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a b s t r a c t
An age-related decrease in hippocampal metabolism correlates with cognitive decline. Hippocampusdependent learning and memory requires glutamatergic neurotransmission supported by glutamateglutamine (GLU-GLN) cycling between neurons and astrocytes. We examined whether GLU-GLN cycling
in hippocampal subregions (dentate gyrus and CA1) in Fischer 344 rats was altered with age and cognitive status. Hippocampal slices from young adult, aged cognitively-unimpaired (AU) and aged cognitivelyimpaired (AI) rats were incubated in artiﬁcial cerebrospinal ﬂuid (aCSF) containing 1-13 C-glucose to assess
neural metabolism. Incorporation of 13 C-glucose into glutamate and glutamine, measured by mass spectroscopy/liquid chromatography tandem mass spectroscopy, did not signiﬁcantly differ between groups.
However, when 13 C-acetate, a preferential astrocytic metabolite, was used, a signiﬁcant increase in 13 Clabeled glutamate was observed in slices from AU rats. Taken together, the data suggest that resting state
neural metabolism and GLU-GLN cycling may be preserved during aging when suﬃcient extracellular glucose is available, but that enhanced astroglial metabolism can occur under resting state conditions. This
may be an aging-related compensatory change to maintain hippocampus-dependent cognitive function.
© 2021 Elsevier Inc. All rights reserved.

1. Introduction
A consequence of lengthening human life span has been
an increased occurrence of age-related neurological impairments, including mild-cognitive impairment (MCI) and dementias (www.Alz.org). Numerous factors can contribute to
aging-related cognitive decline, including altered ion channels/receptors (Disterhoft et al., 1996; Thibault and Landﬁeld, 1996;
Pereda et al., 2019; Kumar and Foster, 2019), compromised
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FDG, ﬂurodeoxyglucose; GABA, gamma-aminobutyric acid; GLU-GLN, glutamateglutamine; LC/MS, liquid chromatography/mass spectrometry; MCI, mild cognitive impairment; MRS, Magnetic Resonance spectroscopy; MS, mass spectroscopy;
MWM, Morris Water Maze; PET, Positron Emission tomography; TCA, Tricarboxylic
acid cycle; YA, young adult.
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synaptic plasticity (Landﬁeld and Lynch, 1977; Tombaugh et al.,
2002; Rosenzweig and Barnes, 2003), mitochondrial dysfunction
(Liu et al., 2002; Navarro et al., 2008), calcium dysregulation
(Toescu and Verkhratsky, 2007; Oh et al., 2013), altered network
connectivity (Patrylo and Williamson 2007; Tardif et al., 2018), increased neuroinﬂammation (d’Avila et al., 2018; Navakkode and
Soong, 2018), and increased oxidative stress (Droge and Schipper
et al., 2007; Ghosh et al., 2012). In Alzheimer’s (AD) or other neurological diseases, the overproduction of β -amyloid oligomers and
plaques, as well as hyper-phosphorylated tau and neuroﬁbrillary
tangles, may play a role as well (Crimins et al., 2013; Raskin et al.,
2015; Morley and Farr, 2014; Tu and Xu 2014).
It has also been suggested that declining brain metabolism is
likely to be a constraint for healthy cognitive aging, and that targeting brain hypometabolism in conjunction with other therapeutic
strategies may be key to successfully limit cognitive decline during
aging (Motsinger-Reif et al., 2013; Daulatzai 2017; Croteau et al.,
2018). Reductions in glucose utilization in the hippocampus, a
brain structure that is a critical mediator of explicit learning and
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memory, occur during both normal and pathological aging (e.g.,
AD), with the degree of hypometabolism being correlated with
the extent of cognitive decline. For example: 1) modern imaging
techniques (PET and MRS) have revealed that decreased brain
energy metabolism, speciﬁcally related to glucose, is associated
with aging, MCI and Alzheimer’s disease (Mosconi et al., 2008;
Croteau et al., 2018; Roy et al., 2014; Riederer et al., 2018); 2)
aged rats with impaired performance on the Morris water maze, a
hippocampus-dependent task, exhibit lower levels of hippocampal
2-deoxyglucose (2-DG) uptake compared to young and aged rats
with intact hippocampal function (Gage et al, 1984); and 3) the
hippocampus of aged versus adult rats exhibits a relative reduction
in extracellular glucose concentration during training on a spontaneous alternation task (McNay and Gold, 2001). Since glucose is
the primary energy substrate of the adult mammalian brain, these
ﬁndings suggest that a decline in hippocampal metabolic function
very likely contributes to age-related memory deﬁcits.
Aging-related hippocampal hypometabolism can impair glutamatergic neurotransmission due to altered neural metabolism
and glutamate-glutamine cycling (GLU-GLN) between neurons and
astrocytes. Several studies suggest that GLU-GLN cycling may
be decreased in humans and animal models during aging and
Alzheimer’s disease (Boumezbeur et al., 2010; Nilsen et al., 2012;
Riese et al., 2015; Huang et al., 2017, but see Fayed et al., 2014;
Manyevitch et al., 2018). While neurons are directly involved with
information processing in the hippocampus, astroglia are also key
players due to their role in regulating glutamatergic and GABAergic
neurotransmission. Astrocytes take up synaptically released glutamate to effectively terminate the neuronal signaling of the transmitter (Rothstein et al., 1996). The astrocytes then either oxidize
the glutamate or convert it to glutamine via glutamine synthetase
(Martinez-Hernandez et al., 1977; Hertz et al., 2007). This glutamine is shuttled back to glutamatergic neurons, possibly via a
sodium coupled neutral amino acid transporter (Chaudhry et al.,
2002; Jenstad et al., 2009) and converted to glutamate via phosphate activated glutaminase (Kvamme et al., 2001). This GLUGLN cycle helps replenish presynaptic glutamate stores and is
a dynamic process that is directly coupled to neuroenergetics
(Lennie 2003; Rothman et al., 1999, 2003, 2011; Escartin et al.,
2006).
Therefore, age-related changes in astrocytic metabolism could
result in alterations in GLU-GLN cycling and cognitive function.
However, few studies of astroglial metabolism during aging have
been published (Boumezbeur et al., 2010). The goal of the present
experiments was to assess whether age-related changes in hippocampal neuronal or astrocytic metabolism occur and whether
the changes are related to cognitive performance. Young adult
(YA) and aged Fischer 344 rats were behaviorally evaluated using the Morris water maze task to classify the aged rats as cognitively unimpaired (AU) or impaired (AI) based on statistical criteria (Tombaugh et al., 2002; Rowe et al., 2007). Hippocampal slices
were then prepared from these animals and in vitro metabolic
studies were performed under non-stimulated conditions (resting
state). We initially hypothesized that age-related cognitive impairment would be associated with declines in neuron and astrocyte
metabolism. However, instead we found that increased astrocytic
metabolism (reﬂected as enhanced conversion of acetate to glutamate) was observed under resting state conditions in slices from
aged rats with preserved water maze performance.
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2. Materials and methods
2.1. Animals
Male Fischer-344 rats (young adults 3-7 months of age; aged
rats ≥ 24 months of age) were obtained either from the National
Institutes of Health colony at Harlan laboratories (Indianapolis, IN)
or from Hilltop Laboratories (Scottdale, PA). Animals were then
pair-housed in the Southern Illinois University Carbondale vivarium on a 12hr/12hr light dark cycle and were provided food and
water ad libitum. All experiments were approved by the Southern
Illinois University Carbondale Institutional Animal Care and Use
Committee and comply with the guidelines set forth by the National Institutes of Health. All animals were behaviorally tested as
described below. The numbers of animals used to evaluate hippocampal GLU/GLN cycling are detailed in Table 1.

