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Neurobiology of Disease

A Calorie-Restricted Diet Decreases Brain Iron
Accumulation and Preserves Motor Performance in Old
Rhesus Monkeys
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Caloricrestriction (CR) reduces the pathological effects of aging and extends the lifespan in many species, including nonhuman primates,
although the effect on the brain is less well characterized. We used two common indicators of aging, motor performance speed and brain
iron deposition measured in vivo using magnetic resonance imaging, to determine the potential effect of CR on elderly rhesus macaques
eating restricted (n = 24, 13 males, 11 females) and standard (n = 17, 8 males, 9 females) diets. Both the CR and control monkeys showed
age-related increases in iron concentrations in globus pallidus (GP) and substantia nigra (SN), although the CR group had significantly
less iron deposition in the GP, SN, red nucleus, and temporal cortex. A Diet X Age interaction revealed that CR modified age-related brain
changes, evidenced as attenuation in the rate of iron accumulation in basal ganglia and parietal, temporal, and perirhinal cortex.
Additionally, control monkeys had significantly slower fine motor performance on the Movement Assessment Panel, which was nega-
tively correlated with iron accumulation in left SN and parietal lobe, although CR animals did not show this relationship. Our observations
suggest that the CR-induced benefit of reduced iron deposition and preserved motor function may indicate neural protection similar to

effects described previously in aging rodent and primate species.

Introduction

Caloric restriction (CR), a reduction of calories without changes
in essential nutrient intake, reduces the pathological effects of
aging and extends the lifespan in many species, including yeast
and nematodes (Weindruch and Walford, 1988), rodents
(Masoro, 2005) and nonhuman primates (Mattison et al., 2007;
Colman et al., 2009). CR diets started in middle-aged rhesus
monkeys reduce overall mortality and morbidity, sarcopenia
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(Colman et al., 2008), and insulin resistance (Gresl et al., 2001)—
possibly via decreases in oxidative stress (Wanagat et al., 1999;
Forster et al., 2000) or alterations in internal metabolic and sig-
naling pathways (Masoro et al., 1992; Anson et al., 2003; Masoro,
2005; Qin et al., 2006). Although less understood, the effects of
CR on the brain are similarly protective: CR increases dendritic
spine density (Stranahan et al., 2009), increases astrocytic func-
tions including glutamate uptake (Ribeiro et al., 2009), reduces
cortical amyloid deposition (Mouton et al., 2009), and attenuates
iron accumulation (Xu et al., 2008) after CR diet in both young
and old rodents.

One cross-species marker of aging in the brain is an increased
concentration of non-heme iron (Dhenain et al., 1997; Zecca et
al., 2001, 2004a; Péran et al., 2007). The concentration and dis-
tribution of iron accumulation have been well established histo-
logically, with the highest rates of deposition near striatal regions,
globus pallidus (GP), and substantia nigra (SN), and moderate
accumulation in cortical gray matter with relative sparing of
white matter (Hallgren and Sourander, 1958; Koeppen, 2003;
Haacke et al., 2005). Much of this non-heme brain iron is stored
in ferritin, a spherical protein that sequesters crystallized iron in
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Table 1. Animal characteristics

Control Diet restricted
N 17 24
Sex (male/female) 9/8 13/M
Age (years) 233*07 246 = 0.5
Total Brain Volume (ml) 8572 =19 81.83 =26

Age and Total Brain Volume per group are represented by the mean and SEM.

high local concentrations (Martin et al., 1998; Zecca et al.,
2004a). Iron stored in ferritin causes magnetic field inhomo-
geneities, shortening the transverse relaxation time constant
T2 and increasing the relaxation rate (R2) of nearby protons,
creating a signature signal hypointensity on T2-weighted MR
images (House et al., 2007). Several histological investigations
have demonstrated high correlations between iron concentra-
tion and iron deposition measured with MR (Drayer et al.,
1986; Bizzi et al., 1990; Bartzokis et al., 1997; Gelman et al.,,
1999; Hardy et al., 2005), resulting in an acceptance of T2 or its
inverse, R2, as a biomarker of brain aging (Schenck and Zim-
merman, 2004). A second common measure of the progres-
sion of aging is motor performance, which decreases with age
in humans and monkeys (Gash et al., 1999). Perhaps not co-
incidentally, iron is higher in brain regions associated with
motor function such as GP and SN.

