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Abstract

Curcumin has recently been shown to be a potential treatment for slowing or ameloriating
cognitive decline during aging in our nonhuman primate model of normal aging. In these same
monkeys, we studied for the first time the neurological impacts of long-term curcumin treatments
using longitudinal magnetic resonance imaging (MRI). Sixteen rhesus monkeys received curcumin
or a vehicle control for 14-18 months. We applied a combination of structural and diffusion MRI
to determine whether the curcumin resulted in structural or functional changes in focal regions of
the brain. The longitudinal imaging revealed decreased microscale diffusivity (mD) measurements
mainly in the hippocampus and basal forebrain structures of curcumin treated animals. Changes in
generalized fractional anisotropy (GFA) and grey matter density (GMd) measurements indicated
an increased grey matter density in cortical ROIs with improved white matter integrity in limbic,
cerebellar, and brain stem regions. These findings suggest that noticeable changes in the neuronal
environment could be induced from long-term curcumin treatments. Results may provide a
neurological basis on the recent findings demonstrating improved spatial working memory and
motor function in nonhuman primates.
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1. Introduction

Studies of both humans and non-human primates have demonstrated that age-related
cognitive decline begins as early as the fifth decade and typically the earliest changes
occurring in the domain of executive function which is mediated by the prefrontal cortex
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(Cahn-Weiner et al., 2000; Fristoe et al., 1997; Lai et al., 1995; Moore et al., 2003, 2006;
Hara et al., 2012; Leon et al., 2016). Interestingly, there is also significant evidence for age-
related changes in PFC white matter and myelin (Bowley et al., 2010; Drag and Bieliauskas,
2010; Guttmann et al., 1998; Makris et al., 2007; Peters and Sethares, 2002) and it is thought
that inflammation may underlie this white matter pathology and myelin breakdown and
therefore anti-inflammatory comounds are potential interventions (Cornejo and von
Bernhardi, 2016; Xie et al., 2013).

Curcumin, a naturally occurring compound of the ginger family and the primary active
ingredient in the spice turmeric, is a powerful anti-inflammatory and anti-oxidant and
therefore may slow or delay progression of age-related changes in cognitive functions (Cox
etal., 2015; Aggarwal and Harikumar, 2009). In fact, epidemiological studies revealed a
potential link between curcumin consumption and a lower prevalence of cognitive decline in
older adults (Ng et al., 2006) and studies with animal models also support that curcumin
could help prevent deficits in memory and cognitive function during the aging process
(Dong et al., 2012; Nam et al., 2014).

Using our non-human primate model of normal aging, we have administered oral doses of
curcumin to middle-aged rhesus monkeys in order to determine whether the monkeys would
experience improvement in cognition. The monkeys receiving commercially available
Longvida® Optimized curcumin that was manufactured and supplied by Verdure Sciences
(Noblesville, IN).revealed a delayed pattern of decline in their spatial working memory and
motor function (Moore et al., 2017, 2018).

The enhancement of cognitive performance in our monkeys could be due to increases in
neurogenesis (Dong et al., 2012), neurotransmitter modulation (Kumar et al., 2010) or
suppressing glia-induced inflammation (Yuan et al., 2017). Moreover, increases in
inflammatory microglia and subsequent myelin damage in these animals have been shown to
correlate with such impairments (Peters and Kemper, 2012; Shobin et al., 2017). Likewise,
inflammation can lead to myelin damage with age, which may slow conduction velocities in
important white matter tracts (di Penta et al., 2013; Cragg and Thomas, 1961; Smith and
Koles, 1970; Babbs and Shi, 2013). However, curcumin has been shown to up regulate the
regeneration of myelin sheaths after injury (Yu et al., 2016). Specifically, curcumin has
significant effects in cortical and sub-cortical regions including the medial prefrontal cortex
(Noorafshan et al., 2017), the hippocampus (Liu et al., 2014; Zheng et al., 2017), the
amygdala (Zhang et al., 2012) and the spinal cord (Yuan et al., 2017). In monkeys the
hippocampus plays a significant role in spatial and recognition memory, while more
contributions to the latter is expected (Beason-Held et al., 1999). There are also emerging
evidences for the complementary roles between the hippocampus and cortical structures in
spatial memory functioning (Wang and Morris, 2010; Koo et al., 2013). Hence, differential
effects of curcumin are thereby expected across the cortical and subcortical structures in
rhesus macaques. However, the precise actions of curcumin in the brain remain unclear.

