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Abstract

Altered brain metabolism is likely to be an important contributor to normal cognitive decline and
brain pathology in elderly individuals. To characterize the metabolic changes associated with
normal brain aging, we used high-field proton magnetic resonance spectroscopy in vivo to
quantify 20 neurochemicals in the hippocampus and sensorimotor cortex of young adult and aged
rats. We found significant differences in the neurochemical profile of the aged brain when
compared with younger adults, including lower aspartate, ascorbate, glutamate, and
macromolecules, and higher glucose, myo-inositol, N-acetylaspartylglutamate, total choline, and
glutamine. These neurochemical biomarkers point to specific cellular mechanisms that are altered
in brain aging, such as bioenergetics, oxidative stress, inflammation, cell membrane turnover, and
endogenous neuroprotection. Proton magnetic resonance spectroscopy may be a valuable
translational approach for studying mechanisms of brain aging and pathology, and for
investigating treatments to preserve or enhance cognitive function in aging.
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1. Introduction

Understanding the neurobiological changes that occur with normal brain aging may aid in
the prevention, diagnosis, and treatment of age-related cognitive decline and disease. In vivo
proton magnetic resonance spectroscopy (*H-MRS) allows noninvasive quantification of
neurochemicals related to specific cellular mechanisms. These neurochemicals can serve as
imaging biomarkers of cellular and molecular changes, both in the context of normal brain
development and aging, and under pathologic conditions (Harris et al., 2012; Lee et al.,
2012; Tkac et al., 2003). For example, N-acetylaspartate (NAA) is synthesized in neuronal
mitochondria in an energy-dependent manner, so a decrease in NAA may indicate neuronal
loss or metabolic dysfunction. Because the total choline (tCho) signal measured with 1H-
MRS is comprised largely of membrane phospholipids, increased tCho suggests cell
membrane damage or increased turnover. Changes measured in glutamate (Glu) and/or its
metabolic precursor glutamine (GIn) are interpreted as a sign of altered excitatory
neurotransmission.

In humans, H-MRS studies have reported that advancing age is associated with several
neurochemical changes in the brain, including lower concentrations of NAA particularly in
the frontal lobe, higher tCho in frontal and parietal regions, and higher total creatine (tCr) in
the parietal and occipital lobes (reviewed in Haga et al., 2009). In addition, lower striatal
Glu and higher myo-inositol (Ins) in the subcortical white matter, posterior cingulate, and
hippocampus have been described in elderly individuals (Gruber et al., 2008; Kaiser et al.,
2005; Reyngoudt et al., 2012; Zahr et al., 2013). However, it is not feasible to confirm the
links between these brain chemicals and specific cellular and molecular mechanisms in
humans.

In animal models of aging, not only can the potential variability in brain neurochemistry
from genetic and environmental factors be strictly controlled, but the underlying
mechanisms associated with altered brain neurochemistry can be established through
histologic and biochemical assays. However, in vivo 1H-MRS studies of aged animal
models have been limited, and at times contradictory. A study by Katz-Brull et al. (2002)
reported increased tCho in the hippocampus of aged rats, whereas Driscoll et al. (2006)
observed no changes in NAA, tCr, or tCho in the aged rat brain. In vitro MRS studies of
brain tissue extracts from rodents have measured additional neurochemical biomarkers. For
example, an age-related increase in Ins suggests change in the density or metabolism of
astroglial cells (Macri et al., 2006; Paban et al., 2010; Zhang et al., 2009) and altered Glu,
aspartate (Asp), and gamma-aminobutyric acid (GABA), suggest a shift in the balance of
excitatory and inhibitory neurotransmission in the aging brain (Paban et al., 2010; Zhang et
al., 2009). However, one caveat of ex vivo MRS studies is that neurochemicals might be
altered by the tissue extraction and homogenization process. A comprehensive in vivo
assessment of neurochemical biomarkers of brain aging would be useful to facilitate
translation of findings to clinical applications.

Compared with human studies, additional *H-MRS biomarkers can be measured in
laboratory animals using higher magnetic field strengths and advanced spectral fitting
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techniques. Routine quantification of at least 18 neurochemicals in the rodent brain is now
feasible with in vivo 1H-MRS (Harris et al., 2012; Lei et al., 2009; Mlynarik et al., 2006;
Pfeuffer et al., 1999). Such an expanded neurochemical profile has the potential to provide
insight into cellular mechanisms, such as oxidative stress, inhibitory neurotransmission, and
mitochondrial bioenergetics that might relate to changes in brain function with age. Thus, in
the present study we characterized the metabolic effects of normal brain aging with in

vivo IH-MRS at 9.4 tesla (9.4 T). Using validated, noninvasive methods (Harris et al.,
2012), we measured 20 neurochemicals in young and aged Fischer (F344) rats. Because
impaired memory and motor functions are common aspects of neurologic decline in normal
aging (Schuff et al., 1999; Seidler et al., 2010; West, 1993), we acquired MRS from the
hippocampus and the sensorimotor cortex.

