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Summary

Altered availability of the brain biochemical glutamate may contribute to the neural mechanisms
underlying age-related changes in cognitive and motor functions. To investigate the contribution
of regional glutamate levels to behavior in the aging brain, we used an /in vivo Magnetic
Resonance Spectroscopy (MRS) protocol optimized for glutamate detection in 3 brain regions
targeted by cortical glutamatergic efferents—striatum, cerebellum, and pons. Data from 61 healthy
men and women ranging in age from 20 — 86 years were used. Older age was associated with
lower glutamate levels in the striatum, but not cerebellum or pons. Older age was also predictive
of poorer performance on tests of visuomotor skills and balance. Low striatal glutamate levels
were associated with high systolic blood pressure and worse performance on a complex
visuomotor task, the Grooved Pegboard. These findings suggest that low brain glutamate levels
are related to high blood pressure and that changes in brain glutamate levels might mediate the
behavioral changes noted in normal aging.
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1. Introduction

The proportion of older adults in the general population continues to grow [49] with the
United Nations estimating that by 2050, 16% of the world’s population will be age 65 and
over [130]. Advanced age is associated with impairments in various cognitive and motor
functions and structural and biochemical changes in selective brain regions [121]. A
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candidate substrate to contribute to decline in function with age is glutamate (Glu), a key
molecule in cellular metabolism, the most abundant neurotransmitter in the mammalian
nervous system, and the principal neurotransmitter of cortical efferents [41,129]. Alterations
to the glutamatergic system have been shown to contribute to compromised cognitive
performance in individuals with neuropsychiatric disorders [62,88,95,108] and may also
contribute to altered cognitive function in healthy aging.

Estimates of brain Glu concentrations can be achieved with Magnetic Resonance
Spectroscopy (MRS), which enables /n vivo quantification of neurochemicals and changes
in such metabolites that may occur over time in healthy aging and disease. Because Glu’s
chemical structure gives rise to multiple resonances that overlap with signals from other
brain metabolites, MRS studies have traditionally quantified the combined glutamate +
glutamine signals (GIx). MRS investigations specifically measuring Glu alone show lower
concentrations with older age in various brain regions including frontal white matter,
parietal gray matter [21,113], motor cortex [56], anterior cingulate cortex, hippocampus
[116], and basal ganglia [21,113]. We previously demonstrated, in a preliminary study, that
MRS-detectable Glu was lower in healthy older adults than young adults in the striatum, but
not cerebellum or pons [139].

The relation between Glu and cognitive and motor functions is seldom assessed using /7
vivoimaging techniques. Indeed, behavioral pharmacology has provided the mainstay of
evidence for Glu’s role in cognition [108]. In rodents, blockade of Glu receptors impairs
spatial working memory [85] and object recognition [136]. In healthy human volunteers,
glutamatergic antagonists (e.g., ketamine) impair performance on tests of verbal [95] and
nonverbal declarative memory [88], verbal fluency, and problem solving [61]. We provided
initial validation of the functional relevance of MRS-derived Glu by showing that the levels
of striatal Glu, but none of the other metabolites measured, correlated selectively with
performance on cognitive tests showing age-related decline [139]. Similarly, a study in
patients with human immunodeficiency virus (HIV) infection found relations between MRS-
derived Glu and cognitive function [39].

Metabolites more commonly evaluated using proton MRS include N-acetylaspartate (NAA),
choline-containing compounds (Cho), and total creatine (tCr). Despite their presence at
relatively high concentrations, the metabolic and neurochemical functions of MRS-
detectable metabolites are controversial. NAA, generally considered to be higher in gray
than white matter [67,117] (but see [50]), and representative of the integrity of mature
neurons [131], may be an osmolyte [127], a source of acetate for myelin lipid synthesis in
oligodendrocytes [71,83], or may play a role in mitochondrial energy metabolism [7,47,97].
tCr, reflecting the substrates available for the brain’s high-energy phosphate metabolism
[114], and higher in gray than white matter [128], may also be an osmolyte [110]. The MRS
Cho signal derived from free choline, phosphocholine, and glycerophosphohcoline [5] is
associated with cell membrane synthesis and turnover, and increases in acute multiple
sclerosis lesions during active myelin breakdown [71] and in acute alcohol intoxication
[140,141].

A meta-analysis of 20 MRS studies published between 1980 and 2006 compared results
between healthy younger (under 60 years) and older (over 60 years) individuals [45]. Of 20
studies, 14 reported no age-related differences in NAA, 2 reported higher concentrations,
while 4 reported lower concentrations with older age. For tCr and Cho, 13 studies reported
no age-related changes, 7 higher levels of tCr, and 6 higher levels of Cho with older age
[45]. Although the reports varied, the meta-analysis implicated a trend for lower NAA and
higher tCr and Cho with older age. In healthy aging, lower NAA may represent a
compromise in neuronal integrity due to changes in mitochondrial energy utilization or fluid
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balance [33]; abnormally high Cho might be attributed to membrane breakdown indicating
demyelination [71]; high tCr levels may likewise indicate demyelination [18], but may also
signify altered fluid balance, gliosis [18], or a shift to higher energy utilization [114].