2.2. Behavioral testing
The rats were behaviorally evaluated using the Morris water
maze task. The water maze consisted of a circular tank (1.5 meters in diameter) located in the center of an isolated room and
surrounded by salient visual cues. A video camera was mounted
overhead to provide real-time monitoring and record swimming
behavior (Polytrack, San Diego Instruments, San Diego, CA). Hidden platform training consisted of ﬁfteen trials over ﬁve days (3
trials/day) with a clear Plexiglas escape platform (12 cm diameter)
submerged 1 cm below the surface of the water (20-23 °C) in the
center of one of the quadrants. Trial durations were a maximum
of 90 seconds; rats that failed to ﬁnd the platform by 90 seconds
were hand guided to it. The rats remained on the platform for 30
seconds, after which they were dried with a towel and returned to
their home cage for an intertrial interval of 20-30 minutes. Starting positions were located around the rim of the pool in the center
of the three quadrants that did not contain the platform and were
pseudo-randomly alternated. A probe test (30 seconds) was subsequently performed following hidden platform training. For the
probe test, the platform was lowered out of reach of the rats. The
number of platform location crosses, mean distance from the platform location, and total swim distance were recorded.
On the sixth day, rats were given three visible platform trials to
assess for visual or motor deﬁcits or a lack of motivation. During
these trials, the platform was elevated above the water and moved
to a novel location for each trial. Rats need to swim to the visible
platform with an average of less than 40 seconds for the three trials to be included in the metabolic study. None of the rats tested
failed to meet this criterion. However, one AU rat and 3 AI rats
were excluded because it was determined at sacriﬁce that they had
pituitary tumors. One other AU rat died before the visible platform
trials were run. None of the behavioral data from these rats was
included in the analysis, and their hippocampi were not used for
metabolic studies.
Swim times and distances to ﬁnd the hidden platform were
recorded for all training trials. To classify aged rats as unimpaired
or impaired, the average swim distance of each animal over training days 3-5 was compared to the average of the young adult (YA)
rats. Using methodology from our previous work (Tombaugh et al.,
2002), aged rats with an average swim distance < 0.5 standard
deviation from YA rats were classiﬁed as aged-unimpaired (AU),
while aged rats with swim distance averages ≥ 3 standard deviations were considered age-impaired (AI).
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Table 1
Behaviorally tested rats used to generate hippocampal tissues to evaluate GLU/GLN cycling.
Group
YA
AU
AI

Total

Neuronal (13 C-glucose) only

Astrocytic (13C-acetate) only

Used for both

14
10
9

1
3
1

3
0
2

10
7
6

2.3. Hippocampal slice preparation
Rats were terminally anesthetized with sodium pentobarbital
(100 mg/kg; i.p.) and their brains were rapidly removed and placed
in chilled artiﬁcial cerebral spinal ﬂuid (aCSF, 1-2˚C) equilibrated
with 95% O2 / 5% CO2 for one minute. The aCSF was composed
of (in mM concentrations): 124 NaCl, 3 KCl, 2 CaCl2 , 26 NaHCO3 ,
1.3 MgSO4 , 1.25 NaH2 PO4 , and 10 glucose (pH 7.2 - 7.4; 290-300
mOsmols). Subsequently, brains were bisected mid-sagittally and
the dorsal surface was secured to a cutting platform. Transverse
slices (400 μm thick) were cut from the middle one-third of the
hippocampus using a Vibratome (Ted Pella Instruments, Redding,
CA).
2.4. Slice incubation with