2. Methods

2.1. Animals

Male F344 rats 2 to 3 months old (“young adults”, n = 30) and 20 to 22 months old (“aged”,
n = 20) were used in the study. Animals were housed in pairs on a 12 hour light-dark cycle
with free access to rat chow and water. All protocols were approved by the Institutional
Animal Care and Use Committee at the University of Kansas Medical Center and are
consistent with standards of animal care set forth in the guidelines of the U.S. Public Health
Service Policy on Humane Care and Use of Laboratory Animals.

2.2. In vivo magnetic resonance imaging and spectroscopy

All magnetic resonance assessments were performed on a 9.4 T horizontal magnetic
resonance (MR) system (Varian; Palo Alto, CA, USA). During imaging, anesthesia was
maintained with 1.5%-3% isoflurane delivered via nosecone to maintain a respiration rate of
40-80 cycles/min. Respiration was monitored with a pressure pad (SA Instruments; Stony
Brook, NY, USA). Animals were placed on a heating pad in the scanning cradle, and body
temperature monitored rectally was maintained at 37 °C via feedback control (Cole Parmer;
Vernon Hills, IL, USA).

Coronal and sagittal localizer MR images were acquired using a gradient echo multi-slice
sequence to position the animal’s head in the magnet (repetition time [TR] = 100 ms, echo
time [TE] = 2.8 ms, number of slices = 10, slice thickness = 1 mm). Next coronal and
sagittal T,o-weighted MR images were acquired using a rapid acquisition with relaxation
enhancement sequence (TR = 4000 ms, TE = 18 ms, echo train length = 8; averages = 2;
field of view 2.56 x 2.56 cm?; resolution = 256 x 256 pixels; number of slices = 20; slice
thickness = 1 mm) to position the voxels for H-MRS.

1H-MRS was acquired from a 2.7 mm x 1.3 mm x 2.7 mm voxel containing sensorimotor
cortex, and a 3.0 mm x 2.5 mm x 3.0 mm voxel containing primarily hippocampus. Voxel
positioning was based on anatomic landmarks. All spectra were acquired from the right
hemisphere.

We used a custom-made quadrature dual-coil transmitter-receiver surface coil (each coil was
18 mm in diameter; Tkac et al., 1999). 1H-MRS was performed using a stimulated echo
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acquisition mode (STEAM) sequence with variable pulse power and optimized relaxation
delays (VAPOR) water suppression (TE = 2 ms, TR = 4000 ms; Tkac et al., 1999). First and
second order shims were adjusted using FASTMAP (Gruetter, 1993) to achieve water
linewidths of <18 Hz. Data were acquired as a series of free induction decays (each of which
averaged 16 transients), corrected for frequency drift, averaged and corrected for eddy
current effects. In the hippocampal voxel we averaged 320 transients over a period of
approximately 20 minutes. In the smaller cortical voxel, we averaged 640 transients over
approximately 40 minutes. We also acquired unsuppressed water scans (16 transients) from
each voxel to use for concentration calculations described in the following.

2.3. Spectral fitting and quantification

Spectra were analyzed with LCModel (Provencher, 1993). LCModel uses a basis set of
spectra to calculate the in vivo neurochemical concentrations, and the unsuppressed water
signal from the prescribed voxel as a reference for each scan to correct for small variations
in coil sensitivity as described previously (Pfeuffer et al., 1999). For specific
neurochemicals, our basis set was acquired from in vitro samples of pure chemicals. The
macromolecule basis set was measured empirically. Peak assignments for individual
metabolites in the neurochemical profile were based on previous reports (Pfeuffer et al.,
1999; Tkac et al., 2003). It has been confirmed that measurements of brain neurochemicals
using this IH-MRS protocol are in good agreement with measurements from traditional
invasive methods (Pfeuffer et al., 1999; Tkac et al., 2003). The following 20 neurochemicals
were quantified: Ala, alanine; Asc, ascorbate; Asp, aspartate; Cr, creatine; GABA, gamma-
aminobutyric acid; Glc, glucose; Gln, glutamine; Glu, glutamate; GPC,
glycerophosphocholine; GSH, glutathione; Ins, myo-inositol; Lac, lactate; MM,
macromolecules; NAA, N-acetylaspartate; NAAG, N-acetylaspartyl glutamate; PCho,
phosphocholine; PCr, phosphocreatine; PE, phosphoethanolamine; Ser, serine; and Tau,
taurine. Because certain neurochemicals that overlap at lower field strengths are often
reported together, particularly in human studies, we report the following sums: tCr = Cr +
PCr, tCho = GPC + PCho, returned by LCModel. We also calculated concentration ratios for
certain pairs of metabolically-linked neurochemicals (i.e., Glu to GlIn, and PCr to Cr).