The primary aim of these analyses was to determine the po-
tential effect of CR on brain iron and motor function in aged
rhesus monkeys. We hypothesized that CR would attenuate the
normal effects of age on brain iron deposition, as indexed by
decreased T2 or increased R2, in iron-rich regions including the
nigrostriatal pathway. We also hypothesized that CR animals
would exhibit better manual dexterity and faster fine motor per-
formance and that motor speed would be related to iron load in
subcortical areas, such as GP.

Materials and Methods

Animals. Forty-one rhesus monkeys (Macaca mulatta) between the
ages of 18 and 31 years were scanned and included in the analyses
(Table 1). The animals were all from the Dietary Restriction and
Aging Study at the Wisconsin National Primate Research Center
(WNPRC). Length of the CR diet ranged from 12 to 17 years, and was
initiated when animals were in middle age. Details of the protocol
have been reported previously (Kemnitz et al., 1993). CR animals
(n = 17; 8 males, 9 females) were fed 30% less chow than control
animals (1 = 24; 13 males, 11 females) of a similarly formulated diet
supplemented to achieve comparable vitamin and mineral content
between CR and controls. Ferric citrate within the mineral mix was
the only source of iron in the diet (0.12% of total chow composition).
The CR and control diets respectively contained 294 mg/kg and 206
mg/kg iron. The rooms were maintained on a 12 h light/dark cycle,
and scans were typically conducted during the morning hours. The
magnetic resonance imaging (MRI) scans of 7 additional monkeys
were excluded from analysis due to poor quality images caused by
head movement despite the anesthesia. The research protocol was
approved by the Institutional Animal Care and Use Committee, and
the WNPRC is fully accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care.

Dietary iron intake and peripheral iron. Food intake for each animal
was calculated daily, and the average amount of iron consumed from
a chow ration per week was calculated for each animal over a 2 year
period around the time of scan to achieve a complete view of iron
intake during the study. To characterize iron uptake and assess
whether circulating iron is related to ferritin-bound brain iron, serum
levels of iron were assayed. Whole blood was centrifuged to derive
serum and a standard chemistry panel was then run on a COBAS
INTEGRA analyzer (Meriter Laboratories). Relevant hematology
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measures such as hematocrit (Hct), hemoglobin (Hgb), and mean
corpuscular volume (MCV) were examined near the time of scan to
determine whether monkeys exhibited characteristics of anemia or
iron overload (Kemnitz et al., 1993).

MRI acquisition. The monkeys were scanned on a GE 3T Signa scanner
using a quadrature transmit-receive volume coil with 18 cm diameter.
The axial T2 relaxation scan was a multiple-slice, four-echo, spin-echo
pulse sequence with four echoes at echo time (TE) = 15, 30, 45, and 60
ms. Other parameters included: TR = 2000 ms, flip angle (FA) = 90°,
field of view (FOV) = 160 mm, matrix = 256 X 256, slice thickness = 1.7
mm. This sequence resulted in a voxel size of 0.625 X 0.625 X 1.7 mm
across 24 slices. The slice prescription was such that there was full cover-
age of deep gray structures and temporal lobes. A whole-brain T2-
weighted Fast Spin Echo (FSE) (TE = 88.5 ms, TR = 4500 ms, FA = 90°,
FOV = 160 mm, matrix = 512 X 512, slice thickness = 1.7 mm) or a
T2-weighted 3D FSE (TE = 81.556, TR = 2300 ms, FA = 55°, FOV = 140
mm, matrix = 512 X 512) was also acquired and used during processing
to achieve accurate normalization to a T2-weighted atlas (McLaren et al.,
2009). Additionally, a whole-brain T1-weighted scan (parameters re-
ported by McLaren et al., 2010) was acquired to aid in skull-stripping the
brains. Animals were anesthetized before the scan with ketamine (up to
15 mg/kg) and xylazine (up to 0.6 mg/kg).

Absolute and accurate T2 measurements with multiple-echo pulse
sequences can be optimized using slice-selective refocusing pulses and
crushers for removing stimulated echoes (see Poon and Henkelman,
1992 for a review of T2 mapping issues) and stimulated echoes can cause
the T2 to be overestimated. However, the signal obtained in this study is
modulated primarily by T2 and, based on previous studies, is known to
correlate highly with absolute T2 measurements.