Recently, magnetic resonance imaging (MRI) has been successfully applied to assess the
effect of curcumin in vivo. Structural MRI (T2 and T2* imaging) in rat model of spinal cord
injury (Yuan et al., 2017) and stroke (Miao et al., 2016) revealed successful differentiation of
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the curcumin treatment effects. Although those studies limited the use of MRI to qualitative
assessment on the treatment effect, structural MRI has been also proven to offer a key
imaging marker for assessing changes in the brain in other studies (Alexander et al., 2008;
Wisco et al., 2008; Koo et al., 2012). Diffusion MRI is another imaging solution which
could tackle changes in the brain in micro-scale. The tissue water diffusion information can
be potentially sensitive to many factors including axons, dendrites, myelinated fibers or non-
neuronal components (Gulani et al., 2001; Anwander et al., 2010; McNab et al., 2013).
Therefore, variations in the tissue environment might be expressed in a mixture of diverse
diffusion patterns, such as microscopic (i.e., hindered) and fast diffusivities. Each of these
variant patterns can be captured in specific ranges of diffusion encodings in MRI. Recent
studies have shown that micro-scale diffusion can be a sensitive measurement to the micro-
structural changes in the brain (Jespersen et al., 2010), such as the astroglial plasticity
induced by learning task (Blumenfeld-Katzir et al., 2011) or mild traumatic brain injury
(Singh et al., 2016). Since previous findings on curcumin pinpointed subneuronal changes
(Dong et al., 2012; Yuan et al., 2017), diffusion MRI is expected to provide in-depth figure
on monitoring treatment effects.

This current study sought to investigate the effects of long-term curcumin treatment on the
rhesus macaque brain. It is, to our knowledge, the first in-vivo imaging assessments of the
long-term curcumin treatments on rhesus monkeys, a developed model for normal aging. All
monkeys in the treatment group received curcumin treatment for 14—-18 months. We then
applied structural and diffusion MRI to determine whether the observed effects of curcumin
can be localized to a specific area of the brain.

Methods

2.1. Subjects

Seventeen, behaviorally naive, middle-aged adult (11-21 years of age), male and female
rhesus monkeys (Macaca mulatta) were recruited in this study. All of the monkeys were
obtained from a national primate research facility or private vendor and had known birth
dates and complete health records. Before entering the study, monkeys received medical
examinations that included serum chemistry, hematology, urine analysis, and fecal analysis.
Although all monkeys received same imaging and cognitive assessments, one female
monkey was excluded for the analysis due to the reconstruction error on the follow up scan.
Age- and gender information of 16 monkeys are listed in the Table 1.

The monkeys were individually housed in colony rooms where they were in constant
auditory and visual range of other monkeys in the Animal Science Center (ASC) of Boston
University Medical Campus. This facility is fully AAALAC approved and animal
maintenance and research were conducted in accordance with the guidelines of the National
Institutes of Health and the Institute of Laboratory Animal Resources Guide for the Care and
Use of Laboratory Animals. All procedures were approved by the Institutional Animal Care
and Use Committee of the Boston University Medical Campus. Diet consisted of Purina
Monkey Chow (Purina Mills Inc., St. Louis, MO) supplemented by fruit with feeding taking
place once per day, immediately following behavioral testing. All monkeys were fed 12—-20
biscuits per day based on their weight. During testing, small pieces of fruit or candy were
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used as rewards. Water was available continuously. The monkeys were housed under a 12-h
light/dark cycle with cycle changes occurring in a graded fashion over the course of an hour.
Following a quarantine period, acclimation to the colony room and baseline testing,
monkeys were randomly assigned to either a control or curcumin treatment group.