13 C

labeled glucose, or acetate

Slices were randomly selected and placed into wells of a 24well tissue culture plate (one slice per well) containing 800 μL
aCSF. The tissue culture plate was placed into an incubation chamber that was maintained at 34 - 35°C and continuously exposed to
humidiﬁed 95% O2 / 5% CO2 gas. Slices were equilibrated for two
hours and then transferred into wells containing aCSF with the appropriate 13 C-labeled compound (10 mM 1-13 C-glucose or 1 mM
2-13 C-acetate in aCSF with 10 mM non-labeled glucose). After a 26-hour incubation period (see below; Results) slices were rinsed
with cold aCSF (1-2˚C) to halt metabolism and the dentate gyrus
(which included the hilus) and CA1 were cut from the slices under
a dissecting microscope. A schematic illustration of the subregion
dissection borders is shown in Supplementary Fig. S1. Tissue from
each region and condition was subsequently collected, frozen on
dry ice, and stored at -80°C until chemical analysis.
2.5. Quantiﬁcation of
percent labeling

13 C

labeled amino acids and calculation of

The methods for determining 13 C labeling of glutamate and glutamine in isolated hippocampal subregions were adapted from the
protocol described by Waagepetersen et al (20 0 0). Speciﬁcally, the
proteins were precipitated from thawed samples by adding liquid
chromatography/mass spectrometry (LC/MS) grade methanol followed by microbead homogenization (FastPrep tissue homogenizer,
MP Biomedicals, Solon, OH). The samples were then centrifuged
(14,0 0 0 g, 5 minutes, 4°C) and the supernatant transferred to separate vials kept on ice. Calibration standards, quality control samples, and tissue supernatants were then derivatized and extracted
using a modiﬁed version of a supplied protocol (LC/MS EZ-fast Free
Amino Acid Kit - Physiological, Phenomenex, Torrance, CA). Modiﬁcations made to the protocol entailed: 1) reducing the amount
of sample to 6 μL; 2) diluting the internal standard solution 1:10
with water and spiking with U-13 C-glutamate (1 μmol/L) and U13 C-glutamine (5 μmol/L); 3) adding 194 μL of the spiked internal standard solution to each sample for system auto-correction of
response ﬂuctuations or sample loss though the chromatography
step; and 4) evaporating the samples to dryness using nitrogen gas
at ambient temperature and then storing (< four weeks) in capped
autosampler glass vials at -80 °C until LC/MS analysis.

On the day of analysis, samples were reconstituted with 50 μL
of 50% methanol/H2 O and transferred to low volume autosampler
vials with pre-slit PTFE/silicone septum caps (Waters Corporation,
Milford, MA). Individual samples were separated by ultraperformance liquid chromatography using an Acquity UPLC HSS T3, 1.8
μm 2.1 × 100 mm column with a Waters Acquity Separation Module (Waters Corporation, Milford, MA). Mobile phases were 2 mM
ammonium acetate to 0.1% formic acid in water and 2 mM ammonium acetate to 0.1% formic acid in methanol. Amino acids were
then separated by gradient elution. Glutamate and glutamine were
quantiﬁed from the column eﬄuent using an electrospray interface
into a triple quadrupole tandem mass spectrometer in positive ion
mode (Waters/Micromass Quattro Micro API, Waters Corporation,
Milford, MA). The mass-to-charge (m/z) transitions used to quantify unlabeled, singly-labeled (M1), and doubly labeled (M2) glutamate were 318>172 m/z, 319>173 m/z, and 320>174 m/z, respectively. For glutamine the transitions were 275>172 m/z, 276>73
m/z, and 277>174 m/z, respectively. Triple 13 C-labels were not examined as they are not signiﬁcantly represented in the total isotope composition (< 0.1%). The limit of quantitation (deﬁned as a
signal-to-noise ratio of ≥ 10) was 100 nM for glutamate and 500
nM for glutamine. Accuracy (deﬁned as recovery from an accurately weighed-in calibrator solution) was >90%, and between-run
precision of relevant isotope ratios was ≤ 10% (coeﬃcient of variation). The concentrations of unlabeled, single- and double-labeled
amino acids were calculated using MassLynx software, which compares the tissue concentrations to a standard curve using commercial amino acid standards.
2.6. Calculation of glutamate and glutamine labeling
The percent 13 C labeling of glutamate and glutamine were
calculated using the peak area for each isotope. The general
formula used was [% labeled = (labeled amino acid / total
amino acid) ∗ 100] and was adapted from the protocol used by
Dericioglu et al. (2008). The calculation of percent labeling was as
follows:
Total labeling (%) = [(amino acid containing one 13 C + amino
acid containing two 13 Cs) / (unlabeled amino acid + amino acid
containing one 13 C + amino acid containing two 13 Cs)] ∗ 100
Single labeling (M1; %) = [amino acid containing one 13 C / (unlabeled amino acid + amino acid containing one 13 C + amino acid
containing two 13 Cs)] ∗ 100
Double labeling (M2; %) = [amino acid containing two 13 Cs /
(unlabeled amino acid + amino acid containing one 13 C + amino
acid containing two 13 Cs)] ∗ 100
Note that this approach includes the natural 13 C abundance
which is constant throughout all samples and therefore will not
contribute to any differences in labeling due to the experimental
paradigm.
2.7. Statistics
Statistical analysis was performed using GraphPad Prism, version 7.02 (GraphPad Software, San Diego, CA). Morris water maze
performance measures were compared between groups (YA, AU,
and AI) over all training days using a repeated measure ANOVA
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with Bonferroni post hoc tests to assess individual days. Additionally, simple one-way and two-way ANOVAs with Bonferroni
post hoc tests were used for between-group comparisons of labeling measures. When signiﬁcant differences in variance were
present the nonparametric Kruskal-Wallis test was applied, with
the Dunn’s Multiple Comparisons Test for post hoc analysis. Data
used for analysis was based the mean value of each animal; in the
metabolic studies, this was derived from 3-4 hippocampal slices
per rat.