2.4. Statistical analysis

Analysis of neurochemical concentrations was based on a weighted averages method. The
LCModel software provides neurochemical concentration estimates and reliability measures
expressed as Cramér-Rao lower bounds (CRLB). Let x; denote the measured concentration
of a neurochemical X and r; the corresponding reliability measure (CRLB),i=1, 2, ..., N.
Then the weight is computed as:

1
[; (r;/100)]?

When the reliability measure is infinitely low (indicated by CRLB =999 in LCModel), the
weight function is defined as 0. Suppose, n of N measurements have finite reliability (CRLB
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< 999) and a positive concentration in LCModel. Then the weighted mean and weighted
standard deviation are determined by:

N n
Zwizi Zwtm
—i=1 __i=1

Ty ="fFN —="wm —
Zw; Zwi
i=1 i=1

n )
Zwi(rzﬁffw)z

S _ i=1
w =\ =

df

n—1

N N
where df may take different forms such as df :Zizlwi ordf= Zizlwi. Because no
speci formula for weighted standard error exists, we used the conventional formula of

SE.,,=S,,/ v/n, which produces weighted standard error values similar to those obtained
from bootstrapping. These formulae were used to summarize the neurochemicals in each
group, and to make between-group comparisons by the weighted t-test at each voxel of
interest.

The weighted averages method accounts for differences in fitting reliability between
samples and allows us to use all observations with CRLB < 999, giving lower weight to
those with lower reliability. However, we decided a priori, that any metabolite for which
>50% of observations in a group had very low reliability (i.e., CRLB > 100) would be
excluded from further analysis.

Considering the number of comparisons, we adopted Holm’s sequential Bonferroni
procedure (Holm, 1979) to control the family-wise type | error rate at the 0.05 level. For
descriptive purposes, we indicate the magnitude of the between-group differences as a
percentage of the young adult concentrations.

We also explored the concentration differences between hippocampus and cortex. To
account for within-animal correlations, we applied mixed-effects analysis of variance
models, weighted by CRLB as previously mentioned, using factors of age, region, and age-
by-region interaction, and a compound symmetry correlation structure. Considering the
small sample size, the degrees of freedom were calculated by the Kenward-Roger method
(Kenward and Roger, 1997). The between-region differences were calculated for each age
group, and the family-wise type | error rate was again controlled at 0.05 level by Holm’s
procedure.

3. Results

Locations and sizes of the voxels used for MRS are shown in Fig. 1. Sample spectra
illustrate the spectral quality consistently obtained in both brain regions. Linewidths
measured from the unsuppressed water signal in the hippocampus in young animals were
11.4 + 0.6 Hz compared with 13.1 £ 0.9 Hz in the aged animals. In the young animals,
cortex linewidths were 12.5 + 1.3 Hz compared with 15.6 + 1.3 Hz in the aged animals.
Overall, about 90% of our measurements had CRLB <30, a frequently used inclusion
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criterion indicating high spectral resolution and good fitting reliability. However, for Ala,
PCho, and PE in the aged cortex, >50% of samples returned CRLB >100 and could not be
reliably quantified (see Supplementary Table 1).

In the hippocampus, 9 of 20 neurochemicals were significantly different between young
adult and aged animals (Table 1). We observed lower concentrations of Asc (-11%), Asp
(-18%), PE (-21%), and MM (-12%) in the older animals compared with young adults. By
contrast, concentrations of several neurochemicals were significantly higher in the aged
hippocampus, including Ins (+12%), Glc (+48%), GIn (+23%), PCho (+43%), and NAAG
(+15%).

In the cortex, 7 of 20 neurochemicals were significantly different with age (Table 1). Older
animals had lower Asp (-41%), Glu (-11%), and MM (-16%). We observed higher
concentrations of Ins (+30%), Glc (+29%), GPC (+62%), and NAAG (+25%) in the cortex
of older rats compared with young adults. There was no significant difference in NAA levels
in the young versus aged groups in either of the 2 brain regions studied (Table 1).

In both brain regions, tCho was significantly elevated with age (+15% in hippocampus,
+38% in cortex; Fig. 2). In the hippocampus of older rats, we found that this was because of
the contribution from PCho, which was significantly higher (+43%), and not from GPC,
which was not significantly different. Conversely, GPC was higher in the cortex of aged
animals (+62%) while PCho could not be quantified reliably.

The ratio of Glu to GIn was significantly lower in both of the examined brain regions in
older animals (-23% in the hippocampus, —18% in the cortex; Fig. 3). However, Glu and
GlIn each showed different significant changes in the 2 regions. Glu in the cortex was
significantly lower in the aged animals compared with young adults, although a trend toward
lower hippocampal Glu did not reach statistical significance. Hippocampal GIn was
significantly higher in the aged animals, while there were no age-related differences in
cortical Gln.