The current study in individuals ranging in age from 20-86 years old used an /n vivo MRS
method optimized to detect Glu [75]. Three brain regions, the striatum, cerebellum, and
pons, were chosen because they are targets of cortical glutamatergic efferents and their gross
morphology is differentially affected by age [55,105,104,126]. Simultaneous measurement
of NAA, tCr, and Cho with contemporaneously acquired cognitive and motor testing in
healthy men and women across the adult age range allowed us to test the following
hypotheses: 1) NAA and Glu would be negatively correlated and tCr and Cho would be
positively correlated with older age; 2) age-related differences in Glu would be greater in
basal ganglia than in cerebellum or pons; and 3) decline in cognitive and motor functions
would be selectively related to decline in Glu of the basal ganglia over an above the
contribution from variation in striatal gray matter volume. Whether the age effects would be
modulated by sex was an open question.

2. Methods
2.1 Participants

Volunteers were healthy women (n=27, age range = 20 to 85 years) and men (n=34, age
range = 20 to 86 years) recruited from the local community (Table 1); 24 of the 61 subjects
were included in a previous study [139]. All subjects provided written, informed consent to
participate in this study, which was approved by the Institutional Review Boards of SRI
International and Stanford University. Participants underwent a thorough psychiatric
interview by a trained research psychologist using the Structured Clinical Interview for the
Diagnostic and Statistical Manual (DSM) IV-TR to detect diagnoses or medical conditions
that can affect brain functioning (e.g., diabetes, head injury, epilepsy, uncontrolled
hypertension, radiation, or chemotherapy) or preclude MR study (e.g., pacemakers).

Based on a quantitative handedness questionnaire (on which right-handed scores = 14-32
and left-handed scores = 50-70), all but 4 participants, who scored above 50, were right-
handed (average score = 23.5+£11.0)[31]. Older age was associated with higher socio-
economic status (r=.53=, p <.0001)[51], more education (r=.46, p <.0002), and higher
estimated general intelligence (r=.40, p =.0014) based on the National Adult Reading Test
(NART)[86]. On the Dementia Rating Scale (DRS), all participants scored within the
normal range for healthy individuals living in the community (cut-off for dementia <124 out
of 144, average in this sample = 140.2+2.7, range = 133 — 144)[74,133]. Average Body
Mass Index (BMI) was 25.4+4.3 kg/m? and below the mean calculated from 5,200 subjects
participating in the Cardiovascular Health Study (26.3+3.9 kg/m?)[54]. Higher systolic
blood pressure was observed with older age (r=.35, p =.006) and men had a significantly
higher systolic blood pressure than women (t(1,57)=3.27, p=.0018)[26]. Mean arterial
pressure [((2 x diastolic)+systolic)/3] did not show age effects, but was higher in men than
women (t(57)=2.75, p=.0081). Two men and 2 women were current smokers; 6 men and 1
woman were past smokers.

2.2 MRS acquisition

MRS was performed using constant time point-resolved spectroscopy (CT-PRESS; [37]) on
a 3T GE MR scanner. Single voxels were manually positioned in left or right striatum, left
or right cerebellum, and central pons; hemisphere of voxel placement was balanced across
subjects and groups. The following voxel dimensions (medial/lateral x superior/inferior x
anterior/posterior) were used: striatum, 18.7x19.5x29.1mm3= 10.6¢c; cerebellum,
24.1x20.3x20.2mm3 = 9.8cc; and pons, 21.0x15.9x17.8mm?3= 5.9cc. Because of variability
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in the size of the lateral ventricles, the striatal voxel was the least homogeneous among
subjects. Depending on the individual, the voxel may have included, in addition to the head
of the caudate and anterior putamen, portions of the lateral ventricles, internal capsule,
globus pallidus, and thalamus. The acquisition time was ~9 min per voxel: average echo
time (TE) = 139 ms, 129 chemical shift (CS) encoding steps, A¢; /2= 0.8 ms, repetition time
(TR) =2, 2 averages [76]. A scan without water suppression was acquired (17 CS
encoding steps, At; /2= 6.4 ms, 2 averages) to measure the tissue water content used to
normalize the metabolite signal intensities. Data acquired without water suppression aided in
metabolite quantification and were apodized in t, with a 5 Hz Gaussian line broadening and
zero-filled up to 4K points for each TE.

After performing a fast Fourier transform (FFT) along t,, water spectra were evaluated by
peak integration. The amount of CSF and tissue water was estimated by fitting a bi-
exponential model to the data across the 17 TEs [77]. Apodization of the water-suppressed
data entailed multiplication with sine-bell functions in both time dimensions and zero-filling
up to 4Kx1K data points. After performing a 2D FFT, effectively decoupled 1D CT-PRESS
spectra were obtained by integrating the 2D spectrum in magnitude mode along f, within a
+13 Hz interval around the spectral diagonal. The 3 single t resonances (NAA, tCr, and Cho)
were fit simultaneously, and the Glu resonance fit independently, with a Gaussian function
within a £7.95 Hz window using a downhill simplex method (IDL AMOEBA). The
integrated area under the fitted Gaussian was used for quantification. The quality of the
spectra allowed evaluation of signals of the major proton metabolites: NAA (2.01 ppm), tCr
(3.03 ppm and 3.93 ppm), Cho (3.20 ppm), and Glu (2.35 ppm)(Figure 1).