Image analysis. The transverse relaxation rate, T2, was calculated by
first performing log transformations of the voxel signal intensity data
for all 4 TEs and then linear-fitting the slope according to the mono-
exponential Spin Echo signal intensity equation (Poon and Henkel-
man, 1992).

SPM5 was used for all coregistration and normalization steps (Ash-
burner and Friston, 2000; Mechelli et al., 2005; Ridgway et al., 2008).
T2 Relaxation maps for each animal were normalized to our T2-
weighted Rhesus Macaque atlas (McLaren et al., 2009) to obtain a
common space for voxelwise analysis using a three-stage process.
First, we estimated the transformation matrix needed to coregister the
TE45 volume of the echo relaxation image to the T2-weighted image
from the same individual using a 6-parameter transformation. Next,
we estimated the transformation matrix needed to spatially normalize
that individual’s T2-weighted image to a previously published T2-
weighted atlas using a 12-parameter affine transformation. The T2-
weighted atlas template (McLaren et al., 2009) was created from nine
monkeys (none of which overlapped with the current analysis) and is
registered with the histological atlas of Saleem and Logothetis (2007).
No nonlinear transforms were performed because the reduced vari-
ability of the rhesus brains fit the atlas space within approximately a
millimeter without them. Finally, the two transformation matrices
were combined (i.e., TE45 — T2 and T2 — T2 atlas) to warp the T2
relaxation maps to 112RM-SL atlas space and were re-sliced to 0.5
mm isotropic voxels. T2-weighted images were manually de-skulled
using a brain mask traced from high-resolution T1 images acquired
during the same scan session before normalization to reduce the im-
pact of skull information on the registration between brains.

Full factorial analyses of covariance (ANCOVAs) of the T2 images
were conducted in SPM5 to examine the main effects of Age and Diet
Group, as well as the Age X Diet Group interaction (Ashburner and
Friston, 2000). Sex and Total Brain Volume (TBV) were included as
covariates. The effect of sex was controlled for because some studies
suggest females have less brain iron accumulation (Bartzokis et al.,
2007). To minimize false-positive results, an omnibus F-contrast for
Age, Diet Group, and Age X Diet Group at a liberal voxelwise thresh-
old of @ = 0.05 (uncorrected) was used to mask all further contrasts.
Separate one-tailed t tests were then conducted to examine: (1) the
negative association of Age, based on the prediction that T2 should
decrease with age (i.e., increased iron accumulation); (2) whether the
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CR group had increased T2, based on the prediction that CR should
attenuate iron accumulation; and (3) the Age X Diet Group interac-
tion, where control animals would show the expected decrease in T2
signal per year of age versus no such relationship for CR monkeys.
TBV was calculated from automated segmentation of the T2-
weighted images using FAST in FSL (Zhang et al., 2001) and entered
in the model to account for any possible confounding influence of
global volume on relaxation signal.

A voxel threshold of @ = 0.005 (uncorrected) was used for all
contrasts based on a priori regional hypotheses involving specific
subcortical structures and T2. Multiple-comparison correction was
performed using estimates from a Monte Carlo simulation with Al-
phaSim (http://atni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.
pdf) to achieve a corrected cluster-level & = 0.05 (Forman et al.,
1995). The Monte Carlo simulation estimates the probability of gen-
erating a cluster with 680 voxels based on randomly computed images
with the same dimensions, voxel probability threshold, and smooth-
ness parameters as MRI images input for analysis, which can be used
as a threshold to remove small clusters likely to be significant only by
chance. Although violation of non-stationarity is a concern for cluster
correction of imaging data, our use of a 4 mm FWHM kernel does not
appreciably bias the true a when using this permutational estimate of
cluster size (Hayasaka et al., 2004).

Motor performance testing. We used an automated monkey Movement
Assessment Panel (mMAP) testing system (Gash et al., 1999) to test the
motor performance times of the animals retrieving small food items from
a receptacle chamber. A day’s testing session consisted of 12 trials, with
equal trials between the right and left hand. The trial was initiated when
the tester placed a small food item (e.g., a piece of cereal) into the center
of the food receptacle. The trial was completed when the monkey re-
moved the food from the receptacle and withdrew its hand back into the
home cage. There was a 30 s delay before the next trial was initiated. The
process was repeated until six trials had been completed with each hand.
Monkeys were given 45 s to retrieve food before the trial was aborted.