The ratio of PCr to Cr was also different in older animals in both the hippocampus and
cortex, although PCr and Cr each were not significantly changed (Fig. 3). PCr to Cr was
higher in the hippocampus (+11%) and lower in the cortex (—16%) of older animals
compared with young adults. Levels of tCr were not significantly different between the
young adult and aged brain (Table 1).

We also compared neurochemicals between the cortex and hippocampus within each age
group. In the younger animals, 17 of 20 neurochemicals were different between regions, and
in the older animals 13 were different (Supplementary Table 2).

4. Discussion

4.1. IH-MRS biomarkers of brain health and pathology in aging

We used high field in vivo TH-MRS with ultrashort TE and efficient water suppression to
identify neurochemical changes associated with normal brain aging in rats. Our investigation
of the neurometabolic effects of age focused on brain regions subserving memory and motor
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function, systems which show progressive functional impairment with age (Schuff et al.,
1999; Seidler et al., 2010; West, 1993). Previous in vivo spectroscopy studies in humans and
animal models have quantified 7 neurochemicals in the aging brain (Driscoll et al., 2006;
Emir et al., 2011; Haga et al., 2009; Katz-Brull et al., 2002). We have measured an
additional 13 neurochemicals that have not been reported in the aging brain in vivo: Ala,
Asp, Cr, PCr, GABA, Glc, GPC, PCho, MM, NAAG, PE, Ser, and Tau. This expanded
neurochemical profile of noninvasive biomarkers provides quantitative data related to
putative mechanisms of brain health and pathology in aging. These biomarkers and their
possible associated mechanisms are described in brief, in the following.

4.2. Age-related biomarker changes in both the hippocampus and cortex

We found age-related changes in several neurochemicals in both the hippocampal and
cortical regions, suggesting that certain physiological mechanisms of brain aging may be
global, or at least common to multiple brain areas.

4.2.1. Myo-inositol—We measured higher Ins in both the aged hippocampus and cortex.
Because Ins is found at high concentrations in astrocytes, these results support age-related
changes in the astroglial population, consistent with previous reports in the aging brain
(Amenta et al., 1998; David et al., 1997; Sandhir et al., 2008). It has been proposed that
changes in astrocytes in the older brain reflect chronic low-level inflammatory and/or
oxidative cellular stressors (Cotrina and Nedergaard, 2002; Godbout and Johnson, 2009;
Salminen et al., 2011).

4.2.2. Glucose—We also recorded higher Glc levels in aged rats. Higher brain Glc might
result from higher circulating blood Glc, which can enter the brain through facilitated
diffusion (Choi et al., 2001). Although not measured in the present study, blood levels of
Glc, leptin, and insulin have been linked with changes in body fat mass (Barzilai & Gupta,
1999), and we note that aged rats in the present study had more body fat than young adults.
One previous study reported an age-related increase in blood Glc (Asghar and Lokhandwala,
2006), but others found no difference in blood Glc between young and aged F344 rats
(Barzilai & Rossetti, 1995; Mooridian & Chehade, 2000).

An alternative interpretation of higher Glc measured in the aged brain might be reduced
glycolytic activity. This possibility is supported by positron emission tomography evidence
of lower cerebral Glc metabolism in older humans (Petit-Taboue et al., 1998; Shen et al.,
2012), and by lower gene expression related to Glc oxidation pathways in aged rats and
mice (Rowe et al., 2007; Xu et al., 2007). Although isoflurane anesthesia influences Glc
metabolism, this is unlikely to account for the observed age-related Glc difference because
the same average concentration of isoflurane was used in young and old animals. Moreover,
we found no correlation (R? < 0.1) between the anesthesia duration for each animal and Glc
levels measured in the hippocampus or cortex. Clearly, additional studies are needed to
better understand age-related changes in brain Glc metabolism.

4.2.3. Aspartate and glutamate—Further evidence of altered bioenergetics is provided
by the lower Asp and Glu, we observed in the brains of aged rats. A transaminase reaction in
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neuronal mitochondria normally converts Glu and oxaloacetate into Asp and a-ketoglutarate
(Moffett et al., 2006). Thus, lower concentrations of Glu and Asp might point to decreased
production of a-ketoglutarate to feed into the citric acid cycle. Notably, the decrease in both
Asp and Glu was larger in the cortical voxel of aged versus younger animals (Asp —41%,
Glu —11% in cortex versus Asp —18%, Glu —4% [n.s.] in the hippocampus), which might
suggest a more severe impairment in citric acid cycle energy production in the aging
neocortex.