2.3 Structural MRI acquisition

An axial dual-echo Fast Spin Echo (FSE) MRI (field of view = 24 cm, frequency encodes =
256, TEL/TE2/TR = 17/102/7500 ms, phase encodes = 192, echo train length = 8, slice
thickness = 2.5 mm, spacing = Omm) was used for voxel placement and to quantify tissue
and CSF volumes in each voxel. Signal-to-noise ratio was adequately robust to determine
fractions of gray matter and white matter in the striatal voxel with an intensity-based
segmentation routine [e.g., 66] to evaluate whether changes in metabolite levels were related
to changes in the relative proportions of tissue volumes.

2.4 Subject motion detection

Accuracy of voxel placement is potentially affected by subject motion in the time interval
between voxel placement and acquisition as well as during acquisition itself, which can
result in reduced spatial overlap between the prescribed and the acquired voxel volumes. To
exclude voxels with significantly reduced overlap, subject motion was detected by
comparison of the FSE images acquired before MRS acquisition and a 3-plane anatomical
localizer acquired thereafter.

To this end, pre-MRS FSE images were aligned with the post-MRS localizer by rigid image
registration. Without motion, the resulting image-to-image coordinate transformation was
identical to the ideal transformation, which was determined from the scanner image
coordinates as recorded in the DICOM image files. The deviation of the actual from the
ideal transformation (i.e., the difference transformation) represents subject motion between
the FSE used for voxel prescription and the post-MRS localizer scan.

The effect of motion on a voxel depends not only on the detected motion but also on the
location and size of that voxel (e.g., rotation around the center of a voxel has a smaller effect
than rotation by the same angle around a point outside the voxel). To quantify this effect,
binary masks of the prescribed voxel volumes were generated in the space of the FSE
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images. The aforementioned difference transformation was then applied to each prescribed
voxel mask in FSE space, yielding a reformatted voxel mask, also in FSE space, which
represented the voxel that was actually acquired. The overlap of prescribed and acquired
voxel locations was then computed and expressed in percent of the voxel volume. When
there was no motion detected, the difference transformation was the identity transformation,
both voxel masks were identical, and overlap 100%.

There was a clear threshold for partitioning of the ideal-to-actual voxel overlap distribution
at 62% for all 3 regions. MRS data of 1 or 2 voxels were excluded for 8 subjects: 5
cerebellar voxels because of poor spectral quality (2 women, 1 man) or poor overlap (1
woman, 1 man); 4 pontine voxels because of poor overlap (2 women and 2 men). Data from
1 pontine voxel (woman) was never acquired. Thus, data of adequate quality were analyzed
for 61 striatal voxels, 56 cerebellar voxels, and 56 pontine voxels.

2.5 Cognitive / motor assessment

Because of well-known selective brain structure-function relations, tasks were chosen to be
representative of functions subserved by our regions of interest, e.g., Grooved Pegboard for
the striatum and a force platform task for the cerebellum. In addition, because each of the
regions of interest receives cortical glutamatergic afferents, including projections from the
frontal cortex, a variety of frontally-based tasks were also included. All administered tasks
are described in detail below.

Three fluency tests were administered. Phonological fluency, dependent on frontal lobe
areas [17,53], especially the left frontal lobe anterior to Broca’s area [4], required subjects to
say, in one minute per letter, words beginning with the letters F, A, and then S [11].
Semantic fluency, which relies on the integrity of the temporal and parietal lobes, required
subjects to say words, in one minute per category, that were inanimate objects, animals, and
alternatingly birds or colors [87]. The Ruff figural fluency test measures right frontal and
executive cognitive functioning and required that subjects draw unique designs, follow rules,
and ignore distractors [111].

Working memory, subserved by frontostriatal and frontocerebellar systems [14,28,35,98],
was evaluated using the modified Sternberg variable memory load test, for which subjects
remembered 1, 3, or 6 letters over 5s. intervals; score was reaction time (RT) with the
highest load, minus RT with lowest load when the stimulus was present [34,35].

Upper-limb motor tasks included Fine Finger Movements and Grooved Pegboard. The Fine
Finger Movement test requires coordinated action of thumb and index finger. The subject
rotated a small knob as quickly as possible, using thumb and index finger, which in turn
advanced a counter [29]. This test provides an index of fine distal finger movement capacity,
which has been shown to be unrelated to cognitive impairment resulting from cortical
dementia [29]. The Grooved Pegboardtest, which requires complex visual-motor
coordination and unilateral function [48], is a manipulative dexterity test consisting of 25
holes with randomly positioned slots; pegs with a key along one side must be rotated to
match each hole before they can be inserted. Since there was a strong correlation for right-
handed and left-handed Grooved Peghoard performance (r=.75, p=.0001), all analyses used
the average of right- and left-handed performances.