Prior to beginning daily control or curcumin administration, all monkeys were initially
familiarized with behavioral testing in a Wisconsin General Testing Apparatus (WGTA)
where they were trained to displace a single gray plaque on a wooden testing board to obtain
a reward. Monkeys then were administered the delayed non-matching to Sample task
(DNMS), a benchmark recognition memory task that assesses the ability of subjects to
identify a novel stimulus from a familiar stimulus following a 10-s delay interval.

The day after reaching criterion on the initial acquisition of the DNMS basic task, the
monkeys were randomly assigned to either the curcumin treatment or control groups and
began receiving their daily dose of 500 mg of dietary curcumin treatment or control for 2
weeks. This dosage of curcumin was chosen based on review of several clinical trials
(https://clinicaltrials.gov/ct2/results?cond=&term=curcumin&cntry=&state=&city=&dist=).

The curcumin used in this study was Longvida® Optimized curcumin that was
manufactured and supplied by Verdure Sciences (Noblesville, IN). Their formulation is
optimized natural curcumin that was lipidized for enhanced bioavailability (https://vs-
corp.com/longvida/). The control was dextrin and tartrazine (to match the color of active
curcumin). The curcumin and control were mixed with approximately 120-150 ml of yogurt
or Prima-BurgerTM (BioServ, Flemington, NJ) and frozen. A single treatment was given to
each monkey following cognitive testing each day. Treatments were also administered on the
weekends and holidays. A technician observed the monkey to confirm the treatment was
eaten completely. If a monkey would not eat the treatment (e.g., discarding or dropping it
into the waste pan of their cage), a second treatment was given. Monkeys ate the treatments
(both the control and curcumin) on more than 98% of the study days.

At the end of the 2-week period of initial dosing with curcumin or control, monkeys began
the first of three rounds of cognitive testing, while continuing daily doses of curcumin or
control. At the end of each round of testing, the monkeys were not tested for 8 weeks, but
continued to receive their daily dose of curcumin or control. At the end of the 8-week
period, they began the next round of testing, while continuing to receive daily curcumin or
control. During each round of cognitive testing (approximately 6-8 months in duration),
monkeys completed the following cognitive tests: Re-acquisition of DNMS delays (2-min
delays), and Delayed Recognition Span Task (Spatial, DRSTsp) and our task of fine motor
function, the Hand Dexterity Task (HDT) (See Moore et al., 2017, 2018 for details).

Briefly, the findings from the cognitive testing were that monkeys receiving daily oral doses
of curcumin evidenced a greater improvement in performance on the DRSTsp task, as
compared with monkeys that received a control substance (Table 1). In contrast, there was
no difference between the curcumin and control group on DNMS with a 120-s delay. In
addition, monkeys receiving curcumin demonstrated no changes on the fine motor task
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(-0.58 + 1.6%) in round 2 of testing compared to round 1 while control group showed
declined pattern (-9 + 3.8%).

Imaging

Magnetic resonance imaging was completed prior to entering the study and at the end of
each round of testing. All experiments were performed on a whole body 3 T MRI Philips
scanner (Philips Medical Systems, Best, the Netherlands). For all scans, monkeys were
sedated with Ketamine (10 mg/kg), an 1V line was then placed in the saphenous vein and a
continuous Propofol IV infusion (0.3-0.4 mg/kg/min) was started. Monkeys were then
intubated and all critical vital signs were monitored through the scan time.

The radio-frequency (RF) coil used for this experiment was the 6-channel synergy receive-
only head coil, while RF transmission was done through the quadrature body coil. The six
channels in the head coil were combined in quadrature mode. Monkeys were secured in an
MRI-compatible stereotactic head-holder designed to fit within the RF coil used for the
experiment.

