cortex and hippocampus in ABPP-PS1 mice at the age
of 12 months (Supplementary Figure S1). The memory
analysis using different paradigms has shown impair-
ment in learning and memory at and beyond six
months of age in ABPP-PS1 mice.”” Our analysis
using MWM paradigm has also indicated reduction in
the learning and memory in ABPP-PS1 mice at the age
of 12 months. The 'H MRS analysis of neurochemical
profile has indicated a reduction in the levels of N-acetyl
aspartate and glutamate in these mice with advancing
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age.”® Moreover, an increase in the level of myo-inositol
with age in ABPP-PSI mice was also reported. These
age-dependent changes in the levels of neurometabolites
in ABPP-PS1 mice agree well with '"H MRS studies in
human AD. These findings suggest that ABPP-PS1 mice
closely mimic the pathology of human AD condition.

Neurochemical homeostasis in AD brain

Neurochemical profile has been investigated under AD
condition in human®’ as well as in animal models.
These studies have shown reduction in level of NAA
in different brain regions of AD patients.”® A recent
study has also indicated decreased glutamate level in
AD patients.”” Moreover, a reduction in the level of
NAA has been reported at the age of 12 months in
the hippocampus of ABPP-PS1 mice.”® The findings
of decreased level of glutamate and NAA in cortical
and hippocampal regions of ABPP-PS1 in the current
study are in good accordance with these reports. The
reduction in NAA level in the cerebral cortex and
hippocampus is suggestive of reduced neuronal viability
and/or density in AD brain. Hippocampus is known to
be responsible for contextual and declarative memory.
Glutamate is linked with long-term potentiation and
memory,”” and NAA is considered to be the neuronal
viability and density marker.*® Hence, reduction in the
number of glutamatergic neurons in the hippocampus
may be a plausible cause for the loss in memory in AD
subjects. The level of myo-inositol has been shown to
increase with age in ABPP-PSI mice.”® Myo-inositol
has been believed to be a glial marker.’! Our findings
of increased level of myo-inositol in the cerebral cortex
and hippocampus of ABPP-PS1 mice suggest gliosis like
condition in the AD brain.

Neuronal and astroglial metabolic activity in AD

There are conflicting reports about cerebral metabolism
in rodent models of AD. The '*C labeling of brain
amino acids were reported to increase in three-month
old P301L mice* and in seven-month old triple trans-
genic mice suggesting hyper metabolic state at early
stage of AD.** However, metabolic analysis conducted
at later age (13 months) suggested hypo-metabolism in
triple transgenic mice.** Our earlier measurements in
ABPP-PS1 at pre-symptomatic stage (6 months) has
revealed decreased metabolic rates of excitatory and
inhibitory neurons.® The data reported from the current
study suggest the neuronal hypo-metabolism observed
at pre-symptomatic stage persist at the stage of high
plaque loading in ABPP-PS1 mice.

Traditionally, glucose metabolism in human subject
has been measured using positron emission tomog-
raphy in conjunction with administration of '*F-labeled

fluorodeoxyglucose. This approach provides informa-
tion about glucose phosphorylation / consumption in
brain. A widespread reduction in local cerebral glucose
consumption has been reported in the posterior cingu-
lated, lateral temporo-parietal, and occipital cortices of
AD patients.*> Additionally, hypo-glucose metabolism
has also been observed in the posterior cingulate and
temporo-parietal regions in mild cognitive impaired
subjects.>® The cerebral metabolic rate of glucose util-
ization (CMRg) in the current study was found to be
decreased in the hippocampus (—37%), cerebral cortex
(—23%), and striatum (—29%) in ABPP-PSI mice, and
agrees very well with human AD studies. Analysis of
pyruvate dehydrogenase flux at the cellular level suggested
that the hypo-metabolism of glucose in ABPP-PS1 mice
brain is due to reduced activity of both glutamatergic and
GABAergic neurons across brain.

The stochiometric coupling between neuronal
glucose oxidation and neurotransmitter cycling has
been well established in healthy brain.”'® Qualitative
analysis of energy metabolism in mouse model of
AD®* has shown a reduction in the labeling of
Glucy/cs, GABAy 3, and Glneyjcs labeling from
[1-13Clglucose/[1,6-"°C,]glucose. These studies suggest
that coupling between neurotransmitter cycling and
neuronal glucose oxidation is also maintained under
disease conditions. The findings of current study indi-
cate that the flux through neurotransmitter and neur-
onal glucose oxidation are coupled in AD. Therefore,
measurement of neuronal glucose oxidation may be
used to assess the neurotransmitter cycling under vari-
ous neurological conditions.