Balance was assessed with a Force Platform paradigm employed while subjects stood,
without shoes, in the center of a Kistler Force Platform (model 9284; Amherst, NY).
Subjects were tested with their feet together, arms relaxed at their sides, and eyes either open
or closed. In the single-processing condition, subjects were asked to stand as still as possible
on the platform while the sway path is measured. A secondary task then added to produce a
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dual-processing condition. In the dual-processing condition, subjects listened, through
speakers mounted on either side of the force platform, to sets of pre-recorded digit strings (9
total). Strings were spoken in 4.5s epochs, followed by 0.5s intervals for the subject
response (50s total= 2s before+45s+3s after). In the easier condition, subjects heard 3 digits
and 2 operands followed by a correct (66%) or incorrect (33%) answer (e.g., 2+5-3 = 4;
3-1+8 = 11) to which they had to respond —yes or —no vocally. In the harder condition,
subjects had to additionally respond —odd or —even in response to the given answer.
Accuracy of answers was recorded while sway path was measured. Each condition was
repeated 3 times. Score was sway path with eyes closed minus sway path with eyes open in
each condition:

eyes closed,single—processing condition—eyes open,single—processing condition
eyes open,single—processing condition; ] ]
eyes closed,dual—processing condition easy—eyes open,dual—processing condition easy
eyes open,dual—%rocessing condition easy;
eyes closed,dual—processing condition hard—eyes open,dual—processing condition hard
eyes open dual—processing condition hard.

For all cognitive and motor measures, raw scores were used for analysis.

2.6 Statistical analysis

3. Results

Laterality effects (i.e., voxel placement in the left or right hemisphere) on metabolite levels
in striatal and cerebellar voxels were tested using paired t-tests. Multivariate analysis of
variance (MANOVA) evaluated regional effects on metabolites (e.g., NAA in striatum,
cerebellum, and pons). Multiple-regression analyses entering age and sex as simultaneous
predictors were used to determine the unique variance contributed by each variable to each
metabolite. Further multiple-regression analyses included additional variables of interest
(e.g., systolic blood pressure). Significant effects (p <.05, 2-tailed) were followed up by
simple regressions or paired t-tests, where appropriate.

3.1 Effects of Hemisphere and Region on Metabolites

The effects of voxel placement (i.e., left or right hemisphere) on metabolite levels in the
striatal and cerebellar regions of interest were evaluated (not applicable for the pons with its
midline voxel placement). Paired t-tests showed that laterality of voxel placement did not
predict metabolite levels in the striatum (NAA: t(59)=1.13, p=.2638; tCr: t(59)=1.07, p=.
2868; Cho: t(59)=.15, p=.8817; Glu: t(59)=.38, p=.7036) or cerebellum (NAA: t(54)=.26,
p=.7984; tCr: t(54)=.42, p=.6770; Cho: t(54)=.86, p=.3946; Glu; : t(54)=1.89, p=.0645);
consequently, data across the 2 hemispheres were combined, and laterality effects were not
considered further.

Separate MANOVAs for each metabolite compared levels across the 3 regions and revealed
that the levels of all 4 metabolites varied regionally (NAA: F(2, 170)=418.41, p=.0001; tCr:
F(2,170)=468.12, p=.0001; Cho: F(2,170)=489.42, p=.0001; Glu: F(2,170)=5.27, p=.006)
(Figure 2). NAA and Cho showed a graded effect: pons>cerebellum>striatum (all
comparisons p=.0001). Regional variability in tCr was also graded: cerebellum>pons>
striatum (all comparisons p=.0001). Glu levels were higher in striatum than cerebellum (p=.
0095) or pons (p=.0038) but were not different between the cerebellum and pons (p=.7600).
Such variability precluded collapsing of metabolite data across the 3 regions; consequently,
all further analyses were conducted separately for each region.
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3.2 Effects of Sex and Age on Metabolites

Multiple-regression analyses included sex and age to predict levels of each of the 4
metabolites in each of the 3 regions (Figure 3). Sex differences were present for NAA
(striatal: t(3,57)=2.91, p=.0052; cerebellar: t(3,52)=2.71, p=.0091; pontine: t(3,52)=3.39, p=.
0013) and Glu (striatal t(3,57)=2.64, p=.0108); cerebellar t(3,52)=2.09, p=.0420); in all
cases, women had higher values than men: NAA striatum: t(59)=2.64, p=.0106, Cohen’s d=.
69; cerebellum: t(54)=2.66, p=.0104, Cohen’s d=.74; pons: t(54)=3.46, p=.0011, Cohen’s
d=.94; Glu striatum: t(59)=2.38, p=.0207, Cohen’s d=.62; cerebellum: t(54)=2.09, p=.0413,
Cohen’s d=.56. After correcting for multiple comparisons (i.e., 3 regions, requiring a p<.
0167), sex differences in metabolite levels persisted for NAA in all 3 regions, but not for
Glu in either the striatum or cerebellum.