4.2.4. Macromolecules—Although MM, attributed to free cytosolic proteins (Behar and
Ogino, 1993), are part of the LCModel basis set there have been few 1H-MRS studies
reporting MM data, and none in aging. We found that the MM signal was lower in both the
hippocampus and cortex of aged rats. We previously reported a decrease in MM levels after
traumatic brain injury, possibly reflecting increased or prolonged activity of intracellular
proteases known to occur after brain trauma (Harris et al., 2012). If proteolysis degrades
MR-visible intracellular proteins, then the well-documented increase in caspase activity in
the aging brain (Gemma and Bickford, 2007; Snigdha et al., 2012) might similarly account
for the lower MM levels in aged animals. Alternatively, MM levels measured with 1H-MRS
have been proposed to reflect total cell mass (Lei et al., 2009). However, it seems unlikely
that the observed MM decrease would indicate a decrease in total cell mass with age, given
that we found no changes in the neuronal marker NAA and higher concentrations of the
astrocytic marker Ins in aged rats.

4.2.5. N-acetylaspartylglutamate—In light of accumulating evidence, including the
present study, pointing to potentially detrimental biological processes in the aging brain
(e.g., chronic inflammation, bioenergetic impairment, and elevated protease activity), it may
not be surprising to find that some compensatory neuroprotective mechanisms are also
activated. One candidate neuroprotective compound is the neurotransmitter NAAG, which
we found to be significantly higher in both the hippocampus and cortex in older animals.
NAAG can exert neuroprotective effects through its actions at presynaptic group 11
metabotropic glutamate receptors (Sanabria et al., 2004; Thomas et al., 2001; Zhong et al.,
2006). Specifically, NAAG has been shown to protect neurons in vitro from cell death after
exposure to high glucose (Berent-Spillson and Russell, 2007; Berent-Spillson et al., 2004).
Thus, higher NAAG levels might represent a protective, compensatory response to the
constitutively elevated Glc we observed in aged brains. Further studies are needed to test
whether a similar mechanism might be active in the aging human brain.

4.3. Other age-related biomarker changes

In addition to the neurochemical differences we observed in both the hippocampus and
cortex of aged versus younger rats, other neurochemical differences were specific to one
region only. Such regional variation is not unexpected, given the cytoarchitectural and
functional differences between the 2 brain areas of interest.

4.3.1. Ascorbate and glutathione—Notably, we found a significant age-related
decrease in Asc in the hippocampal but not in the cortical voxel. Microdialysis studies in
aged rats have also revealed lower extracellular Asc in the hippocampus (Moor et al., 2006).
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Asc is an important endogenous antioxidant, and decreases in antioxidant defense
mechanisms have been well documented in the aging rodent and human brain (Calabrese et
al., 2008). Hippocampal Asc depletion may be related to the selective vulnerability of the
hippocampal neurons to oxidative stress in the context of aging (Wang and Michaelis,
2010).

High-field 1H-MRS is also capable of measuring the antioxidant GSH. Although not
reaching statistical significance, we observed 21% lower GSH in the aged cortex. Emir et al.
(2011) have previously documented lower GSH, but not Asc, in the occipital cortex of
elderly humans. Because Asc is found at higher concentrations in neurons, whereas GSH
predominates in astrocytes (Rice and Russo-Menna, 1998), we speculate that accumulating
reactive oxygen species in aging may selectively target neurons in the hippocampus
(resulting in lower hippocampal Asc), while having a relatively larger effect on glial cells in
other cortical areas (resulting in lower cortical GSH).

4.3.2. Total choline, phosphocholine, glycerophosphocholine, and
phosphethanolamine—Our finding of increased tCho in older rats is consistent with
several MRS studies of human brain aging (Gruber et al., 2008; Haga et al., 2009; Maudsley
etal., 2012; Zahr et al., 2013). The tCho signal is comprised of membrane phospholipid
derivatives, which are more mobile and thus more “visible” to 1H-MRS when free in the
cytosol than when incorporated into cellular membranes. Thus, an increase in the tCho
signal is thought to reflect increased cell membrane turnover and breakdown. The greater
spectral resolution available at 9.4 T provides unambiguous separation and quantification of
the main components of tCho, that is, PCho and GPC. We found higher levels of PCho in
the aged hippocampus and higher levels of GPC in the aged cortex, although the biological
significance of the regional difference in PCho and GPC remains to be clarified. In contrast,
we found that PE, another membrane phospholipid, which does not contribute to tCho, was
lower in the aged hippocampus compared with younger adults. In the aging human brain, a
lower ratio of PE to glycerophosphoethanolamine was proposed to reflect slower membrane
synthesis at older ages (Wijnen et al., 2010). Lower PE might also be tied to a decline in
cellular bioenergetics with age, because a smaller fraction of PE in brain mitochondria of
older rats was shown to correlate with lower mitochondrial state Il respiration (Modi et al.,
2008).