Structural MRI image was acquired using a T1-weighted 3D-turbo field echo (TFE)
sequence that was fully optimized to provide high signal to noise ratio (SNR) and high gray-
white matter contrast at high resolution with following parameters: TR/TE 7 ms/3 ms, flip
angle 8, NEX 6, intershot delay 2800 ms, TFE factor 200, voxel size: 0.6/0.6/0.6 mm,
sagittal plane acquisition. Diffusion Spectrum Imaging (DSI) was collected based on the
diffusion spectrum imaging scheme (Wedeen et al., 2008). DSI parameters were as follows:
voxel size of 2 mm isocubic, FOV 5 160 mm, TR/TE 3590/50, number of directions 128,
multiple high b-values, half Q-space acquisition, NSA 5 1, flip angle 5 90, sense factor of 2
in the AP direction, with a total scan time of approximately in 35 min.

Image processing

To provide a unified analysis framework, we applied the same anatomical definitions to both
T1 and DSI analysis. Processing was done based on the pipeline, which applied in our
previous study (Koo et al., 2013). However, there were some modification on the pipeline. In
this study, we applied INIA19 rhesus monkey template for segmentation and automatic
labeling of local region of interests (ROI) in the subject brain. INIA19 template was
registered to the subject structural MRI based on linear transformation. Template’s tissue
prior information was also transformed to the structural MRI using the same parameters
obtained in the previous step and used for the basis on tissue segmentation (Zhang et al.,
2001). Gray matter tissue segment was used as gray matter density (GMd) for the analysis.
Nonlinear transformation was then applied to the template to register it into the structural
MRI (Greve and Fischl, 2009). Template’s predefined ROIs were then non-linearly
transformed to the structural MRI to extract regional average GMd in each ROIs in the
subject space.

DSI was registered to the structural MRI following the motion and eddy current distortion
correction (Jenkinson et al., 2012). Subject ROIs in the structural MRI space were then
inverse transformed to the DSI to define regions in the diffusion MRI. Q-space imaging
method (Yeh et al., 2010) were used for the reconstruction of diffusion parameters. Three
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dimensional probability information on the diffusion displacement was calculated in each
voxel in the brain scans and then formed the spin distribution function. Micro-scale
diffusivity (mD) was modeled for partial diffusion encoding length based on the weighted
sum of partial spin distributions below upper bound of the diffusion displacement (Yeh et al.,
2016). In this study, we applied same upper bound used in our previous study (Koo et al.,
2018) for calculating the micro-scale diffusivity maps. We also calculated generalized
fractional anisotropy (GFA) based on the spin distribution in g-space reconstruction. GFA
has been used for quantifying micro-structural integrity (similar to fractional anisotropy in
diffusion tensor imaging) for g-space diffusion imaging. Mean value of mD or GFA were
calculated based on the subject ROIs in diffusion space.

2.4. Statistical analysis

Percent change in the follow-up from the baseline imaging was calculated based on the
following formula: (followup — baseline)/baseline x 100. Mean values of each ROIs in each
group were calculated and assessed for differences between the groups. Independent sample
Estatistics was used to test the group differences. Age was controlled. A permutation
approach (Anderson and Robinson, 2001) using 10,000 iterations was used to calculate
statistical inferences for all statistical analyses.

3. Results

3.1

Micro-scale diffusivity (mD)

The curcumin treated group showed decreased mD patterns in the follow-up observations.
Statistically significant change patterns were confirmed mainly in sub-cortical ROIs. ROIs
revealing statistically significant differences are shown in Fig. 1 and Table 2. In the left
hippocampal ROIs (#428, #438 and #74), a 12 to 15 percent decrease in mD from baseline
measurements were shown in the curcumin treated group while control groups showed
increased mD in those ROIs. Group differences in mD percent change values were shown in
the dendate gyrus (#438). Adjacent to the left hippocampus, the left entorhinal ROI (#166)
and the lateral geniculate nucleus (#130) revealed significant decreases in mD in post-
treatment compared to the baseline scans in the curcumin treated group. Two ROIs in the
basal forebrain structures (#454, #968) also showed a decrease in mD in post-treatment
scans. Statistical values on these ROIs are listed in Table 2.