Of the 12 comparisons, 6 showed significant age effects on metabolite levels: striatal NAA
(t(3,57)=-3.43, p=.0011), tCr (t(3,57)=—3.69, p=.0005), and Glu (t(3,57)=—3.29, p=.0017)
were lower with older age; cerebellar tCr (t(3,52)=3.53, p=.0009), pontine tCr (1(3,52)=2.28,
p=.0270), and pontine Cho (t(3,52)=3.09, p=.0032) were higher with older age. Only Glu in
the pons showed an age-by-sex interaction (t(3,52)=-2.28, p=.0264), although neither sex
nor age alone predicted levels. After correcting for multiple comparisons, age effects
persisted for 5 of the 6 metabolites (all but pontine tCr).

Sex was a significant predictor of NAA levels in all 3 regions over and above contributions
from either systolic blood pressure or mean arterial pressure. Similarly, age was a significant
predictor of the relevant metabolite levels (i.e., striatal NAA, tCr, cerebellar tCr, pontine
Cho) over and above the contribution from systolic blood pressure with the exception of
striatal Glu. Age (t(3,55)=-2.29, p=.0262), systolic blood pressure ((3,55)=-2.55, p=.0134),
and their interaction (t(3,55)=2.33, p=.0237) significantly predicted striatal Glu levels.

3.4 Effects of Tissue Fraction on Age and Sex Correlates of Striatal Metabolites

Only the striatal voxel could be adequately segmented for tissue fraction [66]. Age but not
sex contributed significantly to the variance in striatal CSF (t(3,56)=3.63, p=.0006), striatal
gray matter (t(3,56)=—3.02, p=.0038), and total striatal tissue volume (t(3,56)=—2.54, p=.
0139). Both age (t(3,54)=—2.04, p=.0464) and systolic blood pressure (t(3,56)=-2.08, p=.
0423) significantly predicted striatal gray matter volume. Age significantly predicted striatal
CSF and total tissue volume over and above the contribution from systolic blood pressure.
Smaller striatal gray matter volumes correlated with lower levels of striatal NAA (r=.28, p=.
0295) and Glu (r=.28, p=.0299).

3.5 Effects of Sex, Age, and Blood Pressure on Neuropsychological Test Performance

Performance was worse in older than younger participants on tests of visuomotor skills and
balance, but not on any of the fluency or working memory measures. A multiple-regression
model (predicting 45.1% of the variance) showed that age (t(3,54)=4.90, p=.0001) and
systolic blood pressure (t(3,54)=2.10, p=.0408), but not sex accounted for significant unique
variance for Grooved Peghoard performance. A multiple-regression model explaining 13.7%
of the variance showed that age (t(3,53)=2.13, p=.0377) but neither sex nor systolic blood
pressure contributed unique variance to sway path in the single-processing condition.
Although performance in the dual-processing, easy condition was sensitive to age (r=28.1,
p=.0308), a multiple-regression model including age, sex, and systolic blood pressure was
not significant. Force platform performance in the dual-processing, difficult condition was
independent of age, sex, and systolic blood pressure.
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3.6 Behavioral and Physiological Correlates of Metabolites

For Grooved Pegboard performance, a multiple-regression model including the metabolites
showing age effects revealed that together the 5 metabolites contributed to 22.7% of the
variance in performance, but that none contributed independently. Thus, multiple-regression
analyses were run repeatedly, each time removing the metabolite contributing least to
variance based on p-values. After striatal NAA and tCr were removed, striatal Glu (t(3,48)=
-2.29, p=.0268) endured as a significant and independent predictor of Grooved Pegboard
performance over and above the contributions from either cerebellar tCr or pontine Cho (the
3 together contributing 22.1% to the variance in performance).

Age, systolic blood pressure, striatal gray matter volume, and striatal Glu together accounted
for 45.8% of the variance in Grooved Pegboard performance. Age and systolic blood
pressure were significant predictors over and above the contributions of striatal gray matter
and striatal Glu. Removing age and systolic blood pressure as predictors from the multiple-
regression model showed that striatal gray matter volume (t(2,56)=-2.21, p=.0310) and
striatal Glu (t(2,56)=—-2.13, p=.0377) each significantly predicted Grooved Peghoard
performance. Parsing the variance indicated that striatal Glu (7.1%) and striatal gray matter
volume (7.2%) accounted for similar proportions of the variance considered (Figure 4a).

For sway path in the single-processing condition, a multiple-regression model indicated that
the 5 metabolites showing age effects together accounted for 26.3% of the variance in
performance and that striatal NAA ((5,46)=-2.32, p=.0249) was a significant independent
predictor of performance over and above the contributions of the other metabolites. Striatal
NAA (t(4,53)=—2.54, p=.0140) was also a significant independent predictor of sway path
over and above the contributions of age, sex, and striatal gray matter volume (together
accounting for 23.3% of variance in performance); by itself, striatal NAA accounted for
20.5% of the variance considered.