Three tests of increasing level of difficulty were evaluated for each
animal. The platform task (level I difficulty) required the removal of a
small food item from a level platform in the food receptacle. The straight
rod task (level IT) involved maneuvering the food item up a straight rod.
The g-mark task (level III) required the animal to thread the food item
over a question mark-shaped rod in the receptacle. Each task was tested
for 10 d before progressing to the next level of difficulty. Mean manual
performance speed was computed for each session for: (1) the amount of
time it took a subject to initially move its hand into the outer testing
chamber (“reaction time,” or RT); (2) the time spent in the outer cham-
ber (“coarse” movement); and (3) the time spent removing the object
from the inner chamber and withdrawing the hand (“fine” movement).
Motor performance of a given animal, for each task, was divided into an
“acquisition” phase during which the animals learned the task and im-
proved their performance with each trial and a subsequent “proficiency”
phase during which the animals’ performance reached an asymptote.
Task proficiency was determined by examining when a subject-specific
asymptote in performance occurred throughout the consecutive series of
12 trials per session; a scree test was used for this determination (Cattell,
1966).

Behavioral and peripheral iron statistics. Multivariate repeated-
measures analyses of covariance (MANCOVAs) were used as omnibus
analyses to test RT, coarse, and fine motor performance for each of the
tasks (platform, rod, g-mark). ANCOVA was used for post hoc testing
between controls and CR monkeys. ANOVA tested differences in dietary
iron intake, peripheral serum iron, and hematology variables. To explore
whether CR-induced changes in central iron and motor performance
were related, one-tailed split-level correlations were conducted between
motor performance indices and regional T2 signal changes that were
statistically different between CR and control monkeys. Maximal values
of clusters generated from the Diet Group or Age X Diet Group analyses
were used as regressors to test for associations between regional iron
deposition and behavior. We predicted that controls would show slower
motor performance as central iron increased in these maximal cluster
values, whereas CR animals would not show this relationship. All behav-
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Table 2. Age correlation cluster statistics

Region Voxel T Cluster size X, ¥, Z(mm)
Left globus pallidus 4,05 783 —10,20, 14
Right globus pallidus 3.43 683 8,21,14

ioral analyses included Age and Sex as covariates. Alpha was set at 0.05.
Analyses were conducted using SPSS 16.0.

Results

There was no significant Age, TBV, or difference in percentages of
males and females between the two dietary groups (Table 1).
There were no differences in hematology characteristics (Hgb,
Hct, MCV) between the two groups as assessed with the blood
panel after an initial year of CR (Kemnitz et al., 1993) and prox-
imal to the time of scan.

Effect of diet on dietary iron intake and peripheral serum iron
Based on mineral composition of the chow and the average
amount of chow eaten per week, CR monkeys consumed sig-
nificantly more iron per week than control monkeys (CR,
34.37 = 1.31 mg/week; Control, 29.52 *= 1.48 mg/week)
(F(1 30y = 5.45, p < 0.05). However, monkeys on CR (152.4 *
5.81 pg/dl) and control (167.7 = 10.4 pg/dl) diets had similar
levels of circulating serum transferrin-bound iron (F, 5, =
1.48, p = 0.231). This result suggests that despite greater iron
consumption, there were no overt differences in iron uptake
from the diet and peripheral partitioning of iron between tis-
sue and the blood compartment.

Across all subjects, dietary iron intake was not significantly
associated with peripheral serum iron or central iron accumula-
tion that differed as a function of dietary condition (see below).
Yet, higher levels of circulating serum iron were associated with
higher T2 signal in SN within the left [r(41) = 0.34, p < 0.05] and
right [r(41)=.36, p < 0.05] hemispheres. The relationship was
not significant with other regions of interest (ROIs) that differed
due to dietary condition (see below).

T2 correlations with Age

In a combined analysis of CR and control monkeys, we found a
significant negative correlation between Age and T2, indicating
an increase in iron deposition in older animals, in several deep
gray matter structures including the GP and SN bilaterally (Table
2, Fig. 1). The opposite contrast, where Age was positively corre-
lated with T2, revealed clusters predominantly within CSF spaces
adjacent to the midbrain and the parietal lobes. One possible
explanation for this finding is that CSF has a shorter relaxation
time than brain tissue and that the results suggest age-related
atrophy in these areas.