Decreased mD in the follow-up scans were also confirmed in ROIs in the brain stem (#608,
#621). The right middle cerebeller peduncle (#608) showed 18.38% decrease in mD for the
curcumin group (t = —2.31, corrected p < 0.05). Also, the right side of the pontine nuclei
showed about 13 percent decrease in post scan mD measurement whereas the control group
revealed 25 percent increase in average. In those regions highlighted from mD mapping, no
significant changing patterns were observed in other imaging measures (Fig. 1A,C,D,F). In
the cortex, only 2 ROIs (#215, #556) revealed significant group differences in percent
change on mD. The left fronto-orbital gyrus (#556) and the right superior temporal gyrus
were highlighted from the mD mapping.
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3.2. Generalized FA (GFA) and gray matter density (GMd)

GFA and GMd mapping also highlighted ROIs in the sub-cortical and the brain stem (Fig. 2
and Table 2). However, there were additional ROIs shown in the cerebellum, prefrontal and
inferior temporal ROIs. All ROIs with significant group differences in GFA did not overlap
with the ROIs shown in mD assessments.

In GFA, the curcumin treated group revealed significant group differences in percent change
measure of the right hippocampal ROls, #930 and #668. However, the patterns were not
consistent across the ROIs. Curcumin treated group revealed increased patterns in the former
(#930) while decreased patterns shown in the latter ROl (#668). Control group showed an
opposite pattern in those ROIs to the curcumin group (see Table 2, GFA section). In the sub-
cortical region, left basal forebrain nucleus (#466) showed increased pattern while control
group showed opposite pattern. GFA measure also highlighted ROIs in the brain stem (#358,
#361). The curcumin treated group showed increased GFA in the brain stem and both ROIs
were in the opposite side of the brain stem to those shown in the mD mapping (#608, #621).
In cortical and cerebellar gray matter ROIs (#213 and #229), the curcumin group showed
decreased GFA percent change pattern. Moreover, the left middle frontal gyrus revealed
highest group difference pattern (T = —2.87, correct p < 0.01) among other GFA percent
change measures.

In GMd assessments, the left entorhinal area (#166) was highlighted for significant group
differences in percent change value. Similar to the mD assessments, the left enthorhinal area
in curcumin treated group showed decreased patterns. Other 2 hippocampal ROIs also
revealed decreased pattern in GMd (#425 and #432). Control groups showed all increased
pattern in those ROIs. Highest group differences in GMd were shown in the right lateral
amygdala nucleus (#691) and the biventer lobule of cerebellum (#755). All cortical ROIs
showed increased patterns in GMd in the follow up scans of curcumin group (#509 and
#507).

4. Discussions

In this study, 10 mid-aged rhesus monkeys received curcumin treatments and 6 age and
gender matched control monkeys were recruited for comparison. Multi-modal in-vivo
imaging including structural and diffusion MRI was used to investigate potential
longitudinal effects of curcumin in the brain over a two year period. Structural MRI was
used to assess changes in the local gray matter structures while the diffusion MRI was
applied to capture micro-structural information in brain regions. From the diffusion MR,
mD mapping was used to detect sub-neuronal or micro-glial changes. GMd was used to
measure macroscopic tissue changes, while GFA was used to assess generalized diffusivity
patterns in the brain. Considering the faster aging process in rhesus monkeys compared with
humans, 14-18 months of curcumin treatments applied in this study could be considered as
up to 4.5 years of treatments in humans. To our knowledge, this is the first attempt to
investigate effects of curcumin on the brain in non-human primate model of normal aging.