The reactive microglia are shown to be enhanced in
APBPP-PSI mice.’” Moreover, the degree of microglial
activation increases with AD severity, and with AP
plaque load.”® Though glia have been associated with
neuro-inflammation, there is no quantitative report per-
taining to the glial metabolic activity in AD condition.
Acetate is specifically metabolized in astrocytes because
monocarboxylate transporters, which are used to trans-
port acetate from blood to brain, are exclusively loca-
lized on glial cells."” Therefore, acetate has been used
extensively to explore the astroglial metabolic activity
in different neurological conditions.** The astroglial
activity was reported to be un-perturbed in a triple
transgenic mouse model of AD,* while it was reduced
in rat model.** Our findings of increased oxidation of
acetate in cortical and hippocampal region in ABPP-
PS1 mice as compared with controls (Figure 3(b)) sug-
gest that the astroglial activity is increased in AD.

The astrolglial metabolic activity is used to sustain
different cellular processes such as efflux of Na™ that
is co-transported with glutamate into astrocytes, pyru-
vate carboxylation, and conversion of glutamate
(plus GABA) to glutamine. Moreover, astrogliosis has
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been implicated in neuro-inflammatory condition. The
observed metabolic activity of astroglia indicates the
sum total of energy requirements of above mentioned
fluxes. The pyruvate carboxylation has been shown
to be reduced in APPP-PSI mice at the age of
20 months.*! Therefore, the observed increase in astro-
glial activity measured using [2-'*CJacetate in the current
study suggests the dominance of neuro-inflammation
over other two pathways (glutamine synthesis and pyru-
vate carboxylation) in AD condition.

Excitatory and inhibitory neurotransmission
in AD

Glutamate, the major excitatory neurotransmitter in
the central nervous system, is involved in learning,
memory, and cognition. Though level of glutamate
has been reported to be lower in the cerebral cortex
and hippocampus in transgenic models of AD in
mice,”**" there is no quantitative information pertain-
ing to flux associated with trafficking of glutamate
between neuron and astrocytes, commonly known as
neurotransmitter cycling, is available. A recent study
conducted in transgenic rat model of AD has shown
small reduction in '*C labeling of glutamate and
GABA in hippocampus while cortical region was
unperturbed.** Additionally, the 'C labeling of
amino acids in whole brain extract was shown to be
decreased in a triple transgenic mouse model of AD.**
These studies qualitatively suggested hypo-metabolism
and reduced neurotransmitter cycling in AD condition.
Our findings suggest that excitatory activity associated
with glutamatergic neurons are severely impaired in
hippocampus followed by cerebral cortex and striatum,
while the inhibitory activity comprising of GABAergic
neurons is decreased highest in the striatum, suggesting
differential perturbations in excitatory and inhibitory
neurotransmission in AD brain. The severe impairment
in glutamatergic neurotransmission across brain points
towards reduced firing of excitatory neurons in AD.
Since synaptic transmission associated with glutamater-
gic neurons is implicated in long-term potentiation and
memory,” the reduction in glutamatergic neurotrans-
mission in hippocampus explains loss of memory in AD
patients.

Relevance of neurometabolic measurement
in diagnosis of AD

Our analysis in ABPP-PS1 mice at the age of six month
has indicated no significant perturbation in neurometa-
bolites homeostasis. However, reduction in the '*C
labeling of amino acids in the cerebral cortex and
hippocampus from labeled glucose has suggested
severe  reduction in  neurotransmitter  energy

metabolism at pre-symptomatic stage of AD.® The find-
ing from present study revealed that neurometabolites
homeostasis in ABPP-PS1 mice is perturbed in the cere-
bral cortex and hippocampus at stage of high plaque
loading. Additionally, findings of reduction in
glutamatergic and GABAergic neurometabolic activity
indicates decreased neurotransmission at the pre-symp-
tomatic stage as well as at the high plaque loading.
Interestingly, astroglial metabolic activity that was
unperturbed at pre-symptomatic stage was found to
be increased in ABPP-PS1 mice at the stage of high
plaque loading. These data point towards differential
perturbation of neural metabolic activity with the pro-
gress of AD, which may be useful for better under-
standing of different stages of disease.

Summary

"H-NMR analysis revealed perturbation in homeostasis
of neurometabolites across brain. Levels of glutamate
and NAA are reduced in cortical and hippocampal
regions, while no change was noted in striatal region.
Interestingly, neuronal glucose oxidation and neuro-
transmitter cycling flux of glutamatergic and
GABAergic neurons were found to be impaired
across brain in ABPP-PS1 mice. In contrast, the astro-
glial metabolic rate was increased in the cerebral cortex
and hippocampus in AD mice. Previous study in AD
mice at pre-symptomatic stage has indicated impair-
ment of neuronal metabolic activity without any per-
turbation in neurometabolite homeostasis.® Therefore,
analysis of neuronal and astroglial metabolic rates in
addition to levels of neurometabolites would provide a
comprehensive status of brain functions, which have
potential for specific diagnosis of AD.
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