3. Results
3.1. Time course of glutamate and glutamine labeling with
13 C-labeled compounds
Since most previous 1-13 C-glucose and 2-13 C-acetate incorporation studies were done in vivo, a time course study was
ﬁrst performed for both compounds using hippocampal slices
prepared from non-behaviorally characterized YA Fischer 344
rats (3-4 months old, n = 4). Hippocampal slices were prepared
and incubated in either 10 mM 1-13 C-glucose aCSF, or 10 mM
glucose aCSF supplemented with 1 mM 2-13 C-acetate, for 2, 4,
or 6 hrs. Subsequently, 13 C-labeling of glutamate and glutamine
was quantiﬁed in the dentate gyrus and CA1 using LC/MS. The
total, single (M1) and double (M2) percent labeling of glutamate
and glutamine were assessed and compared. Prior in vivo studies
suggest that when 13 C labeled glucose is used it results in an
initial labeling of glutamate mainly in neurons, with subsequent
transfer of the glutamate to astrocytes and conversion to glutamine. However, some glutamine labeling is also likely to occur
directly in astrocytes from the labeled glucose. In contrast, when
13 C labeled acetate is used, glutamine labeling is primarily due
to acetate metabolism preferentially occurring in astrocytes, with
the labeling of glutamate subsequently reﬂecting the conversion of
labeled glutamine into glutamate in neurons (Serres et al, 2008;
Deelchand et al, 2009; Patel et al, 2010; Wyss et al, 2011).
The time course data for 1-13 C-glucose incorporation is shown
in Supplementary Fig. S2. In both the dentate gyrus and hippocampal area CA1, total, single and double 13 C labeled glutamate levels
were greater than that of glutamine. The labeled glutamate levels (total, M1 and M2) exhibited an exponential increase during
the entire incubation period, while 13 C labeled glutamine increased
from two to four hours in both regions but did not further increase
at six hours. Data for the time course of 2-13 C-acetate incorporation is shown in Supplementary Fig. S3. In both the dentate gyrus
and CA1, total, single- and double-labeled glutamine levels were
greater than that of 13 C labeled glutamate at the 2- and 4-hour
time points, consistent with acetate being a preferential astrocytic
substrate. Indeed, enrichment of 13 C glutamine appeared to reach
asymptotic levels at the two-hour time point in both the dentate
gyrus and CA1 in vitro, with no real change in labeling observed
at the later time points. In contrast, the percent of total, single and
double 13 C labeled glutamate increased in both brain regions over
the entire time period. The asymptotic increase in single-labeled
glutamine observed, coupled with the continued increase of singlelabeled glutamate, is consistent with the C4 labeling pattern reported in vivo (Moreno et al., 2001; Rothman et al., 2003) and
suggests that labeled glutamine was being transferred to neurons.
Since the labeling of glutamine appeared to be asymptotic at two
hours, this time point was chosen for subsequent studies to provide a measure of glutamine transfer when astroglial metabolism
had reached steady-state conditions.
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3.2. Water maze performance in YA, AU and AI Fischer 344 rats
Aged rats were classiﬁed as aged-unimpaired (AU) or agedimpaired (AI) by comparing their individual averaged swim distances over the last three days of hidden platform training relative
to that of the young adult rats (YA). The water maze performance
of these groups is shown in Fig. 1.
Overall, swim distance signiﬁcantly decreased over the ﬁve
days of hidden platform training in all groups (F4,150 = 30.65, p
< 0.0 0 01). Additionally, there was a signiﬁcant effect of group
(F2,150 = 29.01, p < 0.0 0 01), as well as an interaction between the
day of training and group (F8,150 = 3.74, p < 0.001). Post hoc testing demonstrated that AI rats had signiﬁcantly greater swim distances on training days 3-5 compared to the YA and AU rats (p ≤
0.001; Fig. 3A). No differences were noted in performance on any
training day in YA versus AU rats. Average swim speeds (cm/sec)
over the ﬁve-day training period were: YA – 31.5 ± 1.4; AU – 28.9
± 1.4; AI – 25.5 ± 1.1. Overall, there was a signiﬁcant difference between groups (F2,31 = 4.60, p < 0.018). Post hoc testing indicated
that this was due to difference between YA and AI rats (p = 0.015).
No difference in swim speed was found when AU and AI rats were
compared (p = 0.33).
To assess memory retention, a probe test was performed following the last training trial on day ﬁve. As shown in Fig. 3B,
while YA and AU animals exhibited comparable numbers of platform crosses and mean swim distances from the platform position,
AI rats exhibited a signiﬁcant decrease in the number of platform
crosses (p ≤ 0.01 vs. AU; p < 0.0 0 01 versus YA) and an increase
in mean swim distance from the platform (p < 0.0 0 01 vs. YA and
AU), indicating that memory was compromised in the AI rats. YA
rats swam somewhat further than the other two groups during the
probe trial (YA: 1237 ± 28 cm; AU: 1074 ± 28 cm; AI: 1046 ± 53
cm; p < 0.01 for YA vs. either group), but for this measure AU and
AI rats were not different from each other. No differences between
groups were observed for the visible platform trials (Table 2).
3.3. Stable isotope tracing of metabolism relative to aging and
cognitive status
A total of 11 YA (5-7 months), 10 AU (24-27 months), and 7 AI
rats (24-27 months) were used for the 13 C-labeled glucose experiments. Hippocampal slices prepared from these behaviorally classiﬁed rats were exposed to aCSF containing 10 mM of 1-13 C-glucose
for two hours with labeled glutamate and glutamine quantiﬁed by
LC/MS/MS. Because glutamate is concentrated in neurons, while
glutamine is thought to be largely produced and contained in astrocytes (Badar-Goffer et al, 1990), the labeling of each of these
amino acids was considered separately.
When total labeling was compared between the hippocampal
subregions (DG vs. CA1) after incubation with 13 C- glucose, signiﬁcantly greater levels of 13 C-labeled glutamate were observed
in the dentate gyrus vs. CA1 in all three groups (Fig. 2 top, p <
0.0 0 01 for YA and AU, p < 0.01 for AI), suggesting that the dentate gyrus may exhibit greater metabolic activity. In contrast, no
inter-regional differences were noted in total 13 C labeled glutamine
(Fig. 2 top). When the total percent enrichment of 13 C labeled glutamate and glutamine was compared between groups (YA versus
AU versus AI) no differences were observed for product in either
the dentate gyrus [glutamate (F2,25 = 2.18; p = 0.14) or glutamine
(F2,25 = 0.86; p = 0.44)] or CA1 [glutamate (F2,25 = 1.49; p = 0.24)
or glutamine (F2,25 = 0.37; p = 0.70)] (Fig. 3). Further, analysis of
the percentage of single- and double- labeled 13 C glutamate and
glutamine also did not reveal any signiﬁcant differences between
YA, AU and AI rats (Fig. 3). These ﬁndings suggest that while there
are inter-regional differences in glucose utilization in resting hip-
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Fig. 1. Morris water maze (MWM) data from young adult (YA), aged cognitively-unimpaired (AU), and aged cognitively impaired (AI) rats. (A) Swim distance to ﬁnd the
hidden platform over the 5-day training period. Note the signiﬁcant difference in swim distance on days 3-5 between the AI versus YA and AU rats (∗ ∗ ∗ p ≤ 0.001). (B) Probe
data revealed a signiﬁcant decrease in the number of platform location crosses and the mean swim distance from the location of the platform by AI versus AU and YA rats
(number of crosses ∗ ∗ p ≤ 0.01; ∗ ∗ ∗ ∗ p ≤ 0.0 0 01; mean swim distance ∗ ∗ ∗ ∗ p ≤ 0.0 0 01), suggesting that memory was impaired in the AI group. (C and D) The average MWM
performance on days 3-5 of the individual YA, AU and AI rats that were subsequently used for the 1-13 C-glucose and 2-13 C-acetate cycling experiments, respectively; (AI
compared to YA and AU; post-hoc analysis ∗ ∗ ∗ p ≤ 0.001).
Table 2
Performance in the visible platform test.
Group