Here, we have shown that noticeable changes in the neuronal environment could be induced
from the long-term curcumin treatment. Among all imaging indices, mD revealed a
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consistent decrease in patterns across ROIs with the highest changing rate compared to other
imaging measures. The hippocampus (#438, #428) and the basal forebrain structures (#454,
#968, #130) were highlighted in mD with the highest level of significance in group
comparison, while there were additional ROIs covering cortical (#215, #556) and brain stem
(#608, #621). Additionally, GFA measurements revealed decreased patterns in the prefrontal
(#213) and cerebellar gray matter (#229), whereas increased patterns were found in sub-
cortical and brain stem ROIs. We also confirmed increased GMd in cortical gray matter
ROIls (#5009, #507).

4.1. Anti-inflammatory effects of curcumin

4.2. Subtle

In normal aging, primates have shown a reduction in cognitive abilities associated with
myelin damage and white matter loss (Peters and Kemper, 2012). Although the cause of this
pathology has yet to be fully determined, recent evidence suggests that inflammatory and
phagocytic microglia may be involved (Shobin et al., 2017). Particularly, chronic
inflammation accumulating with age can induce microglia to become hypertrophic and
release cytokines, which may lead to surrounding tissue damage and inhibition of myelin
repair (Karperian et al., 2013; von Bernhardi et al., 2015; Neumann et al., 2009; Lampron et
al., 2015). Moreover, pathophysiological levels of cytokines, such as tumor necrosis factor-
alpha (TNFa) and interleukin-1, have been shown to be detrimental to synaptic plasticity and
neurogenesis (Bellinger et al., 1993; Curran and O’Connor, 2001; Gibertini et al., 1995;
Goshen et al., 2008). However, curcumin has been shown to have potent anti-inflammatory
effects due to its activity on the nuclear factor kappa B (NFkB) pathway. When
phosphorylated by inhibitor of kappa B (IkB) kinases, NFkB translocates to the nucleus and
triggers the transcription of pro-inflammatory cytokines, chemokines, and adhesion
molecules (Olivera et al., 2012; Giuliani et al., 2001). Yet, curcumin can bind to peroxisome
proliferator-activated receptor gamma (PPAR-y) to reduce the activity of 1kB kinases and
subsequently inhibit the downstream release of cytokines (Jacob et al., 2007; Siddiqui et al.,
2006; Forman et al., 1996). Overall, curcumin’s anti-inflammatory effects have been shown
in small animals models to prevent demyelination (Yu et al., 2016), microglia response (Guo
et al., 2013), and dendritic loss (Noorafshan et al., 2017). Therefore, we propose that
curcumin treated monkeys may express increased synaptic organization, reduced
hypertrophy of glia, and improved myelin maintenance.

changes of neuroinflammation as measured by mD

In our previous study of neuro-toxicant induced neuroinflammation, we illustrated that mD
can be sensitive to subtle changes in the brain without the requirement of severe damage to
the brain tissue (Koo et al., 2018). Specifically, higher mD was found to correlate with
several pro-inflammatory cytokines, such as up-regulation in TNFa and interleukin-6
following intoxication. These pro-inflammatory markers can be released from neurons or
microglia in states of inflammation, which result in changes in synaptic densities and
connections (Kondo et al., 2011). Moreover, cytokines can influence microglia morphology
and antigen processing (McManus et al., 1998; Tomimoto et al., 2000), which results in
hypertrophic extensions and enlarged somas (Karperian et al., 2013). Therefore, we
postulate that enhanced mD values are the result of increased micro-scale changes in
morphology, such as arborization of dendrites or glial processes. Hence, decreased mD
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patterns in the curcumin groups in this study could likely be the result of reduced
inflammatory signaling and consequent changes in the brain. Recent postmortem studies
also confirm curcumin treatment suppresses astrocyte-induced inflammation followed by
changes in immune markers (Yuan et al., 2017). Likewise, treatment of curcumin has been
shown to suppress microglial hypertrophy (Guo et al., 2013). Therefore, regions with a
decreased mD in curcumin treated animals, particularly the hippocampus and basal
forebrain, may indicate a reduction in glial response and inflammation. On the other hand,
up-regulated patterns in mD shown in the control group (Table 2, % change in mD in the
controls) may be indicative of the normal cognitive aging process as postmortem studies of
rhesus monkeys confirm an increase in inflammatory microglial with aging and cognitive
decline (Sloane et al., 1999; Shobin et al., 2017). Although significant microglial changes
have been found mostly in the white matter (Hart et al., 2012), we did not find any
statistically significant up-regulation of mD in the white matter or even in the gray matter
from the control group. This could be due to the age of the animals as they are just reaching
the threshold of old age.