Age (t(2,56)=3.21, p=.0022) and sex (t(2,56)=—3.59, p=.0007), together accounting for
28.9% of the variance, each significantly predicted systolic blood pressure. Systolic blood
pressure, in turn, significantly predicted striatal Glu levels (t(1,57)=-2.79, p=.0071) and
striatal gray matter volume (t(1,56)=-2.93, p=.0049)(Figure 4b).

4. Discussion

Normal aging, that is, aging without concomitant neurological disorders, is associated with a
specific profile of cognitive decline. Alterations to Glu homeostasis have been hypothesized
to contribute to such decline [120]. Because Glu’s chemical structure gives rise to multiple
MRS resonances that overlap with signals from other metabolites, namely glutamine and
NAA, there are relatively few reports that quantify Glu independently. As a consequence,
few studies have focused on the functional significance of age-related alterations to the
glutamatergic system. Evidence for age-linked cognitive changes to the glutamatergic
system has been derived primarily from correlations between rodent behavior and Glu
receptor levels measured with in vitro autoradiography [e.g., 90,91]. Our previous /n vivo
results, however, yielded a spectroscopic Glu signal with adequate signal-to-noise ratio to
demonstrate a substantial correlation between lower levels of striatal Glu and poorer
performance on cognitive tests showing age-related decline [139].

The current results in 61 healthy individuals (age range 20-86) corroborate our earlier MRS
study that included data from 12 young (25.5+4.34 years) and 12 older (77.67+4.94 years)
healthy participants [139]. The regional metabolite variation (highest NAA and Cho in the
pons, tCr in the cerebellum, and Glu in the striatum) and the pattern of metabolite changes
with older age (lower tCr and Glu in the striatum, higher tCr in the cerebellum, and higher
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Cho in the pons) in this larger sample replicated the pattern observed in the discontinuous-
age comparison study. The present findings extend previous results by demonstrating sex
differences: relative to women, men had lower NAA in the striatum, cerebellum, and pons.
These sex differences persisted after accounting for the potential confounding effects of
systolic blood pressure or mean arterial pressure. Furthermore, the current study revealed
that striatal Glu levels were predicted by systolic blood pressure and in turn predicted
performance on a complex visuo-motor task.

4.1 Effects of Laterality and Region on Metabolites

Statistical analyses comparing voxel placement in left versus right striatum or left versus
right cerebellar hemisphere demonstrated that laterality of placement did not predict
metabolite levels; consequently, data across the 2 hemispheres was combined. Consistent
with a number of human MRS studies [e.g., 3,42,59,94], the current report reveals regional
neurochemical heterogeneity. The pons, dense in both nuclei and white matter fiber tracts,
has been shown in several MRS studies in healthy normal adults to have higher levels of
NAA and Cho than other brain regions [3,72,79,84,112]. The cerebellum, relative to other
brain regions, has high levels of tCr [3,79,101,128] and high levels of creatine kinase (which
catalyzes the production of ATP) [52], possibly due to its higher energy demands compared
with other brain regions [57]. A previous study showed regional variability of Glu with
higher levels in the motor cortex than corona radiata [56], while another, comparing frontal,
parietal, and occipital gray matter, did not [101].

4.2 Effects of Sex on Metabolites

Higher levels of NAA in striatum, cerebellum, and pons of women than men were
independent of the effects of systolic blood pressure or mean arterial pressure and may be
related to intrinsic sex differences in the brain such as a greater density of neurons (higher
number of viable neurons per unit of gray matter) in some brain regions of women than men
[137]. In general, however, MRS studies have not identified sex differences in NAA levels
(cortical gray matter [10,23,36,59,101,109,112], subcortical gray matter [23],
supraventricular white matter [23,36,101,103], thalamus [59,101,112], hippocampus
[36,59], cerebellum [101], or basal ganglia [8,36,59,112,134] but see [42]).

4.3 Effects of Age on Metabolites

Whereas striatal NAA levels showed only a statistical trend towards lower levels in our
previous study, they were significantly lower with older age in the current, larger study.
Previous studies reported either significant [2,45,67,103] or negligible
[1,9,24,42,43,64,100,115,119,122] age-related differences in NAA in healthy men and
women. In some brain regions, there is evidence both for and against the vulnerability of
NAA to age (e.g., frontal: for [16,38], against [20,22,46,56,109]; occipital: for [27], against
[109,115]; and basal ganglia: for [22,46], against [6,8,134]), while in other brain regions,
evidence is generally consistently for (temporal regions [2], hippocampus [38,118], and
midbrain [84]) or consistently against (parietal white matter [46,65,78,115] and pons
[30,84]) age-related compromise in NAA levels. Lower levels of striatal NAA with older
age might reflect the vulnerability of the striatum to volume loss as suggested by results of
in vivo structural imaging [13,44] and postmortem evaluation [107]. An alternative
interpretation for decreased striatal NAA with older age is altered metabolic activity.
Metabolic compromise in older age [e.g., 58,73,81] may result from age-related
mitochondrial dysfunction [68] as recently suggested by a 13C/IH MRS study showing that
mitochondria can lose oxidative capacity with advancing age [12]. Indeed, lower levels of
striatal NAA may represent a compromise in mitochondrial energy metabolism [7,47,97].
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In our study, levels of tCr in the striatum were lower in older than younger individuals while
levels in the cerebellum were higher in older than younger individuals. Much of the
available evidence suggests that tCr levels are higher in older age [45] in specific regions
including cortical (e.g., frontal and parietal) white [2,24,65,99,100,115,119] and gray matter
[20,99,100], temporal lobes [2], and pons [84]. While age-related increases in tCr levels
have been proposed to reflect gliosis, available pathological data do not support this
interpretation [69]. Instead, higher and lower levels of tCr with age may reflect changes in
cellular energy metabolism [24]. The current results hint at the intriguing possibility that as
striatal function is compromised, activity and energy utilization (reflected by higher levels of
tCr) in the cerebellum increase in compensation [125].