Swim time (sec, mean ± sem; range)

Distance (cm, mean ± sem; range)

Adult
AU
AI

6.5 ± 0.9; range 3.0–13.4
8.6 ± 1.3; range 2.9–15.0
10.3 ± 1.0; range 6.5–16.1

207 ± 28 cm; range 112–385 cm
241 ± 40 cm; range 107–429 cm
263 ± 26 cm; range 152–418 cm

No signiﬁcant differences were found between any of the groups.

pocampal slices of rats (DG > CA1), the overall utilization of glucose and GLU-GLN cycling does not appeared altered with aging or
cognitive status.
Experiments were performed using 2-13 C-acetate to preferentially examine the contribution of astrocytes to neural metabolism
and GLU-GLN cycling under resting state conditions relative to age
and cognitive status. Hippocampal slices obtained from a total of
13 YA, 7 AU and 8 AI rats were exposed to aCSF containing 10
mM un-labeled glucose plus 1 mM 2-13 C-acetate for two hours.

Compared to the data obtained using 13 C glucose, adding 1 mM 213 C-acetate to the aCSF resulted in a greater percent enrichment of
total glutamine labeling relative to total percent glutamate labeling
in both the dentate gyrus and CA1 of all three groups (Fig. 2 bottom and Fig. 4). This likely reﬂects the preferential metabolism of
acetate in astrocytes leading to a preferential labeling of glutamine
(i.e., precursor), which is subsequently transferred to neurons and
converted to labeled glutamate (i.e., product). Overall, the enrichment of total labeled glutamine and glutamate was signiﬁcantly
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Fig. 2. Inter-regional (DG versus CA1) comparison of metabolic incorporation of 1-13 C-glucose and 2-13 C-acetate into total-labeled glutamate and glutamine. In the presence
of 13 C glucose (top graphs), note that the percent of total incorporation of 13 C label into glutamate was greater in the dentate gyrus in all three behaviorally characterized
groups suggesting that the DG may be more metabolically demanding than CA1 (∗ ∗ p < 0.01 for AI; ∗ ∗ ∗ ∗ p < 0.0 0 01 for YA and AU). When 2-13 C-acetate was added as a
metabolic substrate a greater incorporation of label was seen in total glutamine and glutamate in the dentate gyrus versus CA1 in all behaviorally characterized groups (p ≤
0.0 0 01 for all comparisons). Further, note that total labeled glutamine levels were greater than that of glutamate reﬂecting the preferential uptake of acetate into astrocytes.
Data are shown as mean ± standard error of the mean.