4.3.3. Glutamate and glutamine—Our primary experimental approach was to measure
absolute neurochemical concentrations. However, examining metabolite ratios can provide
added insight, particularly in understanding changes in compounds that are directly
metabolically linked. Glu and GlIn illustrate this point. We found that GIn levels were higher
in the hippocampus of older rats, but remained unchanged with age in the cortex. On the
contrary, Glu levels were unchanged in the hippocampus, but were significantly lower in the
aging cortex. In both brain regions, however, the ratio of Glu to GIn was significantly lower
in the aged rats, suggesting a shift in the balance of the Glu-GlIn cycle. This shift may be the
result of a relative increase in the astrocyte population with age, demonstrated in both
animal models and humans (Amenta et al., 1998; David et al., 1997; Sandhir et al., 2008).
An alternative explanation might be increased citric acid cycle flux in astrocytes in the aging
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brain, which would generate more metabolic intermediates including glutamine
(Boumezbeur et al., 2010).

4.3.4. Total creatine, phosphocreatine, and creatine—The pools of intracellular Cr
and PCr are also closely metabolically linked, with PCr providing an energy reserve
essential for normal cellular function. We did not find significant differences with age in
tCr, PCr, or Cr levels. Although some previous studies have shown higher tCr in older
humans, others found no change (Haga et al., 2009). Similarly, human and rat studies with
phosphorous magnetic resonance spectroscopy (31P-MRS) have yielded mixed results, with
some evidence of increased PCr (Forester et al., 2010; Pettegrew et al., 1990) and other
results indicating no age-related change (Aureli et al., 1990).

We did, however, find differences in the PCr to Cr ratio between young and aged brains.
Specifically, PCr to Cr was higher in the aged hippocampus, and lower in the aged cortex,
compared with younger animals. The significance of higher PCr to Cr in the aged
hippocampus is currently not clear. However, a lower PCr to Cr ratio in the cortex suggests
that the PCr pool is donating more phosphates to maintain cellular adenosine triphosphate
supply, and is consistent with our Glu and Asp findings suggesting potentially greater
energy impairment in the cortical voxel than the hippocampal voxel in the present model of
brain aging.

4.4. No change in N-acetylaspartate and lactate in the aged rat brain

Although there is an extensive literature on in vivo quantification of NAA and Lac in
neuropathology, previous results in normal brain aging are more modest and mixed. NAA is
considered a marker of neuronal health and mitochondrial function, whereas increased Lac
indicates anaerobic metabolism. The literature on NAA changes in the healthy aging brain is
inconsistent, with some human studies finding lower NAA with advancing age
(Boumezbeur et al., 2010; Gruber et al., 2008; Maudsley et al., 2012; Schuff et al., 1999)
and others finding no difference (Chang et al., 1996; Saunders et al., 1999; Wu et al., 2012).
Consistent with these latter studies, we found similar NAA concentrations in the young and
aged rat brain. It has been suggested that studies describing NAA as a ratio to tCr or tCho
were more likely to report decreased NAA with age (Haga et al., 2009), implying that tCr
and/or tCho increases drive the findings in ratio studies. Using absolute quantification, our
finding of maintained NAA, but higher tCho, in aged animals, is in agreement with previous
in vivo MRS studies in rats (Driscoll et al., 2006; Katz-Brull et al., 2002) and supports
concerns regarding the use of ratios for interpreting spectroscopic data.

Although 2 ex vivo MRS studies in rats found increased brain Lac with age (Macri et al.,
2006; Zhang et al., 2009), 1 in vivo study found no age-related differences in resting state
Lac (Urrila et al., 2004). Likewise, we found no difference in Lac levels between the young
adult and aged rat brain. Our Glc, Asp, and Glu findings suggest altered bioenergetics in the
aged brain, which might predict altered Lac. Therefore, the absence of a significant age-
related Lac change in vivo requires further investigation.
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4.5. Comparison of biomarkers between hippocampus and cortex

The primary goal of this study was to characterize the effect of age on the neurochemical
profile. However, because previous studies have shown anatomic variability in
neurochemical concentrations (Harris et al., 2012; Hong et al., 2011; Tkac et al., 2003; Zahr
et al., 2013), we also compared metabolite concentrations measured in the hippocampus and
cortex within each age group. As expected, most neurochemicals showed inter-regional
differences: 17 of 20 in young animals and 13 of 20 in aged animals as detailed in
Supplementary Table 2. These differences are likely because of anatomic variability in
cellular architecture, function, and/or metabolic status; however, confirmation will require
additional studies.