Cho in the pons was higher in older than younger participants [123], consistent with other
MRS studies of aging in regions including cortical gray matter [2,99,100], temporal [2] and
parietal [56,65] regions, and the pons [84]. Abnormally high pontine Cho may reflect
membrane breakdown [71] or age-related demyelination [93].

Striatal Glu levels were lower in older than younger individuals. The direction of change is
consistent with other human MRS studies, that succeeded in isolating the Glu peak. Those
studies observed lower Glu concentrations in older age in the hippocampus, anterior
cingulate cortex [116], motor cortex [56], frontal white matter, parietal gray matter, and
basal ganglia [21,113].

Glu is found predominately in neurons [92,96]; glial and extracellular Glu levels are
relatively low [138]. NAA, like Glu, is also localized primarily in neurons and is considered
to be a marker of mature neurons and neuronal integrity [82,131]. The present study showed
a strong positive correlation between lower levels of striatal NAA and Glu and smaller
striatal gray matter volumes. These relations support the contention that the MRS-derived
Glu signal is primarily neuronal.

There are at least two potential sources of neuronal Glu in the striatum. One is the
population of medium spiny neurons, which account for 95% of cells in the striatum.
Although Glu might be expected to be present in GABAergic medium spiny neurons in a
metabolic pool and as a precursor of GABA, immunohistochemical studies have shown that
Glu concentration is low in GABAergic neurons [92,124]. The second, more likely source of
neuronal Glu in the striatum is in axon terminals of corticostriatal projections. Corticofugal
connectivity is interrupted in aging [70], and the amplitude and clearance of K*-evoked Glu
release in the striatum is significantly decreased in aged as compared to middle-aged and
young Fischer rats [89]. These findings support the contention that lower striatal Glu levels
might represent fewer or less effective corticostriatal projections. This interpretation is also
supported by evidence for age-related striatal volume loss that has not been shown as
attributable to loss of medium spiny neurons [13,32,60,106]. If striatal volume loss with age
is not due to loss of medium spiny neurons, it might instead reflect volume loss due to fewer
cortical glutamatergic fibers in the striatum. Autoradiography of postmortem rodent and
human tissue demonstrating lower Glu receptor binding with older age in basal ganglia
regions [80,132] may also reflect a decrease with age in cortical innervation of the striatum.

To confirm that cortical fibers are indeed the source of MRS-derived Glu in the striatum,
additional experiments are necessary. Spectroscopic imaging, which permits whole-brain
quantification of proton metabolites, would enable measurement of Glu in cortical regions
and striatum simultaneously. If spectroscopic imaging demonstrated that Glu levels in both
cortical regions and the striatum are lower with older age, this would suggest that
corticostriatal fibers are the source of striatal Glu. MRS-derived quantification of GABA
would also be helpful in distinguishing whether Glu in the striatum is derived from cortical
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projections or from intrinsic medium spiny neurons. Lower striatal GABA levels with age
would support the latter possibility, i.e., that lower striatal Glu with age reflects loss of
GABAergic medium spiny neurons in the striatum.

4.4 Behavioral and Physiological Correlates of Metabolites

Striatal NAA predicted balance performance in the single-processing condition. A relation
between postural balance and integrity of basal ganglia structures has been reported in the
context of Parkinson’s disease [e.g., 15], but relatively little work has explored the
relationship in healthy controls. Additional studies are necessary to interpret the relevance of
striatal NAA to postural stability.

Predictors of Grooved Pegboard performance included age, systolic blood pressure, striatal
gray matter volume, and striatal Glu. After age and systolic blood pressure were removed
from the multiple-regression model, it was found that both striatal gray matter and Glu
contributed to the variance in performance on the Grooved Pegboard. These results are
notable in that striatal Glu superseded NAA as a correlate of performance on the Grooved
Pegboard. A previous study demonstrated a relationship between lower Glu in parietal gray
matter and worse performance on the Grooved Pegboard task in individuals with HIV
infection [39]. Such results indicate a biologically relevant significance to the MRS-derived
Glu signal.