greater in the dentate gyrus than in CA1 in each of the behaviorally
characterized groups (Fig. 2 bottom; p < 0.0 0 01 for all comparisons). This result supports the prior suggestion that metabolic activity under resting state conditions in vitro may be greater in the
dentate gyrus than CA1. As shown in Fig. 4, signiﬁcant inter-group
differences were also noted for total glutamate labeling in both the
dentate gyrus (F2,25 = 5.6, p = 0.01) and area CA1 (F2,25 = 7.6, p <
0.005) subsequent to incubation with 1 mM 13 C acetate. Post hoc
analysis revealed that total 13 C-labeled glutamate was signiﬁcantly
enhanced in AU versus YA rats in both the dentate gyrus and CA1
(p < 0.01 in both regions), while YA versus AI and AU versus AI
comparisons did not reach signiﬁcance. The increase in glutamate
labeling in AU versus YA rats was also noted when single (M1) 13 Clabeled glutamate levels were assessed (Fig. 4, p < 0.05 for dentate
gyrus; p < 0.001 for CA1), although no signiﬁcant inter-group differences were noted for double (M2) 13 C-labeled glutamate. Moreover, while no signiﬁcant differences were observed in total or sin-

gle 13 C-labeled glutamine between the behaviorally characterized
groups in either the dentate gyrus or CA1, an increase in double
13 C labeled glutamine was detected in AU versus YA and AI samples in the dentate gyrus (p < 0.05). This likely reﬂects increased
astrocytic TCA cycle activity metabolizing 2-13 C-acetate.
4. Discussion
Reduced glucose utilization has been noted in the hippocampus
and cerebral cortex with age and has been correlated with a decline in cognitive function. Our understanding of the consequences
and mechanisms involved with these aging-related changes in neural metabolism are unclear due to the ubiquitous utilization of
glucose by neurons and astrocytes and the shuttling of metabolic
substrates and glutamate/glutamine between these cells. Since data
suggest that the neuronal capacity to transport and utilize glucose
is decreased with age (e.g., Fattoretti et. al., 20 01, 20 02; Patel and
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Fig. 3. Metabolic incorporation of 1-13 C-glucose into glutamate and glutamine in the dentate gyrus and CA1 of YA, AU and AI rats. In each panel, the graph on the left
exhibits the total percent label incorporation, the center graph reﬂects single-label incorporation and the graph on the right shows double-label incorporation. Note that the
vertical axes for the graphs depicting total and single-labeling incorporation are truncated (start at 10%) to better illustrate the levels obtained. No signiﬁcant differences
were observed between the behaviorally characterized groups in the percentage of total, single, or double label incorporation into glutamate or glutamine in either the
dentate gyrus or CA1. Data are shown as mean ± standard error of the mean.

Brewer, 2003; Boumezbeur et al, 2010) and NMR studies suggest
that astroglial TCA cycle activity is increased in humans undergoing successful aging (Boumezbeur et al., 2010), our study examined whether there were differential effects of aging on neuronal
and astrocytic metabolism under resting state conditions related to
cognitive function using a hippocampal slice model.
The main ﬁndings from our study were: (1) the dentate gyrus
is metabolically more active than CA1 in vitro, since the percent
enrichment of 13 C-labeled glutamate and glutamine was consistently higher in the dentate when either glucose or acetate was
used as the labeled metabolic substrate; (2) the incorporation of
13 C into glutamate and glutamine did not differ between groups
when slices from YA, AU and AI rats were incubated in aCSF containing 10 mM 1-13 C-glucose; (3) a preferential increase in 13 C incorporation in total and single-labeled glutamate was observed in
both the dentate gyrus and CA1 of slices from AU rats when 1 mM
2-13 C-acetate was added to aCSF containing 10 mM glucose; and
4) the dentate gyrus, but not CA1, of AU rats also exhibited an
increased enrichment of 13 C double labeled glutamine compared

to YA and AI rats. Taken together, these data support the suggestion that astroglial metabolism is selectively enhanced with age in
a sub-population of subjects with preserved hippocampal learning
and memory.
4.1. 13C Metabolic substrate incorporation is greater in the dentate
gyrus than CA1
Regardless of the metabolic substrate used (1-13 C-glucose or
2-13 C-acetate), 13 C labeling of both glutamate and glutamine was
greater in the dentate gyrus than hippocampal region CA1. These
results suggest that, in vitro, the dentate gyrus appears to have a
greater metabolic activity than CA1 under resting state conditions.
This ﬁnding is consistent with an 18F-FDG PET study in healthy
human volunteers (Cho et al., 2010). However, prior data from rats
suggested that CA1 was more metabolically active than the dentate gyrus when 2-DG was infused into behaviorally tested unanesthetized animals (Gage et al., 1984). The reason for the latter discrepancy with our results is unclear, but could reﬂect differences
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Fig. 4. Metabolic incorporation of 2-13 C-acetate into glutamate and glutamine in the dentate gyrus and CA1 of YA, AU and AI rats. In each panel, the graph on the left
exhibits the total percent label incorporation, the center graph reﬂects single-label incorporation and the graph on the right shows double-label incorporation. Note that the
vertical axes for the graphs depicting total and single-labeling incorporation are truncated (start at 10%) to better illustrate the levels obtained. When 13 C acetate was used,
a difference in the percent of label incorporation into glutamate and glutamine was observed in the behaviorally characterized groups. Speciﬁcally, 1) the percentage of total
and single-labeled glutamate was signiﬁcantly greater in both the dentate gyrus and CA1 of AU rats compared to YA rats, and 2) double- labeled glutamine was increased in
the DG of AU rats relative to YA rats. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001. Data are shown as mean ± standard error of the mean.

in the labelled substrate used or glucose availability or uptake in
the in vitro versus in vivo preparations. In addition, our samples
of the dentate area included the hilus; it is not clear in Gage et al.
whether their analysis was restricted to the dentate granule cell
layer.