4.6. 1H-MRS in the aging brain: technical considerations

Fitting reliability of IH-MRS data is dependent on spectral resolution (linewidth) and signal-
to noise ratio (SNR) (Lin et al., 2013). We found broader linewidths in older animals than in
young adults, consistent with recent findings in older humans (Maudsley et al., 2012). This
could result from greater iron concentration in the brain. Age-related increases in brain iron
concentration have been documented in rats (Focht et al., 1997) and in humans (Hallgren
and Sourander, 1958; Rodrigue et al., 2011), although we did not measure iron in the present
study. Alternatively, the lower water content of the aging brain could shorten T2. We also
found that older rats have slightly thicker skulls. The resulting greater distance between the
surface coil and the MRS voxel (~0.5 mm) might have contributed to lower SNR. However,
as shown in Supplementary Table 1, the vast majority of neurochemical fits from both older
and younger animals met our study criteria.

The CRLB values provided by the LCModel software indicate reliability of the linear
combination fit used to estimate neurochemical concentrations from in vivo spectra. Higher
CRLB values indicate less reliable measures, and the most common analysis approach in the
literature is to exclude all neurochemical measures with CRLB higher than a designated
cutoff. Because fitting reliability is dependent on spectral resolution and SNR, lower
neurochemical concentrations are more likely to have high CRLB. Thus, excluding these
measures could lead to an overestimation bias in results. An alternate approach is to estimate
values using such methods as multiple imputation. This approach is appropriate for
longitudinal studies when some neurochemicals fall below detection limits at some
timepoints (Harris et al., 2012; Schafer, 1997). In the present cross-sectional study, we used
a weighted averages approach to reduce potential overestimation bias. This approach
includes all values when calculating a group mean, but gives greater weight to measures
with low CRLB, that is, those with a higher confidence. Although this strategy allowed us to
include more data points in our estimates of concentration, we found that a few
neurochemicals did not have adequate spectra for meaningful interpretation across all
experimental groups. Accordingly, Ala, PCho, and PE could not be measured in the aged
cortex.

Previous studies in human and rodent brains point to a decrease of up to 5% in total brain
water content with aging (Chang et al., 1996; Desbordes and Cohadon, 1987; Neeb et al.,
2006; Unterberg et al., 1994). To account for issues that might affect MRS signal (such as
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coil sensitivity, voxel definition, and receiver gain), we used the unsuppressed water signal
from each scan as a correction factor (Provencher, 1993). It is therefore possible that
decreased water in the aged brain resulted in overestimation of the neurochemical
concentrations in aged animals. However, our observation that some neurochemicals are
significantly higher in the aged brain, while others are lower suggests that any potential
effects of water referencing would be small relative to the metabolic changes that occur in
the brain with aging. An age-related difference between water and metabolite relaxation
time could also affect metabolite quantification; to minimize T2 effects we used an ultra-
short echo time (TE = 2 ms) and a recycle time of 4000 ms.

Many of the present results support findings from previous ex vivo MRS studies on tissue
extracted from the aged rat brain (Macri et al., 2006; Paban et al., 2010; Zhang et al., 2009).
However, extrapolation from ex vivo to in vivo findings is not always possible, particularly
for highly labile species such as GSH and neurochemicals such as Lac that accumulate
rapidly after cessation of tissue oxygenation (Chang et al., 1996; Macri et al., 2006). In
addition, it is important to consider rodent strain and sex differences when comparing
animal studies. We used male F344 rats, the most commonly used rat strain for aging
research (Nadon, 2005). Previous rodent studies of brain aging have used male (Katz-Brull
et al., 2002; Paban et al., 2010) and female (Driscoll et al., 2006; Macri et al., 2006; Zhang
et al., 2009) rats. Data from humans suggest that aging might differentially affect brain
chemistry in men versus women (Zahr et al., 2013), however, this has yet to be tested with
in vivo MRS in animal models.

To date, all 1H-MRS studies of aging in both humans and animals have been cross-sectional
in design. From observed group differences, inference can be drawn about increases or
decreases in neurochemical concentrations, but longitudinal studies are needed to truly
confirm changes with age. Longitudinal study design is feasible in animal models because of
shorter life spans, and we emphasize that future longitudinal studies are warranted.

4.7. Conclusions

An understanding of the metabolic changes associated with brain aging is important for
further investigation of normal cognitive decline and brain pathology in elderly individuals.
The current findings demonstrate significant metabolic differences in the hippocampus and
cortex of aged versus younger adult rats. Previous studies have demonstrated both cognitive
(Frick et al., 1995) and motor (Spangler et al., 1994) decline in F344 rats with increasing
age, which are likely due to declining cellular function in specific brain regions including
hippocampus and neocortex. The changes we report in 1H-MRS-visible biomarkers in these
locations suggest specific cellular mechanisms that may be involved in brain aging,
including inflammation, altered bioenergetics, oxidative stress, altered protease activity, cell
membrane turnover, and an endogenous neuroprotective response.