T2 differences between Diet Groups

We next investigated the effect of the two dietary conditions on
T2. Brain regions in which CR monkeys had higher T2 values
than controls (i.e., less iron accumulation) included the GP, up-
per brainstem near red nucleus (RN), SN, and temporal cortex
(Fig. 2). The significance and extent of each cluster can be found
in Table 3, where the coordinates are reported in 112RM-SL
space. There were no significant regions in which controls had
higher T2 than CR monkeys.

T2 Diet Group by Age interactions
Finally, we investigated the direct effect of diet on the age
gradient decline in T2 to examine the protective effect of CR,
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which would emerge as a significant in-
teraction between Age and Diet Group.
Regions in which Age and T2 correla-
tions had a significantly steeper slope
for controls compared with CR mon-
keys were the parietal and temporal cor-
tices, striatal regions, SN, RN, and
hippocampus (Fig. 3, Table 4).

mMAP motor performance

The motor performance of all 41 monkeys
was evaluated. However, a subset of ani-
mals did not finish the full set of tasks: 33
animals completed the platform and rod
tasks, and 28 completed the q-mark task.
Those subjects unable or unwilling to per-
form did not differ by dietary group (Con-
trols, 7; CR, 6). All animals that completed
tasks were included in the analyses.

A repeated-measures MANCOVA first
examined all motor indices for a given
task (platform, rod, g-mark) during both
initial acquisition and asymptotic profi-
ciency. A Motor Task by Dietary Group
interaction indicated that CR monkeys
performed the q-mark tasks more quickly
overall than controls (Fs 1,5 = 4.26,p <
0.05), but not the platform or rod tasks
(data not shown). A subsequent omnibus
tested whether or not groups exhibited
differing motor performance for any of
the motor indices (RT, coarse, fine) during
acquisition and proficiency phases across
the three mMAP tasks. For fine motor
movement, a Motor Index by Dietary
Group interaction requiring Huynh-Feldt
correction indicated that CR monkeys were
faster overall for the motor components of
each task (F 0,125 = 3.68, p < 0.05). Post
hoc analyses across motor indices and
tasks were then conducted. Subjects had
similar RT, coarse, and fine motor times
for the platform and rod tasks (Fig. 4). To
account for the influence of sustained mo-
tivation and attention during the q-mark
task for RT, coarse, or fine motor move-
ment, acquisition and proficiency perfor-
mance during the platform and rod tasks were included as
covariates. RT and coarse movement did not differ between
groups in the g-mark task. CR monkeys performed fine motor
movements in the inner chamber faster during the acquisition
(F(1.22) = 4.72, p <0.05) and proficiency (F(, ,,) = 5.42,p < 0.05)
phases of the task.

Figure1.

Figure 2.

T2 and g-mark motor performance associations

Given that only fine motor performance for the g-mark task
differed between groups (Fig. 5), exploratory split-level corre-
lations were conducted to assess the extent to which lower T2
among Dietary Group or Age X Dietary Group ROIs were
associated with this change. For ROIs related to the main effect
of Dietary Group, controls with lower T2 in the left SN took
longer to perform the task during the acquisition phase
[r(10) = —0.59, p < 0.05]; CR monkeys did not show this

0.8
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Effect of Age

Left Globus Pallidus (-10, 20, 14)

75

50

25+

Covariate-Adjusted T2 Signal

18 20 22 24 26 28 30 32
Age At Scan

The correlation of Age at scanand T2 signal. Statistical parametric map of significant decreases in T2 signal were found
within bilateral globus pallidus. The maximum voxel in the left hemisphere s plotted and depicts the main effect. As Age increases,
the T2 signal decreases and represents increased iron concentration. The voxel and cluster thresholds were, respectively, p << 0.005
(uncorrected) and p << 0.05 (corrected).