4.2. 1-13 C-glucose and 2-13 C-acetate incorporation in slices from YA
rats is similar to in vivo results
A time course study in YA rats was performed to assess how the
incorporation of 13 C-label into glutamate and glutamine in vitro

compares with that in vivo. These experiments demonstrated stable slice viability in the in vitro incubation chambers since glucose uptake continued for up to 6 hours and the data suggest
there were multiple turns of the TCA cycle as double labeling levels increased with time. A greater percent of glutamate enrichment
than that of glutamine was seen when 13 C glucose was the labeled
substrate, consistent with in vivo studies (e.g., Rothman et al.,
2003). While the MS technique presently used did not differentiate which carbon is labeled in singly labeled glutamate or glutamine, NMR data suggest that 1-13 C- glucose enters the TCA cycle in neurons via pyruvate dehydrogenase (PDH) and that the
expected order of labeling is initially C4 > C3 ≥ C2 > C1, although at isotopic steady state (and in the absence of constant
dilutional ﬂows) it is C4 = C3 = C2 = C1; C5 of glutamate and
glutamine is not labeled (Moreno et al., 2001; Rothman et al.,
2003). Thus, at a very minimum one can interpret that the initial single-labeled glutamate observed in vitro (M1, presumably
at C4) is the product of the ﬁrst turn of the neuronal TCA cy-
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cle, with pyruvate entering into alpha-ketoglutarate/glutamate exchange, and that single-labeled glutamine is the result of astrocytic uptake and metabolism of singly-labeled glutamate as well
as the metabolism of 13 C glucose via the TCA cycle in astrocytes.
In contrast, when 2-13 C-acetate was used as the metabolic substrate, a greater percent enrichment of total and single labeled glutamine was observed relative to that of glutamate. This result is
also consistent with in vivo data and reﬂects the preferential astrocytic metabolism of acetate (Rothman et al., 2003; Deelchand et al.,
2009b). The singly labeled glutamine (i.e., precursor) is then transferred to neurons where it is converted to glutamate via phosphate
activated glutaminase (Kvamme et al., 2001; Patel et al., 2010). Interestingly, unlike for 13 C-glucose, 13 C-acetate incorporation curves
do not appear to be as greatly affected by infusion rate (Deelchand
et al, 2009a) or anesthesia (Serres et al, 2008) in vivo, suggesting
that astroglial metabolism of 2-13 C-acetate is saturable and not as
strongly linked to neuronal activity as glucose metabolism is (i.e.,
Sibson et al, 1998).
In general, the current in vitro labeling proﬁles for singlelabeled glutamate and glutamine were remarkably similar to in
vivo results, although the rate of incorporation appeared slower
(see Serress et al., 2008; Sibson et al. 1998, Patel et al. 2010;
Novotny et al, 2001). Possible reasons for this difference include a
lack of functional sensory innervation and vascularization in vitro,
diffusion constraints placed on the penetration of metabolic substrates into the hippocampal slices (400 μm thick), and lower overall network activity (discussed further below).
4.3. 2-13 C-acetate, but not 1-13 C-glucose, metabolism in hippocampal
slices differentiates AU from AI rats
Data suggest that aging-related CNS hypometabolism correlates
with cognitive decline and that numerous aging-related changes
are likely to be involved (see Introduction). A surprising ﬁnding of the current in vitro experiments was that no signiﬁcant
difference was noted under resting state conditions in the percent enrichment of total and single labeled glutamate or glutamine in either the dentate gyrus or CA1 of AI rats, relative to
AU and YA rats when aCSF containing 10 mM 1-13 C-glucose was
used. As noted above, in vivo data suggest that hippocampal hypometabolism correlates with cognitive decline (e.g., Gage et al.,
1984; Mosconi et al., 2008; Croteau et al., 2018; Roy et al., 2014;
Riederer et al., 2018). While the reason for this apparent discrepancy with our results is unclear, several factors are likely to be
involved. First, any potential aging-related changes in the blood
brain barrier (Farrall and Wardlaw, 2009; Stamatovic et al., 2019;
Erdo and Krajcsi, 2019) such as altered Glut1 levels (Simpson et al.,
1994; Lee et al., 2018; Vogelsang et al., 2018), or a decrease in vascularization (Sonntag et al., 1997; Brown and Thore et al., 2011;
Kalaria and Hase, 2019) would not be an issue in vitro. Second,
the aging-related decrease in the primary neuronal glucose transporter Glut3 (Fattoretti et al., 20 01, 20 02) is also unlikely to be
an issue since data suggest that the substrate aﬃnity of facilitative glucose transporters (Glut1 and Glut3) is around 1-2 mM
(Gorovits and Charron, 2003), much lower than the 10 mM concentration used in our studies. Third, glucose oxidation, and the
subsequent incorporation of carbon into glutamate and glutamine,
are very closely coupled to brain activity (Sibson et al, 1998; BaderGoffer et al., 1992; Seress et al., 2008). In vitro slices presumably
exhibit lower levels of spontaneous or evoked network activity
compared to that in vivo (Novotny et al., 2001). Indeed, in contrast
to the in vivo situation where neurotransmitter/neuromodulator
systems (e.g., cholinergic system) are known to ramp-up glutamatergic and GABAergic neuronal communication, network oscillations and synchronized activity, biochemical or pharmacological