Although many of the neurochemicals we quantify in the present study are not routinely
measured on clinical scanners, technical developments continue to expand the flexibility
of IH-MRS in humans. For example, sequences are now available to quantify NAAG,
GABA, Asc, and GSH on 3T clinical scanners (Choi et al., 2011; Edden et al., 2007;
Mescher et al., 1998). Thus, it would be feasible to translate noninvasive 1H-MRS findings
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in animal models of aging to human studies using existing clinical scanners and sequences.
Noninvasive 1H-MRS quantification of neurochemical biomarkers represents a promising
approach for identifying therapeutic targets, and for testing treatments to preserve or
enhance cognitive function in aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Voxel placement for proton magnetic resonance spectroscopy and sample spectra from the

hippocampus (A) and cortex (B). Images and spectra shown are from an aged (20-month-
old) rat.
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Choline differences with age. Total choline (tCho), the sum of phosphocholine (PCho), and
glycerophosphocholine (GPC), was elevated in the hippocampus and cortex of aged rats
compared with young adults. In the cortex this increase appears to be driven by a significant
increase in GPC, while in the hippocampus the significant increase in PCho predominates.

As discussed in the text, PCho could not be quantified in the aged cortex. Plots show

weighted group means and weighted standard error, * indicates p < 0.005. Abbreviation;

Hippo, hippocampus.
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Fig. 3.
Ratios of metabolically linked neurochemicals in the young and aged brain. Glutamate (Glu)

was significantly lower in the aged hippocampus while glutamine (GIn) was significantly
higher in the cortex of aged animals compared with younger adults. The ratio of Glu to GIn
was decreased in aged animals in both brain regions. Neither phosphocreatine (PCr) nor
creatine (Cr) was significantly different across age in the hippocampus and cortex. However,
the ratio of PCr to Cr was altered with age in both brain regions. Plots show weighted group
means and weighted standard error, * indicates p < 0.005, F indicates p < 0.05.
Abbreviation: Hippo, hippocampus.
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Hippocampus Cortex
Young Aged p-value  Young Aged p-value

Ala 0.45+0.02 0.38+0.03 0.497 0.23+0.03 - -

Asc 280+0.04 248+0.07 0.004 299+008 311+0.12 0.876
Asp 1.83+0.05 150+0.10 0.041 2.39+0.10 142+0.15 <0.0001
Cr 399+0.05 3.77+0.09 0.269 3.63+0.07 3.95+0.17 0.498
PCr 541+0.06 564+008 0.253 499+0.10 461+0.15 0.499
tCr 9.45+0.07 9.46+0.10 0.911 8.61+0.12 8.70+0.20 0.710
GABA 133+0.02 126+0.03 0.774 0.95+0.04 0.82+0.05 0.407
Glc 211+012 311+0.22 0.002 3.73+0.19 482+0.25 0.030
Gln 251+0.05 3.08+0.08 <0.0001 2.91+0.06 3.09+0.12 1.000
Glu 9.97+0.08 9.60+0.16 0.269 10.44+0.16 9.27+0.22 0.003
GPC 0.86+0.02 0.93+0.02 0.28 0.75+0.04 1.22+0.05 <0.0001
PCho 0.24+0.01 0.34+0.03 0.002 0.21+0.02 - -

tCho 1.10+£0.01 1.26+0.02 <0.0001 0.89+0.03 1.23+£0.04 <0.0001
GSH 0.87+0.02 0.91+0.04 1.000 0.81+0.04 0.64+0.05 0.164
Ins 744+0.08 834+011 <0.0001 5.60=*0.10 7.26+0.26 <0.0001
Lac 1.71+£0.10 145%0.11 0.729 1.11+0.11 0.94+0.12 1.000
MM 2.01+£0.02 1.77+0.03 <0.0001 1.83+0.02 153+0.03 <0.0001
NAA 9.24+0.07 9.30+0.09 1.000 9.99+0.13 9.68+0.53 1.000
NAAG 0.91+0.02 1.04+0.04 0.017 0.98 +0.04 1.23+0.06 0.046
PE 1.72+0.03 1.37+0.07 0.0001 1.19+0.08 - --

Ser 094+0.05 0.95+0.10 0.989 1.64 £0.12 231+0.28 0.219
Tau 6.40+0.06 6.25+0.10 0.913 5.29+0.13 476+0.16 0.234

Neurochemical concentrations are expressed as umol/g wet tissue weight. Values are weighted group means + weighted standard error. p < 0.05 is
denoted in bold. Key: Ala, alanine; Asc, ascorbate, Asp, aspartate; Cr, creatine; GABA, gamma aminobutyric acid; Glc, glucose; GIn, glutamine;
Glu, glutamate; GPC, glycerophosphocholine; GSH, glutathione; Ins, myo-inositol; Lac, lactate; MM, macromolecules; NAA, N-acetylaspartate;
NAAG, N-acetylaspartyl glutamate; PCho, phosphocholine; PCr, phosphocreatine; PE, phosphoethanolamine; Ser, serine; Tau, taurine; tCho, total

choline (GPC + PCho); tCr, total creatine (Cr + PCr).
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