Effect of Diet Group

Left Globus Pallidus
(-10, 20, 14)

Covariate-Adjusted T2 Signal

CR Control
Diet Group

1.6 24 3.2

T2 relaxation signal differing by Diet Group. Statistical parametric map indicating decreased T2 signal (i.e., increased
iron deposition) in control versus CR monkeys in basal ganglia, red nucleus, substantia nigra, and temporal cortex. A peak voxel in
left globus pallidus represents the main effect of Group as bar graphs. Lower T2 values among controls correspond to increased
brain iron. The voxel and cluster thresholds were, respectively, p << 0.005 (uncorrected) and p << 0.05 (corrected).

relationship [r(18) = 0.30, p = 0.11]. A similar pattern of
associations was seen in an Age X Dietary Group cluster en-
compassing right dorsal superior temporal sulcus, where con-
trols with lower T2 values also had slower fine motor
acquisition performance [r(10) = —0.56, p < 0.05]. This ef-
fect was not seen in CR monkeys [r(18) = —0.20, p = 0.31].

Discussion

Several measures of aging in old monkeys, including sarcopenia,
poor glucoregulation, and atrophy of gray matter in the CNS are
favorably affected by a CR diet (Gresl et al., 2003; Colman et al.,
2008, 2009; Anderson et al., 2009). Less is known, however, about
CR’s protective effect on two other markers of brain aging: the
accumulation of iron and deteriorating motor performance. Iron
concentrations increase naturally with age in deep nuclei (stria-
tum, GP, SN, and RN) in both humans (Bartzokis et al., 2007;
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Table 3. Dietary Group difference duster statistics

Region Voxel T Cluster Size X,,Z (mm)
Red nucleus 343 1170 2,4,4
Left globus pallidus 33 765 —11,14,13
Right globus pallidus 3.28 703 10,16, 14
Left substantia nigra 3.21 788 —4,10,13

Age x Diet Group Interaction Effect

Superior Temporal Sulcus (26, 0, 25)
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Péran et al., 2007; Xu et al., 2008) and monkeys (Hardy et al.,
2005; Cass et al., 2007). Motor deficits also increase with age, and
can progress clinically to age-related disorders (Herndon et al.,
1997; Lacreuse et al., 1999; Nagahara et al., 2010). In the present
study, we confirmed the age-associated increase of iron in a num-
ber of brain regions that typically show the most accumulation
with age, as indexed by robust negative
correlations between Age and T2 in GP
and SN (Hallgren and Sourander, 1958;
Koeppen, 2003; Haacke et al., 2005).

We also observed a main effect of diet
on motor performance and brain iron ac-
cumulation in deep brain nuclei. Levels of
iron concentration were lower in CR
monkeys than controls in GP and SN bi-
laterally, and left RN. In association with
these neural effects, the CR group per-
formed significantly faster than controls
on the q-mark task (3.08 vs 3.75 s). These
task performance speeds are compara-
A ble to the values reported by Cass et al.
(2007), who used the same motor battery

18 20 22 24 26 28 30 32
Age at Scan

Figure 3.

(uncorrected) and p << 0.05 (corrected).

Table 4. Group-modified iron accumulation differences with Age

Cluster
Region VoxelT  Size X,y,Z(mm)
Left occipital 458 11213 —17,-19,20
Left parieto-occipital area 4.08 =23, 4,21
Left ventral intraparietal area 3.56 —15,7,26
Dorsal bank of superior temporal sulcus 4.46 3558 26,0, 25
Right hippocampus/dentate gyrus 3.98 13177 14,2,14
Left ventral posterior lateral thalamus 3.82 —5,7,16
Right hippocampus 3.72 —11,0,16
Right ventral bank of superior temporal sulcus 3.7 1558 25,10,6
Right dorsal bank of superior temporal sulcus 2.8 20,16, 4
Left perirhinal gyrus 3.66 1353 —9,11, —4
Fine Motor Performance During Different mMAP Tasks
e
£ 5
(3]
e *
@ 34
£
F 2
14
0 Acq. Prof. Acq. Prof. Acq. Prof.
Platform Rod Q-Mark
Figure4.  Fine motor performance during mMAP and the effect of Dietary Group. Color bars

represent mean time required to complete the fine motor component of the platform, rod, or
g-mark task during the acquisition (Acq.) and proficiency (Prof.) phases for control and CR
monkeys. Unlike the more simple motor tasks, CR monkeys exhibited faster fine motor perfor-
mance during both test phases. *p << 0.05 for ANCOVA at a given phase.