4.3. Cellular organization and myelination assessed by GMd

From the multimodal imaging, we have confirmed that the curcumin treatment may have a
potential impact on the cortical structures. However, changes in those imaging measures
were shown in selected regions, indicating that the effect of curcumin in cortical regions
may not be as significant as the pattern shown in the sub-cortical regions. Upregulated GMd,
or grey matter density, in the curcumin treated monkeys in their inferior temporal (#509) and
occipital regions (#507) suggest a reduction in cerebral atrophy, which could be the result of
enhanced synaptic connections (Olivera et al., 2012; Giuliani et al., 2001; Bellinger et al.,
1993; Curran and O’Connor, 2001; Gibertini et al., 1995; Goshen et al., 2008). Observed
pattern in GMd is consistent with a previous study that found prevention of atrophic
changes, such as dendrite shrinkage and spine number, in cortical areas following curcumin
treatment (Noorafshan et al., 2017). Opposed to the cerebral ROls, down-regulated GMd
was confirmed in both sub-cortical and cerebellar ROIs of the curcumin group, which may
reflect changes in the adjacent white matter areas (Salat et al., 2009). This result follows
another study where curcumin treatment enhanced MBP expression and prevented further
demyelination and oligodendrocyte apoptosis after compressed spinal cord injury (Yu et al.,
2016). As shown in a previous study, such enhancement of myelination in adjacent white
matter may increase T1 intensity around the ROI border and lower gray matter density
measures (Koo et al., 2012). Therefore, we propose regions with lower GMd in the sub-
cortical and cerebellar regions may reflect higher levels of myelin in connecting white
matter regions, while increased GMd in the cortex indicates a reduction in dendritic atrophy.

4.4, Gray matter complexity and white matter integrity measured by GFA

In GFA mapping, the left middle frontal gyrus ROI (#213) in the curcumin group revealed
significant pattern differences against the controls. In previous studies, it has been shown
that the impact of aging in area 46 (overlaps to #213), is likely due to loss of dendritic
arborization or synaptic integrity (reviews for Peters and Kemper, 2012), which can decrease
complexity in the medium and enhance either radial or tangential diffusion components
(Johnson et al., 2014; Zhuo et al., 2012). If this is the case, then lowered GFA in the frontal
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cortex of curcumin treated animals can be postulated as an increased complexity due to
intactness of subneuronal components. On the other hand, a protective role of curcumin in
the brain stem or spinal cord has been empirically shown in recent studies (Bondan et al.,
2017; Yuan et al., 2017). Effects include preventing demyelination or axonal degeneration,
which can cause more structured diffusivity in the tissue medium and increase measures of
white matter integrity. Hence, increase of GFA in brain stem ROIs may reflect enhanced
myelination and axonal connection. Moreover, considering its role on motor function,
increased myelination in either brain stem or cerebellar ROIs could provide a neurological
basis of preventing degenerations of fine motor function in the middle-aged rhesus monkey
following curcumin treatment (Moore et al., 2018).