Age and sex were significant predictors of systolic blood pressure. Higher systolic blood
pressure was associated with lower striatal gray matter volume and striatal Glu. A similar
inverse relationship was recently demonstrated between mean arterial pressure and
hippocampal Glu levels [135]. Lenticulostriate arteries supply the head of the caudate
nucleus, anterior internal capsule, and putamen [63], which are all regions included in the
striatal voxel. A significant decrease in the number of lenticulostriate arteries was observed
in patients with hypertension compared with nonhypertensive volunteers [25]. In a sample of
500 patients, 33% presented with silent infarctions in the territory of the lenticulostriate
arteries and were noted to have high systolic and diastolic blood pressure [19]. Infarcts
involving the lenticulostriate arteries result in motor abnormalities characterized by facial
and upper extremity weakness in 2/3 of patients [63]. Importantly, while hypertension and
consequent cerebral atherosclerosis has often been associated with cognitive decline,
hypertensive patients can suffer from cognitive decline even with no /in vivo signs of
cerebrovascular disease [102]. The current study suggests that high blood pressure may be a
mechanism whereby cognitive function is compromised. Indeed, systolic blood pressure was
better than striatal Glu inpredicting performance on the Grooved Pegboard.

4.5 Limitations

A significant difference between the current study and our earlier one based on a smaller
sample [139] was the attenuation of correlations between striatal Glu and the various
cognitive and motor measures. A possible explanation is that whereas in the initial study,
age-related decline was demonstrated for cognitive domains including fluency and working
memory, few age effects on behavior were forthcoming in this larger sample. Our key MRS
results in the current sample (decreased striatal NAA, increased cerebellar tCr and pontine
Cho) corroborate the results of a meta-analysis of MRS findings in aging [45], but a
distinction between this and several other MRS studies was the detection, herein, of sex
differences in the levels of NAA. Such discrepancies may be due to a variety of factors,
including regional variation in NAA, voxel size, voxel placement (affecting gray matter/
white matter/CSF distribution), whether tissue (gray matter, white matter, CSF) fraction is
considered, method of metabolite quantification, including the spectral fitting method used,
quality of the data, and quality of shimming and water suppression.
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Despite our consideration of many such variables in the acquisition and quantification of the
current data, there were limitations we were unable to overcome. For example, partial
volume effects within the voxel due to mixed contributions of brain tissue and CSF were
accounted for by normalizing the metabolite data to the amount of tissue water as estimated
from MRS data acquired without water suppression. Tissue was not further differentiated,
but gray (0.745) and white (0.615) matter have insignificantly different water content [40],
so differing contributions should only have had minor effects on metabolite quantification.

Furthermore, due to the relatively long average TE of 139ms in CT-PRESS, transverse
relaxation (T2) could have significantly influenced metabolite signal intensities and the
reported changes could be due to changes in metabolite T2s. Because CT-PRESS data are
acquired at different TEs, T2 information encoded in the data could potentially be extracted.
However, the signal-to-noise ratio of the current MRS dataset was insufficient for a reliable
estimate of metabolite T2s.

Finally, in contrast to using creatine as an internal reference, correcting for voxel tissue
water requires an additional acquisition of a data set without water suppression. This
increases the risk for motion between the 2 acquisitions, which could affect metabolite
quantification. The acquisition of a localizer scan at the end of the MRS acquisition,
however, allowed us to screen for motion and indicated insignificant misregistrations
between the vast majority of acquisitions.

4.6 Conclusion

Single voxel, proton MRS revealed brain regional, sex, and age variations in a sample of 61
healthy individuals aged from 20 to 86 years old. Notable findings include an age-related
decline in striatal Glu that is potentially the consequence of high blood pressure. Selective
correlations between low striatal Glu levels and poor performance on the Grooved Pegboard
test provide evidence for age-related decline in selective functions mediated by striatal
glutamatergic substrates.
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Figure 1.

Representative spectra from younger (magenta) and older (green) women.

*Ehemicaf shift [pp]

a.u. = arbitrary units. (striatum: younger = 22 years, older = 71 years; cerebellum: younger =
34 years, older = 85 years; pons: younger = 31 years, older = 79 years)
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Metabolite levels by region: red circles represent women, blue squares represent men. The
green diamonds represent the means and standard errors for each group while the gray lines

indicate the mean across the 2 groups. W = women, M = men, a.u. = arbitrary units.
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Figure 3.
Linear-regression plots of metabolite levels by age in either women (red) or men (blue). W =
women, M = men, a.u. = arbitrary units.
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Table 1

Group Demographics: means, standard deviations, and ranges

Age SESP

Female(n=27) 48.8+22.3 (20.4—85.0) 258+11.7 (11— 54)
Male(n=34)  48.1+19.4 (20.0- 86.3) 27.1+12.3 (11-58)
P valued 0.9006 0.6606

aZ-talied t-tests;
b, . .
Socio-Economic Status;
[ .
National Adult Reading Test;
a . .
Dementia Rating Scale;
e
Body Mass Index;

fBIood Pressure

Neurobiol Aging. Author manuscript; available in PMC 2014 April 01.

Page 25