The differing association of T2 relaxation signal and Age as a function of Dietary Group. As Age increased per year,
controls showed significantly lower T2 signal (i.e., increased iron deposition) versus Diet Group monkeys within the temporal lobe,
including perirhinal cortex (A), superior temporal sulcus (B), and bilateral hippocampus (C). Other subcortical structures included
substantia nigra and thalamus (C, D). Clusters were also seen in the parietal and parieto-occipital regions (E, F). A representative
voxel in dorsal superior temporal sulcus depicts the interaction. The voxel and cluster thresholds were, respectively, p << 0.005

in assessments of middle-aged (15-17
years) and elderly (21-32 years) monkeys.
The CR animals in our cohort performed
the task at the same level as Cass’ middle-
aged monkeys (3.08 and ~3.25 s, respec-
tively) despite being nearly 10 years older
onaverage. Although these changes in fine
motor movement may be influenced by
differences in food motivation among CR
monkeys (Raman et al., 2007) or atten-
tional processes, these possibilities were controlled for by cova-
rying their performance on both of the simpler platform and rod
tasks. Additionally, because we covaried for the effects of age and
sex, related variables such as arm strength or sex-specific fine
motor differences would not have influenced the results. CR in
monkeys and rodents confers protection from age- or substance-
related decline in several motor domains besides fine motor
movement, including hand-eye coordination and balance (Duan
and Mattson, 1999; Ramsey et al., 2000; Maswood et al., 2004). In
humans, comparable deposition in SN pars compacta and
changes in motor performance are observed in connection
with neurodegenerative diseases, including Parkinson’s dis-
ease (Gorell etal., 1995) and Alzheimer’s disease by itself (Zhu
et al., 2009) or with parkinsonism (Brar et al., 2009).

Indeed, our findings complement studies examining
several Parkinson’s disease-like motor and neural deficits in
rodents and rhesus monkeys caused by 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), which induces oxidative
and metabolic stress akin to the accumulation of more reactive
oxyhydroxy forms of intracellular iron (Tipton and Singer,
1993). Mice or monkeys given MPTP exhibited deficits in
motor speed, coordination, and locomotion compared with
baseline, but animals on long-term CR recovered more
quickly than dietary controls (Duan and Mattson, 1999;
Maswood et al., 2004). This improvement corresponded to
reduced depletion of dopamine in striatum and more tyrosine
hydroxylase-positive neurons in SN and striatum, indicating
preservation of dopamine-rich neurons. CR therefore broadly
reduces oxidative stress in basal ganglia across species with
corresponding benefits in a variety of motor tasks.
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Finally, the influence of age on iron ac-
cumulation was positively modulated by
CR in caudate, SN, red nucleus, hip-
pocampus, parietal, and temporal corti-
ces. This iron homeostasis suggests that
CR slowed the aging process in these re-
gions. A flattening of the aging slope con-
curs with previous findings suggesting a
protective effect of CR, including gray
matter volume preservation in CR mon-
keys (Colman et al., 2009). Improved mo-
tor performance and manual dexterity in
the CR animals further underscores the
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functional significance of these findings. 2 2

Fine motor deficits in the g-mark task
were evident in the split-level correlations
with iron accumulation. Increased iron
was associated with slower food retrieval
time in left SN and left parietal cortex for
control but not CR monkeys. However,
discerning whether there is high specific-
ity for these neural associations with only motor performance
will require further study and is beyond the scope of this report.

Iron homeostasis in the gut and brain is tightly regulated to
minimize oxidative damage (Bishop et al., 2007). It is likely that
changes in these regulatory systems mediate linear age-related
increases in ferritin and perhaps neuromelanin iron sequestra-
tion in BG among microglia and, to a much lesser extent, dopa-
minergic neurons (Zecca et al., 2004a,b). As animals age, the rate
of nonenzymatic glycation between proteins and sugars in-
creases, leading to the production of advanced glycation end
products (AGEs) and subsequent free radical production (Yan et
al., 1996). Mitochondrial dysfunction in electron exchange trans-
port systems also produces free radicals as a function of age
(Parker et al., 1994). The generation of reactive oxygen species
causes a strong compensatory response of the cell to increase
antioxidant activity by upregulating ferritin production to bind
excess redox-ready iron and reduce related toxicity (Halliwell
and Gutteridge, 1990; Lovell et al., 1995; Young and Woodside,
2001; Grosser et al., 2004; Recalcati et al., 2008; Ansari and Scheft,
2010).