manipulations are required to induce/amplify such activity in vitro
(e.g., Konopacki et al., 1987; Patrylo et al., 1994; Fisahn et al.,
1998; Lévesque et al., 2017; Rutecki et al., 1985). Imaging studies that have suggested aging-related cerebral hypometabolism are
performed in unanesthetized or only slight anesthetized subjects
(Serress et al., 2008; Jagust et al., 2010; Stanley and Raz 2018;
Herholtz et al., 2002), and the in vivo experiments of Gage and
colleagues (Gage et al., 1984) were done in awake rodents that
were only transiently anesthetized with halothane during 2-DG
infusion. Additional experiments are required to directly assess
whether age-related changes in glucose utilization, relative to altered GLU/GLN cycling and cognitive compromise, can be detected
in vitro by challenging slices from behaviorally characterized rats
with conditions known to stimulate neural activity, limit glucose
availability, or both.
The most interesting ﬁnding in the current experiments was
the preferential increase in percent enrichment of total and single
13 C-labeled glutamate under resting state conditions in the dentate gyrus and CA1 of hippocampal slices from AU rats when 213 C-acetate was used. These experiments also revealed that the
percent enrichment of double-labeled glutamine was increased
in the dentate gyrus, but not CA1, in slices from AU rats, compared to those from AI and YA rats. This labeling proﬁle is consistent with enhanced GLU-GLN cycling in the hippocampus of
aged rats with cognitive preservation. Speciﬁcally, an increase in
the shuttling of single labeled glutamine from astrocytes to neurons could result in an increase in total and single labeled glutamate, while the increase in double labeled glutamine could
arise from an increase in astrocytic TCA cycle activity. It is
unclear whether glutamine synthetase levels or activity change
with normal and pathological aging (e.g., Olabarria et al., 2011;
Soontornniyomkij et al., 2016; Danh et al., 1985; Bellaver et al.,
2017), but existing data suggest that the levels and/or variants
of glial excitatory amino acid transporters, EAAT1 and EAAT2, appear to be decreased (Poiter et al, 2010; Schallier et al., 2011;
Takahashi et al., 2015; Scott et al., 2011; but see Bellaver et al.,
2017). Such a decrease in EAATs would theoretically limit GLU/GLN
cycling. However, a study by Boumezbeur et al. (2010) revealed
that healthy brain aging was characterized by a decrease in neuron TCA cycle (~28%) activity and a concurrent increase in astroglial TCA cycle (~30%) activity. Taken together with the present
results, it is reasonable to conclude that an increase in astroglial
TCA cycling may contribute to cognitive preservation during
senescence.
This ﬁnding is important since it offers some insight into
why/how astrocytes may metabolically adapt with age in only
a subset of subjects. With advancing age, glucose transport into
the brain may decrease (Mooradian et al., 1991) restricting neural glucose uptake and TCA cycle capacity. This could trigger an
aging-related shift in astrocytic oxidative metabolism away from
glucose to alternate available substrates (e.g., acetate), potentially
via pyruvate dehydrogenase phosphorylation (Bogónez et al., 1992;
Holness and Sugden, 2003), and result in more glucose being available for neurons. This could be a neuroprotective strategy with
subsequent functional preservation up to a limit. As to why this
astrocytic adaptation occurs only in a subset of subjects, it has
long been known that astrocytes can become reactive in the hippocampus of aged rats (Landﬁeld et al, 1977). Reactive astrocytes
exhibit a marked increase in glial ﬁbrillary acidic protein (GFAP).
Sugaya and colleagues (Sugaya et al., 1996) have reported an increase in GFAP mRNA expression, but not protein, in the hippocampus of aged rats with impaired hippocampal learning and memory. (Note that VanGuilder et al., 2011 also did not see a differential increase in GFAP protein in a different strain of aged cognitively impaired rats.) Interestingly, administering a sub-therapeutic
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dose of ladostigil, a neuroprotective agent, for over six months to
16-month-old rats decreased the aging-related astroglial activation
and reduced deﬁcits in spatial learning and memory (Weinstock
et al, 2011). In this regard, it should be noted that brain slice
preparation has been suggested to induce a shift in astrocytic phenotype into the early stages of reactive gliosis (Takano et al., 2014).
We believe that this is unlikely to affect the overall interpretation of the current results however, since identical techniques were
used to produce hippocampal slices from all three groups (YA, AU
and AI) in the current study and our in vitro data closely reﬂect
the in vivo ﬁndings from Boumezbeur et al. (2010) in humans.
Thus, although additional experiments are required, it is plausible
that hippocampal astrocytes in aged cognitively unimpaired rats
do not become reactive and adapt metabolically to utilize alternative available substrates, thereby helping preserve neuronal function and cognition.
While the current set of experiments did not directly assess
peripheral metabolism (e.g., fasting glucose/ketone levels, glucose
tolerance, insulin-sensitivity) it is interesting to note that previous studies have shown an association between changes in peripheral metabolism and age as well as cognitive performance
(Macklin et al., 2017; Griﬃth et al., 2019; reviewed in Frazier et al.,
2019). Thus, future studies will be performed to directly examine
this potential interaction between peripheral and CNS metabolism.
Additionally, it is also interesting to consider whether the preservation of glutamate labeling in aCSF containing 10 mM 13 C-labeled
glucose under resting conditions could, in part, reﬂect the astrocytes converting labeled glucose into labeled lactate for neuronal utilization as has been proposed by Pellerin and Magistretti (2012) and has been suggested to occur in vivo activated
conditions (Sampol et al., 2013). Additional experiments using
NMR are required however, to directly assess this mechanism by
following the position of the labeled carbon over time.
5. Conclusions
In summary, two metabolic substrates (1-13 C-glucose and 2were used in this study to assess 13 C-incorporation
into glutamate and glutamine under resting state conditions in
the dentate gyrus and CA1 with respect to age and cognitive
function. The 13 C-glucose data obtained suggest that the association reported between cognitive decline and altered glucose uptake/utilization in vivo may arise due to metabolic challenge (e.g.,
such as occurs during the performance of a cognitive task) and
were not evaluated in our in vitro studies. Further, the ﬁndings
with 2-13 C-acetate indicate that astroglial metabolism and subsequently GLU-GLN cycling may be enhanced in the dentate gyrus
and CA1 in a compensatory manner that helps preserve hippocampal cognitive function. Thus, aging-related cognitive preservation
may entail an astrocytic metabolic shift to compensate for altered neuronal metabolism. Therapies targeting astrocytes to reduce their activation and/or boost their metabolic activity and/or
GLU/GLN cycling may aid in reversing/limiting age-related cognitive decline.
13 C-acetate)
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