4.5. Changes in hippocampal diffusivity may reflect improvements in spatial working

memory

As shown in our previous paper, we have confirmed improvements in spatial working
memory in aging non-human primates treated with curcumin (Moore et al., 2018). The
hippocampus plays a significant role in spatial and recognition memory (Beason-Held et al.,
1999; Wang and Morris, 2010; Koo et al., 2013), and in this study we show curcumin treated
animals had significant difference in hippocampal ROIs compared to controls. Specifically,
differences were shown in left hippocampal ROIs via mD and GMd, whereas 2 right
hippocampal ROIs were picked up by GFA. Both mD and GMd revealed a decrease after the
curcumin treatments, which could reflect reduced glia hypertrophy and increased
myelination (Salat et al., 2009; Koo et al., 2018). This is consistent with recent post-mortem
studies on small animal models where treatment with curcumin demonstrated changes in
microglia morphology, cytokine release, and synaptic pruning (Zheng et al., 2017; Liu et al.,
2014; Dong et al., 2012; Kim et al., 2008; Guo et al., 2013; Yuan et al., 2017). However,
GFA measurements in the hippocampus showed either up- or down-regulated patterns. As
we discussed earlier, cellular level investigation is needed to fully determine which factors
produce such differences. Yet, these measurements could indicate increased synaptic density
or enhanced myelination (Johnson et al., 2014; Zhuo et al., 2012), which may accompany
enhancements in cognitive functions. For example, mice with enhanced hippocampal
myelination performed better on the Morris water maze spatial task (Lu et al., 2016). Taken
together, present findings in the hippocampus may explain previously observed cognitive
enhancements in these animals and indicate replicable benefits of curcumin in non-human
primates. However, further validation with in-vivo assessments is required for having a
complete figure on this topic.

5. Conclusions

Overall, we hypothesize that curcumin’s ability to dampen inflammatory responses may
increase synaptic connections and myelin maintenance. Multimodal MRI helps establish the
morphological basis for how curcumin acts to improve cognition and motor skills in an
aging primate model. Specifically, changes in hippocampal, brain stem, and cerebellar
regions may reflect enhanced myelination in adjacent white matter, which could explain
improvements in both spatial and motor tasks. Moreover, changes in frontal, inferior
temporal, and occipital cortices could represent increased synaptic density and organization
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that could further contribute to cognitive tasks. However, many factors can influence
imaging and since diffusion MRI does not employ exogenous contrast agents to label the
potential neural features, determining what exactly effects local diffusivity in different
regions of the brain needs to be further confirmed with ex-vivo analysis. Although further
histological validation is needed for a better understanding, the results confirm that long-
term curcumin administration may have a potential impact on the brain in subneuronal
components.
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Fig. 1.
ROIs with significant group differences in the percent change pattern of microscale

diffusivity (mD). ROIs are highlighted in the left panel with different color codings. ROI
labels are identical to the one listed in the Table 2. GFA, mD and GMd change pattern in the
hippocampal ROI (#438) is shown in A—C. GFA, mD and GMd change pattern in the
prefrontal ROI (#215) is shown in D-F. ‘Cur’ in the graphs indicates curcumin treated
group. “‘con’ indicates control group. In the graphs (A-F), Bar graph shows mean value of
the percent change and blue line shows the standard error of mean. T stats and the
significance levels are also marked inside the graph. Bold text indicates corrected P < 0.05
significance level.
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Fig. 2.

Rgls with significant group differences in the percent change pattern of GMd and GFA.
ROIs are highlighted in the left panel with different color codings. ROIs selected in GFA
assessments are shown in blue indication lines with ROI label. ROIs selected in GMd
assessments are shown in orange indication lines with ROI label. Right panels shows 3
different measurements (GFA, mD, GMd) in the ROIs, #213 (A-C), #229 (D-F) and #509
(G-1). “Cur’ in the graphs indicates curcumin treated group. ‘con’ indicates control group. In
the graphs (A-F), Bar graph shows mean value of the percent change and blue line shows
the standard error of mean (S.E.M). T stats and the significance levels are also marked inside
the graph. Bold text indicates corrected P < 0.05 significance level.
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