Despite this tightly managed homeostasis, excess iron in
the cytosol increasingly becomes integrated with unstable
complexes such as hemosiderin and induces oxidative stress—
which may occur due to dysregulated mitochondria-bound
transport complexes releasing bound iron (Mastroberardino
et al., 2009). Microglia could additionally release proinflam-
matory cytokines such as interleukin-6 that can act in a para-
crine manner on neurons, mediating induction of oxidative
stress and diffuse atrophy (Willette et al., 2010). By contrast,
there are many more neuromelanin cells in the locus ceruleus,
which appear to buffer against excess iron accumulation
through chelation (Zecca et al., 2004b). There is also much less
iron that accumulates in this area compared with BG, perhaps
due to the lack of dopamine-rich neurons that require rela-
tively more iron to drive mitochondrial electron transfer
(Mastroberardino et al., 2009).

Although the CR group had slightly higher levels of dietary
iron intake, both groups had similar levels of peripheral non-
heme iron, suggesting that peripheral uptake did not mediate
CR-induced decreases in central iron accumulation. Further,
the negative correlation of serum iron and T2 signal in SN
points to compensatory changes in central transport or uptake

Figure 5.

this relationship.
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Association of result map-derived ROI with the acquisition phase of fine motor performance during the g-mark task.
Among representative voxel maxima in left substantia nigra and the right dorsal bank of the superior temporal sulcus, control
animals with greater iron deposition (i.e., lower T2 signal) performed the task more slowly. By contrast, CR monkeys did not show

mechanisms. Higher peripheral transferrin induces epithelial
cells of the blood—brain barrier to have a reduced capacity
both for binding transferrin and for transferring iron ions into
the interstitium of brain (Moos, 2002), downregulating cen-
tral accumulation and potential neurotoxic effects in areas
such as SN (Gorell et al., 1995; Zecca et al., 2004a; Unger et al.,
2007). CR has been shown to maintain the hypothalamic-
pituitary-gonadal axis, which in turn maintains perfusion
(Wilson et al., 2008). Lifelong 40% CR in mice improves
blood-brain vascular integrity and reduces neuronal loss after
induction of thiamine deficiency, which upregulates reactive
iron, iron sequestration proteins, and oxidative stress in mi-
croglia (Calingasan and Gibson, 2000). CR may likewise
reduce age-related blood—brain barrier permeability and pa-
renchymal iron influx.

Other possible mechanisms by which CR could regulate iron
accumulation include changes in transferrin receptor binding
potentials on neurons (Roskams and Connor, 1990) or altera-
tions in the amount of soluble intracellular iron sequestered into
ferritin versus ion use in protein synthesis or efflux into intersti-
tial CSF (Bradbury, 1997). Finally, CR may also act intracellularly
by lowering energy metabolism (Masoro et al., 1992; Fontana,
2009), subsequently downregulating AGEs, oxidative stress
(Zainal et al., 2000; Kayo et al., 2001), and possibly a compensa-
tory increase in L-ferritin binding. It was not feasible to directly
examine histological tissue to test these hypotheses in this ongo-
ing, longitudinal study. Such samples will be collected at time of
death to examine ferritin binding potential and other intracellu-
lar mechanisms.

Monkeys on a CR diet show reduced iron accumulation in the
GP, SN, and temporal cortex compared with controls, in addition
to showing less correlation between iron concentration and Age
in GP and SN. Consumption of a CR diet from middle age slows
the rate of iron accumulation in parietal and temporal cortices,
GP, SN, and RN. CR monkeys showed preservation of motor
performance, appearing similar to published reports of monkeys
10 years younger, which were associated with the iron determi-
nation in brain areas associated with motor function. Our obser-
vations suggest that the CR benefit of reduced iron deposition
and preserved motor function may indicate neural protection
similar to effects described previously in aging rodent and pri-
mate species.
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In the original version of the article “A Calorie-Restricted Diet Decreases Brain Iron Accumulation and Preserves Motor Performance in
Old Rhesus Monkeys” by Erik K. Kastman, Auriel A. Willette, Christopher L. Coe, Barbara B. Bendlin, Kris J. Kosmatka, Donald G.
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